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ABSTRACT 

The d e t a i l s of the c o n s t r u c t i o n of a new h o r i z o n t a l 

spectrograph u s i n g neon f l a s h tubes, p l a s t i c s c i n t i l l a t o r s 
and an air-gap magnet are given. A d e t a i l e d d e s c r i p t i o n 

of a water Cerenkov counter i s also presented. 

Both" the Cerenkov r a d i a t i o n loss i n water and the 
i o n i z a t i o n l oss i n a p l a s t i c s c i n t i l l a t o r have been 
i n v e s t i g a t e d using cosmic ray unions i n the momentum range 
0.355 - 100 GeV/c. 

The r e s u l t s on the Cerenkov loss show t h a t there i s no 
s i g n i f i c a n t change of Cerenkov i n t e n s i t y at p a r t i c l e momentum 
above 1 GeV/c. As such, the r e s u l t s are i n good agreement 

with the c l a s s i c a l theory of Frank and Tamm, and do not 
support the suggested suppression e f f e c t of Tsytovich ( 1 9 6 3 ) • 

S i m i l a r l y they c o n t r a d i c t the experiment at high momentum, 
by B a s s i et a l . (1952)» i n which an anomalously l a r g e increase 

i n Cerenkov l o s s was found. 

The r e s u l t s on the i o n i z a t i o n loss i n the momentum 
range 10 - 100 GeV/c are con s i s t e n t w i t h the theory of 
Sternheimer (1952, 1953). No s i g n i f i c a n t decrease was 
found i n the values of most probable i o n i z a t i o n loss i n the 
above momentum range, again i n c o n t r a d i c t i o n to the theory of 
Tsytovich. 



PREFACE 

T h i s t h e s i s describes the c o n s t r u c t i o n of a new 
h o r i z o n t a l spectrograph and a Cerenkov counter with which 

a study has been made of the Cerenkov r a d i a t i o n loss of 

cosmic ray muons i n water as a f u n c t i o n of momentum up to 

100 GeV/c. 

The r e s p o n s i b i l i t y f o r the design and c o n s t r u c t i o n of 
the spectrograph was shared with author's colleagues, but 
the operation of the spectrograph, and the design and 

c o n s t r u c t i o n of the Cerenkov counter were the r e s p o n s i b i l i t y 
of the author alone. 

I n a d d i t i o n to the study of Cerenkov l o s s , the 
a 

i o n i z a t i o n loss of cosmic ray muons i n ^ p l a s t i c s c i n t i l l a t o r 
has a l s o been investigated.Here, the r e s p o n s i b i l i t y of the 
author was t o analyse the f i n a l data* 

The work was c a r r i e d out i n the Physics Department of 
the Durham University,' under the sup e r v i s i o n of Professor 
A. W® Wolfendale and Dr. M. G. Thompson* 



CHAPTER 1 , 

I . 1 . B r i e f I n t r o d u c t i o n to the Cosmic Radiation Phenomena. 

I t has been known f o r almost s i x t y years t h a t some type 
of i o n i z i n g r a d i a t i o n i s continuously bombarding the earth's 
atmosphere from outer space. This i o n i z i n g r a d i a t i o n i s 
termed the 1 Cosmic R a d i a t i o n 1 . 

The mystery of the o r i g i n of t h i s p e n e t r a t i n g r a d i a t i o n 
i s not y e t f u l l y solved. However, i t i s now generally 
accepted that the low energy p a r t of the r a d i a t i o n i s of 
sol a r o r i g i n j w h i l e the more energetic primaries are supposed 
t o have g a l a c t i c o r i g i n , and those of the very highest 
energies may w e l l be of ext r a g a l a c t i c o r i g i n . 

At energies of a few tens of GeV, the primary cosmic ray 
f l u x at the top of the atmosphere i s composed of 85 -
protons, about 10% alpha p a r t i c l e s , 1 or 2f. h e a v i e r n u c l e i 

and a small f l u x of e l e c t r o n s , gamma rays and neutrons. 
I n a d d i t i o n there i s expected t o be a s i g n i f i c a n t f l u x of 
neu t r i n o s , most of which w i l l be of s o l a r o r i g i n . The energy 

9 
range of the charged primaries v a r i e s from about 10 eV t o 

20 

10 eV, the lower l i m i t depending on the geomagnetic 
l a t i t u d e . The f l u x of the primary p a r t i c l e s decreases 

20 

r a p i d l y w i t h i n c r e a s i n g energy and the 'upper l i m i t 1 of 10~ 

e? may p r i s e only from the very low r a t e of p a r t i c l e s i n v o l v e d . 
On e n t e r i n g the earth's atmosphere, the primary cosmic 



rays - i n t e r a c t w i t h the n u c l e i of the a i r molecules w i t h 
- 2 

a mean f r e e path of about 80 gm cm . Thus, most of the 
i n t e r a c t i o n s takes place i n the f i r s t few hundred gm cm 
of the atmosphere, and very few of the primary p a r t i c l e s 
s u r v i v e down t o sea l e v e l • As a r e s u l t of the primary 
i n t e r a c t i o n s various secondary p a r t i c l e s such as pions, 
kaons, nucleons and other baryons are produced. The number 
of the secondary products i s attenuated e x p o n e n t i a l l y i n 
the atmosphere w i t h an a t t e n u a t i o n l e n g t h of about 120 gm 

-2 
cm . Unless the energy of the i n t e r a c t i n g primary i s 
s u f f i c i e n t l y high (few tens of GeV) none of the secondary 
p a r t i c l e s reach the sea. l e v e l . 

The n e u t r a l pions { fl ) produced i n the primary i n t e r -
-16 

actions decay almost immediately ( h a l f - l i f e or 1,8 x 10 
sec.) g i v i n g r i s e t o photons. I f the l a t t e r are energetic 
they w i l l create e l e c t r o n - p a i r s . The f a s t electrons thus 
produced r a d i a t e photons and the whole process i s repeated 
g i v i n g r i s e t o electron-photon cascades which propagate 
through the atmosphere. I f the energy* of the primary i s 

15 
above 10 " eV, the number of electrons a r i s i n g from a 
n e u t r a l pion w i l l be so great t h a t a dense shower of 
p a r t i c l e s , mainly e l e c t r o n s , w i l l a r r i v e at ground l e v e l . 
These showers are known as 'extensive a i r showers'. 

± 

Of the charged pions ( fi ) produced, only the very 
energetic ones (energy > 20 GeV) have a chance of i n t e r ­
a c t i n g w i t h the n u c l e i of the atmosphere, before undergoing 



decays The r e s t w i l l decay i n t o muons and n e u t r i n o s . 

The muons are very weakly i n t e r a c t i n g p a r t i c l e s and have a 
6 

much longer Y Y i e c M t-lif e { 2 . 2 0 x 10" sec.) against decay. 
As such, very many of them, reach sea l e v e l and the more 
energetic ones even penetrate f a r underground. They 
c o n s t i t u t e the hard component of the cosmic rays at sea 
l e v e l . Those muons which decay give r i s e t o electrons and 
n e u t r i n o s . Some of these electrons may produce f u r t h e r 
electron-photon m u l t i p l i c a t i o n s . These decay electrons as 
w e l l as the e l e c t r o n s from the electron-photon cascades 

mainly i n i t i a t e d by n e u t r a l pions, give r i s e to the s o f t -

component of cosmic rays. 
Thus at s e a - l e v e l , the cosmic ray f l u x mainly consists, 

of muons, e l e c t r o n s , photons and n e u t r i n o s , with a small 
p r o p o r t i o n of pions, nucleons and other baryons* 
1*2 Cosmic Ray at Large Zenith Angle:-

I t has been mentioned already t h a t the number of cosmic 
ray p a r t i c l e s dwindles as they propagate through the atmos­
phere. This e f f e c t w i l l be more pronounced i n the near-
h o r i z o n t a l d i r e c t i o n , s i n c e the t h i c k n e s s of the atmosphere 

along t h i s d i r e c t i o n i s about 36 times more than t h a t i n 
the v e r t i c a l d i r e c t i o n . Only high energy muons can survive 
through such a. great depth of the atmosphere. 



The v a r i a t i o n of the rauon i n t e n s i t y w i t h z e n i t h 
angle i s very i n t e r e s t i n g . At low en e r g i e s , the r e l a t i v e 
i n t e n s i t y of muons i n the v e r t i c a l d i r e c t i o n i s much 
higher than that i n the near h o r i z o n t a l d i r e c t i o n . This 
i s because i n the l a t t e r d i r e c t i o n , a muon loses more 
energy due t o longer path length and has a. much bigger 
p r o b a b i l i t y of /H-e. decay. Consequently, the number of 
low energy muons i n the near - h o r i z o n t a l d i r e c t i o n i s 
reduced very much, but t h e i r median energy i s much higher 
and at 90 , i t i s ~ 80 GeV. At hi g h energies, i . e . 
at energies g r e a t e r than 100 GeV, the o v e r a l l i n t e n s i t y 
of muons i n the near - h o r i z o n t a l d i r e c t i o n i s s i g n i f i c a n t ! 
higher than thai:; i n the v e r t i c a l d i r e c t i o n . This i s due 
t o the f a c t t h a t h i g h energy pions (or kaons) t r a v e l l i n g 
i n the near - h o r i z o n t a l d i r e c t i o n have a greater probab­
i l i t y of decay i n t o high - energy muons than pions of 
s i m i l a r energy t r a v e l l i n g i n the v e r t i c a l d i r e c t i o n where 
at the corresponding p o i n t , the atmosphere i s comparatively 
dense. 

From the experimental p o i n t s of view, the study w i t h 
muons i n the larg e z e n i t h angle has two c h i e f advantages: 
F i r s t , one can get s more or l e s s uneontaminated muon 
flux, of extremely high energy; secondly, the i n t e n s i t y 



of the low energy muons being small., the measurements 
and the analysis are l e s s complicated compared t o those 
i n the v e r t i c a l d i r e c t i o n where the low energy f l u x i s 
very h i g h . 

1.3 Measurements on High Energy Muons. 

The present day a c c e l e r a t i n g machine can produce 
h i g h l y i n t e r a c t i n g p a r t i c l e s such as /T % % , 

protons e t c . , up t o an energy of about 30 GeV or so. 
But i t i s very d i f f i c u l t t o get a. pure beam of muons of 
energy more than a few GeV from the machine, because the 
f a s t pions from which the muons are produced have a 

comparatively long l i f e - t i m e . As such, cosmic rays are 
the only source at present of high energy muons. I t has 
been i n d i c a t e d e a r l i e r t h a t i n the near - h o r i z o n t a l d i r e c ­
t i o n the f l u x of energetic muons i s q u i t e high. With the 
help of a magnetic spectrograph the momenta of these muons 
can be found p r e c i s e l y . Thus a. magnetic spectrograph 
s e l e c t i n g p a r t i c l e s i n the near- h o r i z o n t a l d i r e c t i o n may 
be used as a source of high energy muons of known momentum 
and. sign. Such spectrographs are widely used ncw-a-days 
f o r t h e measurement of the momentum - spectrum and the 
charge - r a t i o of muons. Also, they are used f o r i n v e s t -



i g a t i n g the i n t e r a c t i o n s of muons w i t h the atomic electrons 
and n u c l e i of the m a t e r i a l '•• J which they traverse* 
The spectrograph i n the present experiment has been used 
f o r the l a t t e r type of i n v e s t i g a t i o n . 

1 . 4 The Present Work:-

The present work includes the design and c o n s t r u c t i o n 
of a new cosmic - ray h o r i z o n t a l spectrograph and a water ~ 
Cerenkov counter which have been used t o study the v a r i a ­
t i o n of energy loss ( i o n i z a t i o n and Cerenkov losses) 
w i t h momentum of cosmic ray muons. 

The present i n t r o d u c t i o n i s f ollowed by Chapters 2 
and 3 where the t h e o r e t i c a l aspects of t h e problems of 
i o n i z a t i o n and Cerenkov losses are discussed. A b r i e f 
review of the previous work on energy loss i s incorporated 
i n Chapter L. Chapter 5 contains the d e s c r i p t i o n of 
the new spectrograph. A d e t a i l e d d e s c r i p t i o n of the 
Cerenkov counter i s given i n Chapter 6. The analyses 
of the experimental r e s u l t s on i o n i z a t i o n l o s s and 
Cerenkov r a d i a t i o n loss are given i n Chapter 7* F i n a l l y , 
the conclusions from the present experiment both on the 
i o n i z a t i o n loss and Cerenkov l o s s are drawn i n Chapter ?5. 
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CHAPTER 2 . 

Theories of Energy Loss; 

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

A f a s t charged p a r t i c l e i n i t s passage through 

matter may l o s e i t s energy i n one or more of the 

fo l l o w i n g processes: 

a) I o n i z a t i o n and e x c i t a t i o n 

b) Bremsstrahlung 

c ) D i r e c t p a i r production 

d) Nuclear i n t e r a c t i o n 

e ) Cerenkov r a d i a t i o n 

Of these, the energy l o s s e s by i o n i z a t i o n and 

e x c i t a t i o n of the atoms of the penetrated medium are 

the dominant mechanisms f o r muons up to energies of 
1 1 12 

about 10 or 10 eV; at h i g h e r energies bremsstrahlung, 

p a i r - production and n u c l e a r i n t e r a c t i o n s make 

important c o n t r i b u t i o n s . 

Cerenkov r a d i a t i o n i s emitted whenever the v e l o c i t y 

of the p a r t i c l e exceeds the v e l o c i t y of l i g h t i n the 

medium. However, compared to other kinds of l o s s e s , 

i t s c o n t r i b u t i o n i s very s m a l l * 
As has been mentioned e a r l i e r (Chapter 1 ) , the 
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aim of the present experiment i s to estimate the 
ionization and Gerenkov loss of r e l a t i v i s t i c cosmic 
ray muons. In t h i s chapter, we s h a l l confine ourselves 
mainly to the theories of ionization l o s s . Theories of 
Cerenkov loss w i l l be d e a l t A i n the next chapter* 

2.2 Theories of the Average Energy Loss by C o l l i s i o n s t 

# When a f a s t charged p a r t i c l e , heavier than an 
«-» electron, passes through matter, i t loses energy 

predominantly by i n e l a s t i c c o l l i s i o n s with atomic electrons, 
causing ionization or excitation. The theory of energy 
loss by the above processes was established by Bohr (1913) 
through a. se m i c l a s s i c a l procedure. Later Be the (1930, 
1932, 1933) developed a quantum mechanical theory for 
the c o l l i s i o n losses. The Bohr and Bethe theories 
apply to substances where the atoms are well separated 
i . e . gases. 

In a l l the theories developed so f a r , the possible 
energy transfers to atomic electrons i n a single c o l l i s i o n 
have conveniently been divided into two c l a s s e s : 
(a) distant c o l l i s i o n s and (b) close c o l l i s i o n s . A 
distant c o l l i s i o n i s one i n which an (atomic) electron 
of energy smaller than a predetermined value y[ i s 
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ejected, whereas i n a close c o l l i s i o n , an electron 
of energy greater than y\ i s ejected. In determining 
the value of T[ , however, the following two conditions 
are imposed: 

(a) y\ must be large compared with the binding 
energies of electrons i n the atom; and 

(b) \ must be s u f f i c i e n t l y small that for energy 
transfers of order H and l e s s , the effective impact 
parameter i s large compared with atomic dimensions, 
and consequently the charged p a r t i c l e can be represented 
as a point charge. 

4 
For a f a s t p a r t i c l e , a value of >1 between 1G and 

5 
10 eV s a t i s f i e s the above two conditions simultaneously 
(Rossi 1952, Uehling 1954). 

An atomic electron may receive i n a single c o l l i s i o n 
an amount of energy between a minimum value and some 

1 
maximum value Em. The actual energy transferred E 
i n any c o l l i s i o n depends upon the impact parameters of 
the p a r t i c u l a r c o l l i s i o n . 

The minimum value i s , i n practice, equal to the 
mean excitation or ionization potential I (z) of the 
atom, and i s a measure of the smallest amount of energy 
which can be transferred, on the average, to a bound 
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electron. The quantity I (z) can be deduced irora 
experimental r e s u l t s or can be calculated theoretically, 
iBloch (1933), Wick (1941 & 1943), Hallpern and Hall 
(1943), Baker and Segre (1951) and Mather and Segre 
(1951)* For most calculations, the formula 
X (z) — 12. »» * • • • • • 2*1 

H 
where I » 13•5 eV = the energy corresponding to 

H 
the Rydberg frequency, can be used* 

The maximum energy that can be transferred to an 
electron, mass m, by a p a r t i c l e of mass M i n a single 
c o l l i s i o n was shown by Bhabha (1937) to be: 

2 2 4 E m . E - M ft 
m o 

2 M + m + E_ ..2,2 
Me ( . . . . — % - ) 

2m 2M Me 

where E^ = t o t a l energy of the p a r t i c l e , 
* E + M & where E i s the 

Kinetic energy. 
2 2 

I f E ^ M & & M » m 2.3 
m 

then, E m ^ 2 m c 7 ^ • 2.4 

Where y6C-v , the velo c i t y of the particle-
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Bethe (1930, 1932) computed the energy loss per 
-2 

gm cm re s u l t i n g from distant c o l l i s i o n s , by taking 
into account the binding of the electrons to the atoms* 
Considering the system formed by an atom and the incident 
p a r t i c l e , he calculated the pr o b a b i l i t i e s for the various 
possible t r a n s i t i o n s leading to exc i t a t i o n or ionization 
of the atom. He obtained the following r e s u l t ; 

j / (E) = 2C mc2 ( L 2 mc2A\ - fiv ) 
^ C o l l ( < C ^ r * 0y+)j*to I 

* • • • <c • p 

*>- 1 2 
where C - Tf N | %e = 0.150|g~ cm 2.6 

where 2 and A are the charge and mass number 
of the material, K i s the Avogadro's number, 
and v-

h*- e = c l a s s i c a l radius of 
e 2 

mc 
the electron. 

Equation(2.5) holds good for p a r t i c l e s of unit charge, 
positive or negative, and with v e l o c i t i e s large compared 
with the velocity of atomic electrons. 

-2 
For close c o l l i s i o n s , the energy loss per gm cm , 

K (E) can be computed from the following 
C olH >n ) 

expression: 
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,Em 1 T 1 1 

K (E) = / E <i> (E,E ) d l 2.7 
Co l l (>r[) ^ 7 C o l l 

J 1 1 
where 56 (E, E ) dE i s the c o l l i s i o n probability. 
For p a r t i c l e s of mass M and spin f, Bhabha i n 1938 

and Massey and Corben (1939) showed t h i s probability 
to be ^ 1 1 

(p (E, E ) d E = 2C mc 2 d E 1 

C o l l -. 2 P (E ) 
f l - r? E 1 + 1 ( E 1 ) 2 

L /* Em 2 ( T 7 1 P ) .. « s e • * • 2.8 

So for singly charged p a r t i c l e , heavier than electron, 
one gets from equations 2.7 and 2.8 

K (E) 2 C mc2 ( 1 Em -ft* 1 
Co l l (>^) = ^ \ \ 1 4 

2.9 

2 2 
provided that E ^ ̂  H S 

o m 
-2 

Thus the t o t a l energy loss by c o l l i s i o n per gm cm 
i s the sum of the equations 2.5 and 2.9 and i s given by 

- (dE) =» K (E) + K (E) 
Tdxkv C o" (^1) C o l l On) 

2 2 
2 C mc -L 2m, A C Em - 2 0 + 1 /Em f > ) 

(1 l2?z) / 4 I E V McJ) ) 
2.1G 



The equation 2.10 gives the average rate of energy 
l o s s . The l a s t term within the bracket, which i s 
due to the spin of the p a r t i c l e , affects the rate of 
energy loss only at high energies. For muons i n 
water, the correction i s about 0.2% at an energy of 
20 GeV (Cousins & Nash, 1962). Moreover, i t may be 
mentioned here that most experiments measure not the 
average but the most probable ionization loss which, 
being determined almost entirely by the distant 
c o l l i s i o n s , w i l l not be affected by spin (Price 1955)* 
So neglecting the spin term, and using equation 2.3 
and 2.4» the equation 2.10 can be written as 

equation 2.11 to muon energies of up to a few GeV. 
From equation 2.11 i t i s obvious that the average 

energy lo s s i s a function of the velocity j3 of the 
incident p a r t i c l e . I t may be mentioned here t h a t 
for an incident p a r t i c l e of charge Z, - (dE) i s 

proportional to Z . Further, the average loss does 

m & B t 2 C mc 
r ) I ("2- ) 

• 2« 

2 2 
The condition E // M C l i m i t s the v a l i d i t y of 

av 2 
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FIG 2-1 The form of the variation of rate of 
average energy loss with momentum 

0-2 

O-l / 

j \ 5 0 i l< 5 1 

FIG2,2 Probability of an energy bss(E-Ej)as 
a function of the most probable energy loss 
Ep • A Q The latter being defined by 

Ao «2C mc* x/02" 
(Landau 1944) 
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not depend separately on the momentum and on the mass 
of the incident p a r t i c l e , but only on the r a t i o of 
these two quantities. This means that for a l l 
p a r t i c l e s of unit charge, the graph of - (dE) 

2.3 The Average Energy Loss Curve:-

Figure 2.1 depicts schematically the nature of 
the v a r i a t i o n of average energyloss with momentum. 
The whole curve may be divided into 4 different 
regions A, B, C and D as indicated. I n the region A, 
the region of s u b - r e l a t i v i s t i c energies (0.96'/- f> /> 0.1), 
the energy loss f a l l s off as j^v as the velocity of 
the p a r t i c l e i s increased. This i s due to the fact 
that, for a given impact parameter, the time spent by a 
passing p a r t i c l e i n the v i c i n i t y of an electron becomes 
shorter and shorter as the v e l o c i t y of the p a r t i c l e 
increases. Consequently the interaction between the 
p a r t i c l e and electron becomes l e s s and le s s e f f e c t i v e . 
But when 8 approaches nearly equal to i t s l i m i t i n g 
value unity, the factor -tL becomes p r a c t i c a l l y constant. 

r 

M© further reduction can occur and the region B, i . e . 
the region of minimum ionization, i s reached. After 

(dE 
(dx) av 

against w i l l be a universal curve. 



t h i s f l a t minimum ( p y 0.97) the energy loss begins 
to show a slow increase (region C) with increasing 
momentum, due to the factor (1 - JZ ) i n the logarithm 
of the equation 2.11. Physically t h i s increase i s 
partly due to the increase i n the maximum transferable 
energy E^ with E Q and partly due to the r e l a t i v i s t i c 
deformation of the coulomb f i e l d of the incident 
p a r t i c l e which causes the p a r t i c l e to be effective 
at larger distances from i t s geometric path. The 
logarithmic r i s e i s considerably reduced at very high 
momenta (region D) by the so c a l l e d 'density e f f e c t ' 
to be described i n the following section. 

The factor C j > 0.150 i n the equation 2.11 

-2. 
shows that the rate of energy loss (per gm cm ) i s 
somewhat l e s s for heavy elements as ^ f a l l s with 

A 
increasing It • This means that l i g h t elements are 
more effective i n slowing down ionizing p a r t i c l e s . 

2.4 The Density E f f e c t : 

In the theory discussed so f a r , i t has been 
assumed that the atoms are isolated and are thus 
independent of t h e i r neighbours atoms. This i s 
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permissible to a large extent when the absorbing 
medium i s gas and i t also holds good, i n general* 
for a l l close c o l l i s i o n s . But for distant c o l l i s i o n s , 
the presence of neighbouring atoms cannot be neglected, 
p a r t i c u l a r l y i n the case of dense media. For such 
c o l l i s i o n s , the screening of 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 by the intervening atoms of the 
medium needs to be considered. This factor becomes 
more and more important with the increase of the velocity 
of the p a r t i c l e and the screening reduces the strength 
of the interaction and therefore, decreases the energy 
l o s s . The magnitude of the reduction depends i n a, 
f a i r l y complicated way on the dispersive properties 
of the medium, and the detected energy loss depends 
c r i t i c a l l y on the techniques of observations. I t may 
be mentioned here that the density effects are independent 
of the nature of the penetrating p a r t i c l e . 

Swann i n 193& f i r s t pointed out the possible 
influence of the density on the ionization loss due to 
distant c o l l i s i o n s . Fermi (1939» 1940) investigated 
the whole problem quantitatively. He considered the 
electrons of the absorber as c l a s s i c a l o s c i l l a t o r s , 
with a single c h a r a c t e r i s t i c frequency, ~0) set i n 
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raotion by the passage of a charged p a r t i c l e . Further 
he considered only losses occurring at r e l a t i v e l y large 
distances from the geometric track of the p a r t i c l e . 
The l a t t e r assumption helped him i n treating the 
absorbing medium as continuous and the energy loss as 
a c l a s s i c a l process. Thus Fermi showed t h a t a factor, ̂ « 
should be subtracted f rom the energy loss expression 
for the isolated atoms. For singly charged p a r t i c l e s , 
Ai according to Fermi, i s given by the following 

equations: 
2 

/^(jb) * 2C mc .Irv K for p / 1 
K 

2.12 

2 ( K - 1 + 1 - K/3 ) .. 2.13 
-2P™fe- < 1 -f K - 1 ) ^ 

2 
where K, = 1 + 4 77" ne * • 2.14 

2 
m w0 

i s the d i e l e c t r i c constant of the medium for low 
frequencies, and ra, e, n are the mass, charge and 
number of electrons par unit volume. Wo i s the 

2 
frequency of the electronic o s c i l l a t o r when E « 0. 

The quantity given by equation 2.12 i s 
usually small. So i n the low energy region, the 
corrected energy loss i s not appreciably different 
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frora that given by Bethe - Bloch theory equation 2.11. 
But at higher energies when the p a r t i c l e velocity 
exceeds the velocity of l i g h t i n the medium, the 
correction given by equation (2.13) has to be subtracted 
from the average energy expression (2.11) or from the 
expression for the most probable energy loss Bp (Equation 
2.22). The l a t t e r at high energies, for a t r a v e r s a l 

-2 
of x gm cm of the absorber, becomes 

Since the factors (1 - /6 V ) i n the logarithmic term 
cancel out i n the expression (2*15) for corrected Ep, 
the probable energy loss tends towards a constant value 
(see f i g . 2.3), the so c a l l e d 'Fermi Plateau', 
independent of the p a r t i c l e v e l o c i t y . 

However, from f i g 2.1, i t i s obvious that i n spite 
of the reduction of energy loss due to the density effect 
the curve shows an increase i n average energy loss at 
high values of P_. This i s due to the fa c t that the 

average energy lo s s i s , to a considerable extent, 
dependent on close c o l l i s i o n s , which are hardly affected 
by polarization. With the increase of momentum of 

increases e n t i r e l y from the close c o l l i s i o n s . So the 

Bp 2C mc x ( L 4G m^c^ x - 1 -P? 
* ) . . 2. 

Mc 

the p a r t i c l e , the maximum transferable energy ( E, 
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increase of the rate of energy loss i s due mainly 
to the close c o l l i s i o n s . But on the other hand, 
since the most probable energy lo s s i s mainly determined 
by the distant c o l l i s i o n s , the r e l a t i v i s t i c r i s e 
beyond a. c e r t a i n value, determined by the properties 
of the medium, i s eliminated altogether ( f i g s . 2.3, 
and 2.4). 

According to Fermi, there remains a f i n i t e energy 
loss even when the impact*parameter b i s allowed to 
tend to i n f i n i t y . This was interpreted by Fermi as 
that part of the energy which i s emitted as Cerenkov 
radiation, which then forms part of the t o t a l l o s s 
calculated with the aid of the theory and not additional 
to i t (See Chapter 3)« On the basis of the Fermi's 
theory, as has been pointed out f i r s t by Bohr (194$) 
and l a t e r by Messel and Ritson (I95O), Schoenberg 
(1951) and Fowler and Jones (1953), the whole of the 
most probable energy loss beyond the minimum and up to 
the beginning of the plateau should be ascribed to 
t h i s Cerenkov radiation. Fermi showed that the energy 
los s for the impact parameter b — 0 3 was 

2C mc x 
•2- I f 

p>)) f o r p 

2.16a 



and V/ . 2 C mcV x ( - 1 - l + ^ K 
" ( K - 1 K 

2.16b 
K-l 

K 

, according to Fermi, represents that part of the 
energy l o s t by the p a r t i c l e that i s emitted i n the form 
of Cerenkov radiation. 

Thus, the most probable ionization l o s s (including 
excitation) with density correction can be obtained 
by subtracting equation (2.l6b) from equation (2.15), 
and i s given by 

2 2 4 
E :- 2 Cmc x ( 4 C m c x + j ) 
p ionization ^i- ( ^T) ** 

Since the above equation (2.17) does not contain ^ 
i n the logarithmic term, i t implies that according to 
Fermi's theory, there should be no r e l a t i v i s t i c increase 
i n energy loss except for that due to Cerenkov radiation 
(Fig. 2.3 curve C and f i g 2.4 curve D). 

The Fermi theory was l a t e r extended by Halpern 
and Hall (1940, 1948) to cover the case of several 
dispersion frequencies. They concluded that the 
correction factors given by the equations (2.12) and 
(2.13) assuming a single frequency of the electron, 
were an over estimate of the reduction i n the c o l l i s i o n 
l o s s . Extensions of the Fermi theory have also been 
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raade by Wick (1940, 1941, 1943), Schoenberg (1950, 
1952) and Sternheiraer (1952, 1953)-

Thus from the Fermi's original theory and a l l 
the l a t e r extensions to i t (as mentioned above) one 
comes to the conclusion that there should be no 
r e l a t i v i s t i c increase i n the ionization loss. 
The whole increase of the lo s s at r e l a t i v i s t i c energies 
i s due to the emission of Cerenkov radiation which w i l l 
escape. That i s to say, an experiment that observes 
only the ionization loss should not detect any 
r e l a t i v i s t i c increase i n the most probable energy l o s s . 
The experimental r e s u l t s of Occhialini (1949) as well 
as those of Bower and Roser (1951) seemed to support 
the above conclusion. 

But Ghosh et a l * (1952, 1954) and Pickup and 
Voyvodic (1950, 1951) observed a r e l a t i v i s t i c increase 
i n the detected ionization l o s s . In view of this 
discrepancy, the contribution of Cerenkov radiation 
to the energy loss has been thoroughly re-investigated. 

Huybrechts and Schoenberg (1952) pointed out 
that the treatment of Fermi did not take into account 
the f a c t that the frequency bands i n which a large 
part of Cerenkov radiation was emitted would be 
modified by interactions between the adjacent atoms. 
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They overcame the d i f f i c u l t y by distinguishing the 
close c o l l i s i o n s from distant c o l l i s i o n s by sel e c t i n g 

2 5 
a c r i t i c a l impact parameter R = ( mc ) = 5*3 x 10 

( ^7rne'>) 
- I ft 

n cm (which i s of the order of 10- cm) where n i s 
the electron density of the medium. They showed that 
the close c o l l i s i o n s (impact parameter C R) would 
lead mainly to the ionization and excitation, and the 
Cerenkov radiation was the p r i n c i p a l r e s u l t of the 
distant c o l l i s i o n s (impact parameter > R) and would 
be smaller than the Fermi's theory. Thus from the 
theory of Huybrechts and Schoenberg, i t appears that 
any experimental observation of the ionization loss would 
inelude not only the 'primary' ionization and excitation 
l o s s but also the 'secondary' ionization and excitation 
produced by the absorption of Cerenkov radiation near 
the track. Since the Cerenkov radiation would increase 
with the increasing velocity of the traversing p a r t i c l e , 
one should; expect, according to the above theory of 
Huybrechts and Schoenberg, a r e l a t i v i s t i c r i s e i n the 
most probable ionization l o s s . Thus, above theory 
could explain s a t i s f a c t o r i l y the experimental r e s u l t s 
of Ghosh et a l . (1952, 1954)* However, i n the case 
of photographic emulsion they predicted a smaller 
r e l a t i v i s t i c r i s e than was found experimentally* 



-24-

Fowler and Jones i n 1953 extended the above theory 
by modifying s l i g h t l y the magnitude of the impact 
parameter, R,for close c o l l i s i o n s . They pointed 
out that f o r distances greater than the atomic dimensions 

_g a 

( ^ 1G cm), the medium should be treated asAhomogeneous 
d i e l e c t r i c having a complex d i e l e c t r i c constant. 
The l a t t e r assumption would give r i s e t o a heavily 
damped Cerenkov r a d i a t i o n which would be e n t i r e l y 

/ft 

absorbed w i t h i n a distance of ^ 10 cm from the track 
of the p a r t i c l e . Consequently the observed i o n i z a t i o n 
loss would show a r e l a t i v i s t i c increase. 

Sternheimer (1953, 1954, 1956) and Budini (1953) 
have analysed the problem by making a si m i l a r d i s t i n c t i o n 
between 'Primary T i o n i z a t i o n and e x c i t a t i o n , and the 
'Secondary1 effects caused by the reatosorption of 
Cerenkov r a d i a t i o n . This i s discussed i n d e t a i l i n 
the next chapter which deals w i t h the Cerenkov ra d i a t i o n 
loss. 

2.5 S t a t i s t i c a l Fluctuations i n Energy Loss by Collisions 
and the most probable Energy Los"sT 

In practice, the i o n i z a t i o n loss measured i n a 
detector i s due to the contribution from two sources: 

(a) Primary ion i z a t i o n i . e . the io n i z a t i o n produced 
by the traversing charged p a r t i c l e i n d i r e c t interactions 
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with the atomic electrons of the absorber, and 
(b) Secondary ioni z a t i o n i . e . the io n i z a t i o n produced 

by the electrons ejected from the primary io n i z a t i o n . 
The energy loss due to primary ionization i s a 

r e s u l t of large numbers of independent ion i z i n g 
c o l l i s i o n s * The ionizing events thus follow a 
Poisson d i s t r i b u t i o n . Further, a wide range of energies 
can be l o s t by the f a s t p a r t i c l e i n a single i n e l a s t i c 
c o l l i s i o n as can be seen from equation (2.8). 
Consequently there w i l l be a great deal of fluctuation;:: 
i n the observed rate of energy loss which w i l l be found 
to have the characteristic skew p r o b a b i l i t y d i s t r i b u t i o n 
as shown i n the f i g . 2.2. This d i s t r i b u t i o n has been 
predicted by Landau (1944) assuming (a) that the 
energy loss of a p a r t i c l e i n passing through an absorber 
of thickness x i s small compared with i t s i n i t i a l energy, 

2 
and (b) that £ (= 2 C mc x ) i s large compared 

° ( ^ J 
with the average i o n i z a t i o n p o t e n t i a l I = 1^ -Z of 

the electrons i n the absorber. The r e s u l t of the 
flu c t u a t i o n s of the energy loss i s often called ike 
"Landaui e f f e c t " . 

A q u a l i t a t i v e explanation f o r the shape of the 
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curve i n f i g . 2.2 can be given as follows: 
In the majority of the i o n i z i n g c o l l i s i o n s suffered 
by a p a r t i c l e while passing through an absorber, the 
energy transferred to the struck electron i s very 

1 
small, as can be seen from the dE term i n equation 

(2.8). Such low energy c o l l i s i o n s give r i s e to an 
approximately Gaussian d i s t r i b u t i o n of the energy loss. 
On the other hand, there w i l l be a few c o l l i s i o n s i n 
which a large amount of energy w i l l be transferred to 
the electron. These c o l l i s i o n s give r i s e to^high 
energy t a i l on the d i s t r i b u t i o n . 

I t is due to t h i s Landau d i s t r i b u t i o n , especially 
the high energy t a i l of the d i s t r i b u t i o n that the 
experimental determination of the average energy loss 
becomes extremely complicated. Further, the average 
i s very sensitive to the r e l a t i v e l y infrequent high 
energy c o l l i s i o n s which cannot be studied s a t i s f a c t o r i l y 
due t o experimental l i m i t a t i o n s , such as the saturation 
of the detector or i t s amplifier. On the other hand, 
the Gaussian region of the peak, which is due to the 
more frequent small energy transfers, remains more or 
less unaffected by the fl u c t u a t i o n s . So i t i s usually 

a 
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preferable t o study the mode i.e. the most probable 
value of the i o n i z a t i o n loss rather than the mean. 

Again, on comparing the two curves i n f i g 2.1, 
and f i g 2.3 C, one would notice t h a t the logarithmic 
r i s e i n the curve E vs momentum i s much higher than 

av 
that i n Ep vs momentum. I t i s so because the increasing 
values of the maximum transferable energy E m do not 
influence the magnitude of the mode values. I t i s seen 
that compared to E a vs momentum, the study of E^ as a 
function of momentum of the p a r t i c l e reveals the onset 
of the density e f f e c t more sharply, and hence, i n the 
l a t t e r case, i t i s easier to detect. 

The problem of fluctuations has also been investigated 
by other workers, eg. Bohr (1915)» Williams (1929)» 
Symon (194#) and Sternheimer (1952, 1953> 1956). 
Rossi (1952) has summarised the complete solution of 
the problem obtained by Symon (1948), and now-a-days, 
usually t h i s s o l u t i o n i s used f o r calculating the 
d i s t r i b u t i o n of the energy loss. 

Symon (1948) gave a complete solu t i o n of the 
problem considering separately the case of a t h i n 
absorber ( E (x) ̂  0.9 E ) and the case of t h i c k 
absorber ( E. (x) A 0.9 E ). Symon showed that the 

CI o 
most probable energy loss E of a singly charged heavy 

-2 
p a r t i c l e traversing an absorber of thickness x gm cm 
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i s given by 
E P = 2 C mc x v U 4 C m c x S f X 1

 -P*a 2.22 

Where 0 i s a function of the parameter £ _= 2 C me x . 

Curves f o r j vs ft , and also the probability-
d i s t r i b u t i o n as a. function of the energy loss according 
to Symon's theory have been given by Rossi (1952). 

the same as that of Landau, j having the constant 
value of 0.38. But f o r Q.} 0.0$, Symon's method 
must be used. 

Expected most probable energy loss E f o r r e l a t i v i s t i c 
P 

muons i n (a) p l a s t i c s c i n t i l l a t o r NE 102A and 
(b) water: 

On taking the density e f f e c t i n t o consideration 
the equation (2.22) may be w r i t t e n as 

E • 2C mc x ( h C m c x -f> + 3 (A ) ) 

In order t o compute a th e o r e t i c a l curve f o r the 
most probable energy loss E as a function of the 

momentum, the density corrections given i n equations 

For Q < 0.05, Symon's formula (2.22) 

(1 -f) 1 ( 2 ) 
2.23 

P 



(2.13) and 2.14) by Fermi, or a n a l y t i c a l expressions 
given by Sternheimer (1956) may be used. The l a t t e r 
are: 

HI 
S ( p ) = 4.606 x + C 1 + ai(x1 - x) when ( X 0 ̂ x <*i ) 

and & ) m 4.606 x + when * > x i 

where x • log P ^ P being the 
Me 

momentum and M the mass of the 
charged p a r t i c l e , t v e l o c i t y of l i g h t , 

a, m, 6 are constants which depend on the absorber. 

Xo i s the value of X which corresponds to the momentum 
below which X̂  corresponds to the 
momentum above which the r e l a t i o n between &{(2> ) and 
X can be considered l i n e a r . 

Rearranging equation (2.23) a f t e r Sternheimer 
(1952, 1953, 1956) and taking j = 0.37, one gets 

E Ax ( 1.06 + B + 2 4 P + i n J x - 6^ - £ (/3 ) ) 
p = ^ I M ^ 1 I j 

where A = 2 C mc 

2.24 
2 

and B = [ mc2 (1Q6) eV 
I2 (1 ) 
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M s mass of the muon = IO5.66 Me?. 
The value of fo r phosphor as w e l l as f o r water 

as quoted by Sternheimer (1956) and Crispin (1965) 
i s 2,0 so when X <X, , log P < 2 

He 
i . e . P < IO.57 GeV/C. 

Thus, f o r muons of momentum less than 10.57 GeV/C, 
the equation (2.24) becomes 

E = Ax (1.06 + B + in Ax - C1 -

a(X x - log P_ ) 
MC ) 2.25 

and f o r P > 10.57 GeV/C, 
E _ Ax ( 1.06 + B + Ax - a""- C, ) 
P " ^ ( >'* 2 , 2 6 

From the equations (2.25) and (2.26) i t i s 
obvious that the most probable energy loss E depends 

P 
on the constants of the absorber and the v e l o c i t y ; fh, <>J 
the indident p a r t i c l e . For momentum greater than 10.57 
GeV/C, thea A ^ 1, and consequently the E , for a l l 

/ P 
pr a c t i c a l purposes, i s constant f o r p a r t i c l e of momentum 
greater than 10.57 GeV/C. 
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2.6a The most probable energy loss i n phosphor ME 1Q2A 

The constants f o r the phosphor NE 102A have 
the following values (Sternheimer 1956, Crispin 1965j 
NE catalogue September 1965): 

- 1 2 
A = 0.0833 MeV gm cm a - O.514 
B . 18.69 C 1 = 3.13 
I ( 2-) » 62.6 eV m « 2.595 

X = 0.044 
o 

X^ss 2. 
Using the above constants, expected values of E 

P 
i n a 5 cm t h i c k NE 102A p l a s t i c s c i n t i l l a t o r have 
been calculated and resu l t s are shown i n fig.2.3B. 

From the t h e o r e t i c a l curve i t i s found that the 
r e l a t i v i s t i c r i s e beyond the minimum i s about 1.3%. 

Crispin (1965) used another v a r i e t y of p l a s t i c 
s c i n t i l l a t o r NE 102 which has properties and composition 
si m i l a r to those of NE 102A but s l i g h t l y i n f e r i o r 
l i g h t transmission. Using^Sternheimer density correction, 
he calculated a r i s e of l.l+Sfo i n energy loss beyond the 
minimum. His experimental results were found to be 
i n good agreement with the theory up to 10 to 15 GeV/C. 
But at higher momenta, the results showed a r i s e i n the 
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roost probable energy loss which was greater than 
the predicted value. At 1 0 0 GeV/C, he observed 
an increase of about 2 . 2 % above the predicted r i s e . 

On the other hand, Barnaby ( 1 9 6 1 ) , using the same 
var i e t y of p l a s t i c s c i n t i l l a t o r MB 1 0 2 showed that the 
r e l a t i v i s t i c r i s e was less than 1% f o r muons of energy 
between 0 . 5 and 1 0 GeV, i . e . less than the predicted 
value of Crispin. The reason f o r t h i s discrepancy i s 
not known. 

2 . 6 b The most probable energy loss i n water. 

Theoretical estimates f o r the most probable 
i o n i z a t i o n loss i n water, using the density corrections 
of Sternheimer i n equation ( 2 . 2 5 ) and ( 2 . 2 6 ) have 
been made and the resu l t s are shown i n the f i g . 2 . 4 * 

Also shown, f o r comparison, are the re s u l t s of Fermi's 
density correction. The following are the constants 
used i n estimating Sternheimer 1s density correction: 

2 A - 0.0853 Me¥ gra cm a « O . 5 1 9 

B = I 8 . 3 5 m « 2 . 6 9 

I ( z ) - 6 7 . 5 eV XI - 2 
XO = 0.23 

The r e l a t i v i s t i c r i s e beyond the minimum i s 
found t o be -z, 2 . 5 % ( f i g . 2 . 4 Curve C). 



5 

£ £ £ £ 
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I n estimating Fermi's density correction, the 
d i e l e c t r i c constant K has been calculated from 
equation (2.14) as follows: 

K « 1 + 4 TT ne 2 

2 
m Wo 

= 1 + ne 2 

i 2 
TT m^o 

l 6 / 
Putting 1 ( 2 ) > l^o « 67.5 ev, = 1.632 x 10 /sec, 

23 
and n = N 2 - 3.041 x 10 per c.e. 

I " 
Thus, K - 1.092. 

I t w i l l be seen from the curve B f i g 2.4 that 
the most probable ionization loss, a f t e r being corrected 
for density e f f e c t according to Fermi, does not show 
any r i s e at a l l . I t f a l l s o f f rather smoothly and 
attains a steady plateau value at about 10 Gev/c. 

2.6 C Magnitude of the Density Effect i n Water and Phosphor: 

A comparison of the magnitude of the density 
correction £ tfty i n pl a s t i c s c i n t i l l a t o r and i n water 
has been made and the res u l t s are shown graphically 
i n f i g . 2.5* I t i s seen that the S^^)in water is 
less than that i n a p l a s t i c s c i n t i l l a t o r . 



I0 : io3 

Muon Momentum in 
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The difference i n & ifr) i n two substances may 
arise due to two factors: (1) density, f , and 
(11) e f f e c t i v e atomic number, 2 . Since the 
density of water (/* » 1 gm/cc) i s nearly the same <aS 
that of p l a s t i c s c i n t i l l a t o r if = 1.032 gm/cc), the 
calculated difference i n Sifb) ±s mainly due to the 
difference i n t h e i r 2- values. The pol a r i z a t i o n 
e f f e c t i n a medium of higher 2 i s comparatively 
less, and so the corresponding energy loss i s higher. 
This means that the correction factor 8(0 i n a medium 
of higher 2 i s smaller than that i n a medium of low ^ . 

The e f f e c t i v e 2 of water i s 7.23, whereas that 
of p l a s t i c i s 3»5« So the density correction factor 

i n water i s small compared wi t h that i n a p l a s t i c 
s c i n t i l l a t o r . 

2.6 d Difference between the Fermi and Sternheimer 
Density Corrections. 

Let us wr i t e the Fermi's density correction 
(equation 2.13) ^ f y 3 ) f o r 1 as 

i— 
4 K 

Alf) « A J> 
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so, 8 » .4 K - 1 + 1 - K/6 

9 K - 1 , 

where K.= 1 + ne^ 
1 ^ 77 m Vo 

Substituting t h i s relationship i n the correction 
f a c t o r , and using the f a c t that the plasma frequency 

i 
H = ( n e ) gives 

2 
(K - 1) » { ( M P ) one gets, 

( ̂ o) 
S . i n (K - 1) + ( 1 ) - 1 f or /3 * 1. 

( 1 ) 1 

- ( _i^L) 2 + I n ( ___P ) 2 - 1 
( l^>o ) ( ^, -MC ) 

2 
- £ v ( _ J l i _ ) + I n _ 1 _ + 2 I n P - 1 

- 2 I n ( ^ « ) - 1 + 2 I n P 
i ^ P ) ( ^ 

(2 I n i O ) + 1 ) 
= 4*606 x + C,, where C = - ( i-x>p ) 

1 
This i s i d e n t i c a l with the expression given by 

Sternheimer f o r X > X,. Since X, « 2 f o r both the 
/ J- 1 
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phosphor and water, for a rauon of momentum greater 
than 1 0 . 5 7 Gev/C there should be no difference between 
Fermi's and Sternheimer's calculations. The curves 
B and C i n the f i g 2 . 4 j u s t i f y t h i s . 

2 . 7 Radiative Corrections: 

New interests i n the study of the energy loss 
by r e l a t i v i s t i c p a r t i c l e s have been aroused by the 
recent works of Tsytoarich ( 1 9 6 2 , 1 9 6 3 ) who made 
radiative corrections t o the energy losses by ioni z a t i o n 
as w e l l as by Cerenkov ra d i a t i o n . Tystomch finds 
t h a t at very high energy, the energy loss i s reduced, 
by 7 t o 1 0 % on Fermi Plateau, by higher order corrections 
i n the f i n e structure constant °( • He has shown 
that the c o l l i s i o n s which are most affected are those 
i n which small energy transfers are involved i . e . the 
so-called resonant c o l l i s i o n s . Physically, these 
corrections t o the basic theory r e s u l t from the 
multiple v i r t u a l emissions of the photons by the 
incident p a r t i c l e . Tsytovich emphasizes tha t the 
i n t e r a c t i o n of the v i r t u a l photons with the material 
magnifies the ef f e c t greatly f o r extremely high p a r t i c l e 
energy and high density of the material (Fano I 9 6 3 ) . 

Very recently, however, Fowler and Hall ( 1 9 6 5 ) have 
made a c r i t i c a l study of the various c l a s s i c a l and 
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semi c l a s s i c a l theories of energy loss of r e l a t i v i s t i c 
charged p a r t i c l e s mainly to c l a r i f y the ambigaiity 
a r i s i n g out of Tsytovich's works. They predicted, 
on the basis of t h e i r perturbation theory calculations, 
a logarithmic increase i n io n i z a t i o n s i m i l a r to that 
predicted by Sternheimer (1953)• Further they showed 
that the higher order corrections i.e. the ra d i a t i v e 
corrections arise from the successive acts of Cerenkov 
quantum emission. This can only a f f e c t the observed 
ion i z a t i o n loss i f one accepts the view that the l a t t e r 
arises from Cerenkov conversion, which i s open to 
question. Fowler and Hal l , f u r t h e r , pointed out that 
the sign of the correction would be opposite f o r positive 
and ntgatively charged p a r t i c l e s . Thus measurement on 
Cosmic rays muons without charge separation would f a i l 
t o detect t h i s type of correction. They concluded 
that the approximations made i n deriving the t h e o r e t i c a l 
expressions introduced errors of the same order '...{$%) 
of magnitude as the higher order corrections. That 
i s t o say, a small reduction (radiative correction) i n 
the energy loss can be regarded as w e l l - established 
provided the predictions of the theory without corrections 
be known accurately. 
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Zhdanov e t a l « ( 1 9 6 3 ) and Alekseeva et a l . (1963) , 
studied the i o n i z a t i o n loss of electrons i n nuclear 
emulsion. They supported Tsytoyich prediction of 
the reduction i n the io n i z a t i o n loss f o r ^ >> 100-200. 
But recently Bushkirk (1964) and Kushwala (1965) who 
also worked with electrons of » 100 t o 5000 i n 
nuclear emulsions, did not f i n d any s i g n i f i c a n t evidence 
f o r the existence of the e f f e c t . Ashton et al. (1965) 
and Crispin & Hayman (1964) studied the energy loss 
of Cosmic ray muons of relativistic energies i n 
s c i n t i l l a t o r s . They also could not f i n d any decrease 
i n energy loss due to radiative corrections. Further, 
Crispin observed no s i g n i f i c a n t difference (at least 
less than 1%) between the io n i z a t i o n loss of negative 
and positive muons. 

Thus the problem of the r a d i a t i v e corrections i s 
yet to be resolved and c a l l s f o r f u r t h e r intensive 
study. 
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CHAPTER 3* 

CERENKOV RADIATION LOSS. 

3*1 Introduction. 

In the year 1934 > Cerenkov, while studying the lumin­
escence of solutions of Uranyl salts bombarded with gamma 
rays, discovered that a very weak ra d i a t i o n was v i s i b l e even 
from pure solutions ( i . e . solutions having none of the usual 
properties of fluorescing materials)• Moreover, the radia­
t i o n appeared to be localised i n a cone about the d i r e c t i o n 
of the gamma ra d i a t i o n . I t may be mentioned here that 
Mallet (1926, 1928, 1929) was the f i r s t t o study the pheno­
menon. But unfortunately he did not attempt t o o f f e r an 
explanation f o r the o r i g i n of the r a d i a t i o n . Cerenkov1s 
results were f i r s t interpreted by Frank and Tamm (1937) on 
the basis of cl a s s i c a l electromagnetic theory. Hence f o r ­
ward the phenomenon came to be known as 'Cerenkov Radiation'. 

3*2 Physical Nature of Cerenkov Radiation. 

When a f a s t charged p a r t i c l e traverses a d i e l e c t r i c 
medium at constant v e l o c i t y , the associated electromagnetic 
pulse temporarily polarizes the d i e l e c t r i c medium i n the 
v i c i n i t y of the track. Each atom of the medium thus polar­
ized radiates an electromagnetic wave. The r e s u l t i n g 
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electromagnetic wave, i n general, i s cancelled by destruct­
ive interference i n a l l directions i f /3 nO(where /2> 
i s the v e l o c i t y of the p a r t i c l e i n the units of the velo c i t y 
of l i g h t c and n i s the r e f r a c t i v e index of the d i e l e c t r i c 
medium). However, i f /3n > i ( i.e. i f the ve l o c i t y of the 
p a r t i c l e i s greater than the phase velocity of l i g h t ( £ ) 
i n the medium, there w i l l be one d i r e c t i o n (P i n which 
constructive interference takes place. 

The eff e c t may be better explained with reference to 
the Huygens construction shown i n f i g . 3«1» I f the p a r t i c l e 
moves from A to B i n the same time i n t e r v a l & during which 
l i g h t t r a v e l s from A to C, or A t o E ,the wavelets o r i g i n a t i n g 
from the d i f f e r e n t points on the track AB w i l l be coherent, 
and they w i l l reinforce each other to form a plane wavefront 
BC or BE. From the condition of coherence, one gets 

Sin cj> = Cos 6« C At . 1 = JL_ 
n y?>c. 4 t # n .. 3*1 

Thus the r e s u l t i n g Cerenkov ra d i a t i o n i s emitted on a 
conical surface CBE of h a l f angle ^ . 

Beside the condition set i n equation 3«1» there are 
two more conditions to be s a t i s f i e d f o r getting coherence; 

(1) the path length L of the p a r t i c l e i n the medium 
sh a l l be large compared w i t h the wavelength ^ of the 
ra d i a t i o n i n question, otherwise due to d i f f r a c t i o n effects 
l i g h t w i l l be d i s t r i b u t e d over an angle $Q ~ sin G , 
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FIG 31 HUVGENS CONSTRUCTIONS FOR 
PARTICLES EMITTING CERENKOV 
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instead of appearing at only one angle (Jelley 1953) ; 
(2) the velocity of the p a r t i c l e must be constant 

during i t s passage through the medium. 
From the r e l a t i o n 3*1 i t i s easy to see that no radia­

t i o n i s emitted i f 4 1 , as mentioned e a r l i e r . The 
condition /in ̂  1 for t h i s emission of Cerenkov radiation 
sets a threshold energy l i m i t (corresponding t o a minimum 
value of /3 ) which varies with the mass of the p a r t i c l e . 
The following table shows the threshold energies f o r elect­
rons, muons and the protons i n a i r and i n water. 

Table 3.A. 

Par t i c l e f Threshold energy \ Threshold energy ; 
I i n Air f i n utfater j n » 1.00029 n = 1.33 

Electron J 21 MeV 260 KeV 
Ibon J 4.4 Gev 54 MeV 
Proton I 39 GeV 475 MeV. 

At the threshold energy, the r a d i a t i o n i s p a r a l l e l 
t o the d i r e c t i o n of the p a r t i c l e • 

3.3 Theories of Cerenkov Radiation Loss; 
Fermi (1940) f i r s t pointed out that the Cerenkov radia­

t i o n originates i n small energy transfers from fa s t charged 
p a r t i c l e s t o distant atoms, which is subsequently emitted 
as a coherent radiation. Thus, Cerenkov radiation i s a 
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p a r t i c u l a r form of energy loss i n very s o f t c o l l i s i o n s , 
and not an added amount of energy loss. 

The problem of the emission of Cerenkov radiation has 
been studied t h e o r e t i c a l l y by several workers by the methods 
of c l a s s i c a l electrodynamics as we l l as quantum mechanics. 
I t i s i n t e r e s t i n g to note that the basic theory of Frank 
and Tamm (1937) based on the c l a s s i c a l electromagnetic theory 
s t i l l remains v a l i d and can explain the phenomenon rather 
s a t i s f a c t o r i l y , as has been shown by l a t e r , more refined, 
calculations. An excellent account of the various theories 
has been given by Jelley (1958)• We s h a l l f i r s t discuss 
the Frank and Tamm theory. 

3»3 A. The Classical Theory of Frank and Tamm. 

Frank and Tamm (1937) showed from cl a s s i c a l theory that 
"an electron moving i n a medium radiates l i g h t , even i f i t 
i s moving uniformly, provided that i t s v e l o c i t y i s greater 
than the vel o c i t y of l i g h t i n the medium". 

They considered only the macroscopic structure of the 
medium by t r e a t i n g the l a t t e r as a continuous non-dispersive 
isotropic d i e l e c t r i c . Using Maxwell's electromagnetic 
equations, they showed the t o t a l energy radiated by an elect­
ron of charge e, moving through a medium at a constant veloc­
i t y V t o be equal t o 
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dW e 2 / (1 - 1 ) w d w -vfl 
dx" " ~T~ An 72 2 " ) cm 3.2 

c ( p n 

where n i s the r e f r a c t i v e index and w i s the frequency 
of the molecular o s c i l l a t o r s of the medium. 
The in t e g r a t i o n i s to be carried out over a l l frequencies 

for which y3n >̂ | . 

By generalising the above equation for a p a r t i c l e of 
charge Ze, the energy loss per u n i t path i s 

dW = Z 2 e 2 f (1 - 1 ) w d w ^f/cm . . 3.3 
d x c 2 /32 n 2 ^ 

Thus i t i s seen t h a t , the Cerenkov loss, l i k e i o n i z a t i o n , 
varies as the square of the p a r t i c l e charge Z. 

3.3 A ( i ) i%gnitude of the Cerenkov Loss;-

A comparison of the Cerenkov e f f e c t with other sources 
of energy losses by a charged p a r t i c l e traversing matter can 
be easily made with the help of the equation 3*2, as shown 
below. 

The approximate value of the r e f r a c t i v e index n may be 
w r i t t e n as (Sommerfield, 1954) 

2 
n (w) - 1 + _A ) 

2 2 \ WQ - W ) 
/ .. •. «3*4 

2 ) 
n~ (0) = K s 1 + A ) 

2 

W« ) 



where K i s the d i e l e c t r i c constant, A is another con­
stant, and w q i s some average molecular frequency of the 
medium. 

Substituting equation 3*4 i n equation 3.2 one obtains 
the approximate expression for the Cerenkov r a d i a t i o n loss 
per u n i t path f o r a f a s t electron ( pn I ). 

In a t y p i c a l medium, Wo = 6 x 10 /sec, so that dW is of 

the order of several KeV per cm or 0.1%. of the energy 
loss by i o n i z a t i o n for a r e l a t i v i s t i c p a r t i c l e . 

3*3 A ( i i ) Spectral D i s t r i b u t i o n of the Cerenkov Radiation. 

The spectral d i s t r i b u t i o n of the Cerenkov ra d i a t i o n can 
be deduced from the equation 3« 3 as follows: 

I f V i s the frequency of an indivi d u a l photon, then 

2 < K - i > L e Wo dW 
K- 1 dx 

*• 3.5 

dx 

W * NhV 
where N = t o t a l number of photons 
of frequency 

and h = Planck 1s constant 
and, w = 2 /TV « 

We get from the equation 3«3> assuming the r e f r a c t i v e 
index n as constant over the v i s i b l e region of the spectrum, 
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2 2 
M = Z e ( x _ 1 ) w d w &f/'Qm . . . 3.3 
dx 2 ( ^2 n2 ) 

J 2 2 2 

- 4 Z - 6 f 1 - 1 ) V dV e ^ / c m 3.6 
c 2 " ( I 2~~2~ ) 
c p n 

4 / Z 2 e 2 j 1 " - L _ > - i * « * / . _ 3.7 

and. 
d H 2 U Z2'< ( 1 - 1 ) d^ 
dx • ( jr-p) .Az 

cm 

photons/ cm. 3*8 

where <X » fine structure constant 
2 e -* c 137 

For a muon, the number of photons per u n i t cm path w i t h i n 
a spectral region defined by the wavelengths and A^ » 
i s equal to 

dW = 2Tt< (1 - 1 ) ( 1_ - 1 ) 

dx ( /3 n ) ( ^ 2 * 1 ) photons/cm 
3.9 

From the equation 3*7 above, i t i s obvious that the Cerenkov 
ra d i a t i o n i s concentrated at the v i o l e t end of the spectrum. 
3*3 B Extension to the Basic Theory. 

In 1939, Tamm alone made a rigorous analysis of the 
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whole problem. He investigated the effects of slowing 
down of the p a r t i c l e by io n i z a t i o n and other processes. 
However, the f i n a l expression obtained f o r the r a d i a t i o n 
loss i s i d e n t i c a l with the equation 3*2. 

The problem of the emission of Cerenkov radiation has 
also been studied t h e o r e t i c a l l y by Fermi (1940), Schiff (1940) 

and others. 
In Fermi's calculations on the polarisation e f f e c t , as 

has been mentioned earlier,the Cerenkov radiation appears as 
a contribution t o the t o t a l energy loss of a p a r t i c l e traver­
sing a. condensed material and forms part of the energy loss 
calculated *by the Bohr theory of io n i z a t i o n , (see equation 
2.16). 

A.Bohr (1948), Messel and Ritson (1950) and Schoenberg 
(1951) have shown that f o r a medium wi t h no absorption and 
described by a single type of dispersion o s c i l l a t o r , the 
r e l a t i v i s t i c r i s e of the ioni z a t i o n loss should escape as 
Cerenkov r a d i a t i o n . This r e s u l t i s , however, i n disagree­
ment with the observed r i s e i n io n i z a t i o n loss i n crystals 
(Whitemore and Street, 1949) and i n emulsion experiments 
(Bowen and Roser, 1952) . 

Developing Fermi's theory on the basis of his m u l t i -
frequency dispersion o s c i l l a t o r s , Sternheimer (1952) has 
shown that energy escape as Cerenkov ra d i a t i o n i s small 
(less than 0 .01 Mev gnf*1 cm2) both for macroscopic crystals 
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and for emulsion. Further i n the v i s i b l e region, where 
the absorption i s n e g l i g i b l e , Sternheimer 1s expression f o r 
Cerenkov rad i a t i o n loss i s i n agreement with the re s u l t of 
Frank and Tamm, fo r a single dispersion o s c i l l a t o r . More­
over, Sternheimer has shown that the Cerenkov r a d i a t i o n loss 
reaches a saturation value i n the region _P _> ' ^ i P L ~"2 

MC 
where i s the o s c i l l a t o r strength f o r the i t r a n s i t i o n 
whose frequency i s >)t- . I n emulsion, the asymptotic value 
i s around P_ ~ 20. Sternheimer has also pointed out 

MC 
that "Cerenkov loss decreases somewhat w i t h increasing 2 , 
atomic number of the material". 

The Cerenkov r a d i a t i o n loss i n r e l a t i o n to the ioniza­
t i o n loss has also been extensively investigated by Budini 
(1953) and Fowler and Jones (1953) as has been mentioned i n 
Chapter 2. Budini has suggested th a t the whole of the 
increase of energy loss beyond the minimum should appear as 
Cerenkov ra d i a t i o n only i n the case of a perfectly transp -
arent, hence physically impossible, medium. His theory, 
although on the lines of the Fermi's theory, i s mainly based 
on the c o r r e l a t i o n between the breadth of the spectroscopic 
lines of the absorber and the structure of the Cerenkov 
bands. Budini has obtained the following expression f o r 
the Cerenkov r a d i a t i o n loss i n an idealized dispersive 
medium with no absorption: 



dW e 2 f( i Re( k(w) ) ) w dw 3.10 
dx 2 c 

A 1 _ Re( K(w) ) ) 
7 ' /S2 ( ^ ) \ 2 ) 

where Re ( K (w) ) i s the r e a l part of the frequency-
dependent d i e l e c t r i c constant K (w) of the medium. 
K (w) i s given by 

K (w) = 1 + ^ £ - f l 
W. - W - 1 g. w 
1 tol 

2 
where o( = 4 77" Ne ( N i s the number of electrons 

m 
per c.c , and e and m are the charge and mass of the electron 
respectively), while ŵ  and ^ i are the frequency and 

th 
o s c i l l a t o r strengths of the i resonance, and gj_ the 
corresponding damping c o e f f i c i e n t responsible f o r the absorp­
t i o n . The equation 3*10 reduces t o the Frank and Ta,mm 
expression 3*2, when g^ = o. The int e g r a t i o n i n 3*10 i s 
carried out over a l l frequencies for which the condition 
Re( K(w) ) > 1 i s s a t i s f i e d . 

/I 2 
But i n practice, no r e a l medium i s free from absorption 

so that g^ ^ 0. The d i e l e c t r i c constant at the peak of 
a given resonance i s », 0 

( U 77 Ne***i ) 
Re ( K (w±) ) 2=. 1 + | ( m g j L w i ) 

and the threshold f o r r a d i a t i o n i n t h i s band i s then 
(/3E)2 = ( A2 ) V 2 ( m g i w. ) 

1 7 i ( 4 7TNe2 f. ) 
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The t o t a l output of r a d i a t i o n , covering resonance regions 
with damping, and observable at a. r a d i a l distance r from 
the track of the p a r t i c l e , i s then: 

dW _ &L fexn ( _ w_ A 2 r Im K (W) ) 
d£ - V J e x p ( v~ r ) 

( i Re I K (w)l _ ) w dw * * . • 3*11 
( 1 " ^2 | K ( W ) | 2 ) 

where V i s the p a r t i c l e v e l o c i t y . 
The f i r s t factor i n the integrand contains the 

absorption, showing that radiation of a given frequency 
w i l l only be seen, at a distance r , i f the condition 

( 2L_ /3 2~ Im K(w) ) ^ ̂  1 i s s a t i s f i e d . 
( V / ) 

Budini concludes that f o r dense media with narrow 
spectroscopic l i n e s , there should be a simultaneous r e l a t -
i v i s t i c increase of Cerenkov radiation along with a r e l a t -
i v i s t i c increase of i o n i z a t i o n loss. Such an effect has 
been reported by Bassi et al« (1952) . 

3.3 C Quantum Treatment of the Cerenkov Effect;-

I n the c l a s s i c a l theory of Frank and Tamm, the v e l o c i t y 
of the p a r t i c l e has been assumed as constant during the 
emission of the Cerenkov l i g h t . Thus, no account has been 
taken of the reaction of the emitted quanta on the travers­
ing p a r t i c l e . Ginsburg (1940) f i r s t considered, on the 
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basis of the quantum theory, the possible r e c o i l , exper­
ienced by the p a r t i c l e , due to the emitted photon. Quantum 
treatments haye also been made by Sokolov (1940), Beck (1948) , 

Schiff (1949) and Tidman (1956) . Since the energies of the 
radiated quanta, are small compared with the Kinetic energy 
of the p a r t i c l e , the modifications introduced by such 
(quantum) treatment are nat u r a l l y expected to be small. 
The expression for the ra d i a t i o n condition and the energy 
loss obtained on the basis of the quantum theory d i f f e r 
s l i g h t l y from those obtained i n the clas s i c a l theory, as can 
be seen from the following expression for the ra d i a t i o n out­
put from a. p a r t i c l e of charge e, and without a magnetic 
moment, deduced by Ginsburg (1940a). 

dW _ e 2 I f l - X f 1 + n 4 ( 'few f + 
dx c 2 J V r n 2 (w) I 4 ( m c 2 ) 

n 2 ( hw )7~] w dw .. . • 3.12 
( ~~2~ )IJ 

mc ~J 

the symbols carry t h e i r usual significance. This equation 
3.12 d i f f e r s from the classical one (equation 3*2) only by 
the presence of two small terms of higher order. 

Ginsburg also considered the possible ef f e c t on 
Cerenkov radiation emission from a p a r t i c l e having both 
e l e c t r i c and magnetic moment. He showed t h a t at very high 
energies there would be no magnetic radiation. 
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3.3 C ( i ) Effects of Spin on the Cerenkov Loss. 

Sokolov and Loskutov (1957) (see Jelley 195$) have 
shown that the r a d i a t i o n y i e l d , the threshold condition 
and the pol a r i s a t i o n of the emitted Cerenkov rad i a t i o n are 
s l i g h t l y modified f o r a. p a r t i c l e with a spin. 

For a p a r t i c l e of h a l f - i n t e g r a l spin, there i s an 
additional contribution f o r the quantum spin e f f e c t . And 
the expression f o r the t o t a l r adiation y i e l d takes the form: 

@ 2 Wmax 
W = —TT- f ( -i 1 ) w dw + 

J ( > 2 n 2 ) 
o ' 

o Wmax o o p 
e f n -fr ( x 1 ) 
~ / 4 2 „2 ( " n 2 ) w d w 

c p 
3.13 

The symbols have t h e i r usual meaning. 
The f i r s t term i n t h i s equation 3-13 is due to the p a r t i c l e 
of zero spin and the corresponding ra d i a t i o n i s l i n e a r l y 
polarized i n the plane containing the photon and the p a r t i c l e , 
whereas the second term i s due to the spin e f f e c t , and the 
ra d i a t i o n i s orthogonal i.e. the E - vector tangential t o 
the Cerenkov cone. 

Thus from the above equation 3«13> i t i s seen that 
i f j\ — > 0 (classical approximation), the rad i a t i o n , as 
fo r a p a r t i c l e w i t h zero spin, becomes completely l i n e a r l y 
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polarized. 
Spin e f f e c t has also been studied by Ginsburg (1942 

and 1943) • 

3.3 D. Radiative Corrections to the Cerenkov Loss* 

Recently Tsytovich (1963) has made radiative correc­
tions to the basic theories of Frank and Taram (1937) and 
of Fermi (1940), by taking i n t o account the second order 
perturbations. On the basis of his theory, he. had pred­
icted a reduction i n the i n t e n s i t y of Cerenkov loss fo r 
p a r t i c l e s of u l t r a r e l a t i v i s t i c energies. An estimate f o r 
the magnitude of the corrections has been given below: 

The r e l a t i v e corrections, neglecting the s p a t i a l d i s ­
persion, can be w r i t t e n i n the form: 

• Wo m _ e2. 
Wo n A c 

2 + 
W - Wo _ _ e 4 .. .. 3« 14 

where Wo i s the Cerenkov loss i n the f i r s t approximation of 
t 

the theory, A i s the transverse part of the radiative 
corrections. 

For u l t r a r e l a t i v i s t i c v e l o c i t i e s , Tsyto-vich gives, 
i n the case of a single dispersion o s c i l l a t o r , 

} n . 2 e J i n 2E_^_ _ i ) 4 = 2 ^ E_ + 2( ^~^T " > 
IC 

( I _M! Ĉ  _ 1 ) 

f o r E 
MC2 t%\ •• 3.15 



and ± 7 2 2 

fo r E_ \V _ 1 . 
2 7 / /u/ / 3.16 

MC 
Where E is the t o t a l energy of the muon of mass M, and 
is a function of the t o t a l concentration N of the 

electrons of the medium and of a l l natural frequencies Wg , 
and i s given by (Zhdanov et a l . 1963)• 

* c T i f e J " *• ** 3 , 1 7 

I n t h i s equation, Ŵŝ > i s the e f f e c t i v e natural frequency 
of the atomic electrons, ^v)> i s t h e i r mean v e l o c i t y , and 
Wo i s 2Jf times the plasma frequency. 

Since i n the study of Cerenkov loss, we are c h i e f l y 
concerned with small energy transfers, we calculate the 
rad i a t i v e corrections i n a l i m i t i n g case f o r which the 
energy transfer i s less than the i o n i z a t i o n p o t e n t i a l 
(= 67* 5 eV) i n water. 

F i r s t we estimate % as follows: 
The C i s calculated assuming that the electrons 

of the atoms move i n simple orbits according t o Bohr's 
theory i n which the v e l o c i t y ¥ of an electron moving i n 
a n

t h o r b i t around a. nucleus of charge Ze i s V = Ze^ 
n-fi 

v = Ze 2 _ Z where e£ m ^ = 1 
C nft C 137 n t c TJ? 

n = 1, 2, 3 etc. 
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Thus , 
(1) 1_ 

C 
fo r an electron (2) i n a Hydrogen atom 

1 
137 

(11) V fo r an inner electron (2) i n an Oxygen 
atom = _2 

137 
(111) V f o r an outer electron (6) i n an Oxygen 

C 
atom = 4. 

137 

Therefore the mean ̂ V^_ __1 
137 x 10 

( 2 + 8 x 2 + 4 x 6 ) 
= 4.2 

I Ws > = 2 IT v>s « 2 77 I 
h 

The plasma frequency \|, =» 

137 
where I = i o n i z a t i o n 

p o t e n t i a l = 67-5 eV. 

^5 Nc = 4.95 x lO-'Vsec 
Jim 

n Vc 

y = 7.718 x io' -3 

K^P _ 20.47 
T 67.5 

Therefore the l i m i t i n g value of E/'m^2 = ~ - 0.1296 x 10^ 
Thus f o r muons of energy E 13.67 GeV, equations 

3.15 and f o r E 13.67 GeV, equations 3»l6 should be used 
i n computing the r e l a t i v e corrections. But, according t o 
Tsytovich, the radiative corrections are only appreciable 
f o r p a r t i c l e s of energy _)> 10 GeV. The magnitude of the 
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correction i n water f o r muons of energy y 10 Gev i s 
found t o be 3»Sfy Since the l i m i t i n g energies are not 
known precisely, i t i s not possible t o give the expected 
shape of the curve or the point where the reduction begins. 
However, i n f i g 3,2 C, the variations of the absolute number 
of Cerenkov photons, a f t e r applying r a d i a t i v e correction 
above 10 Gev, are shown. I f Tsytovich's e f f e c t i s r e a l , 
i t i s expected t o be detected over the energy range 10 -
100 GeV. 

3«4 Theoretical calculations on 
(/0 the rate of Cerenkov Loss i n water, 

and (b) the variations of the angle of emission } O , 

with muon momentum*. 

3.4 A The Rate of Cerenkov Loss i n Water. 

A t h e o r e t i c a l estimate on the number of Cerenkov photons 
emitted by a fast muon over a spectral band ^ " ^ i , on i t s 
passage through water can be made using equation 3•9i 

dN = 2 TToi ( ± _ 1 ) ( 1 _ 1 ) 
~ ( " . . 2 2 ) ( *p * i ) photons/cm. 

* F(A. n) ( 2no( ( 1 _ 1 ) ) photons/cm. 
1 ' ( ( >2 > l ) ) 

where F{&. n) = (1 - T™? ) 
' ( /3 n ) 



Considering the transmission characteristic of the 
water used and the absorption spectra of the wavelength 
s h i f t e r Popop, i t Wdl be shown i n chapter 6 that the 
useful wavelength range i n t h i s experiment i s from 2500 
to 4000 A.U. and the corresponding average r e f r a c t i v e index 
over t h i s spectral range i s n = 1.368. The threshold mom­
entum for the Cerenkov emission = 103 MeV/C when n = 1.388. 

Using the above value of the r e f r a c t i v e index n, the 
function F(p>t n) which gives the r e l a t i v e number of photons 
i n water has been plotted against the momentum of the muon 
•Fig. 3*2. 

The absolute number of photons can be obtained by-
mult i p l y i n g F ( A n ) by the term ( 2 n°< ( 1 _ 1 ) ) 

' ' ( < » 2 * x ) ) 
and has been shown i n the f i g 3*2 B. I t i s seen from the 
f i g 3.2 B that s t a r t i n g from the threshold momentum, the 
number of photons emitted per cm increases very rapid l y , 
and then becomes constant ( = 320 photons/cm) at about 10 
Gev/C. 

I t may be pointed out here that i n c a l c u l a t i n g the 
absolute number of photons, the velocity fi> f o r a p a r t i c ­
u l a r incident energy has been assumed constant. In 
other words, the change i n energy of the incident muon i s 
assumed t o be small. But for a th i c k detector and espec­
i a l l y near the threshold energy region the change i n the 
energy of the incident muon due to ion i z a t i o n loss should 



/ 
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be taken i n t o account. Since i n the present experiment, 
the energy range i s >> thresh o l d ) and the r a d i a t o r i s also 

comparatively t h i n , the change i n p> due t o i o n i z a t i o n 
loss i n the r a d i a t o r w i l l be neglected. 

3.4 & Variations of the Angle of Emission w i t h Muon 
Momentum;-

I t i s seen f rom the equation 3*1 that the angle of 
emission of Cerenkov radiation which i s given by 

Q = Cos"1 1 

fin 

depends on ft > the velocity i.e. the momentum of the 
muon. 

In the f i g 3»3> the v a r i a t i o n of & with the muon 
momentum has been shown. Sta r t i n g from the zero value at 
the threshold , i t goes on increasing and attains a maximum 
value = 43° at about 10 GeV/C. 

3. 5 Contribution of the Knock-On Electrons:-

When a f a s t muon passes through water, i t w i l l produce 
S - rays ( i . e . electrons produced w i t h energies between 

a few KeV and a few hundreds of KeV) as w e l l as energetic 
knock-on electrons. 5-rays and knock-on electrons w i l l 
emit Cerenkov photons, i f they have energies greater than 
the threshold energy (260 KeV). Considering the threshold 
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FIG 3-4 PROBABILITY OF KNOCK ON ELECTRONS IN WATER DUE TO 
A' I Ge\/c muon 
B' K) Gev/c muon 
C - IOO Ge\/c muon 
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energy as w e l l as the energy loss i n water, i t may reason­
ably be assumed that the 6-rays w i l l contribute very l i t t l e 
t o the t o t a l production of Cerenkov r a d i a t i o n . The main 
contribution w i l l be from the knock-on electrons. The 
calculation i s given below. 

I t may be shown i n f i g 3»4 that the p r o b a b i l i t y of the 
production of low energy knock-on electrons by r e l a t i v i s t i c 
muons i n water i s nearly the same f o r muons of a l l energies 
greater than 1 GeV. Further, i t is seen from f i g 3*4 that 
the p r o b a b i l i t y of emission of high energy knock-on electrons 
i s very small. 

In f i g 3«5, the v a r i a t i o n of the angle of emission of 
the knock-on electrons as a function of the energy of the 
knock-on has been shown. From t h i s , i t i s seen that a l l 
the knock-on electrons (with energy greater than 8 MeV) are 
ejected w i t h i n a cone of semi-vertical angle 20° with the 
d i r e c t i o n of motion of the muon. Consequently the c o n t r i ­
butions from such energetic muons w i l l be quite appreciable. 

The d i f f e r e n t i a l cross-section per electron f o r the 
production of a knock-on electron with energy l i m i t s E 1 and 
(E 1 + dE 1 ) by a primary muon of spin 1 and k i n e t i c energy 

2 

E i s given by Bhabha (1938)as 
2 2 C 

<T(E, E 1) dE 1 = 2/Irl m c j ^ / j l - ) 

+ 1 ( E 1 )21 dE 1 

2 ( E m a x + ^ 7 " ) | ( F p ^ 3 > 1 8 
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FIG 3-5 ANGLE OF EMISSION OF THE K.O. ELECTRONS AS A FUNCTION OF 
THE ENERGY OF THE KQ ELECTRONS. 
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where the symbols have t h e i r usual s i g n i f i c a n c e . 
So the number of knock-on electrons produced w i t h 

1 1 energy 3 w i t h i n dE i n 1 cm of water i s 

N & =< 1 1 ) (f(E, E 1) dE 1 .. 
( A ) 

3.19 

0.0775 ! E 1 ) dE 1 f o r 

where E E _ 
m = —v -a-=—. Gev. a + 11 .1 

In the following table (table 3«B. ), the number of 
knock-on electrons produced by a 10 GeV/C muon i n water i s 

given. 
TABLE 36 

(1) 

K.O. elect-j Mean 
(3) i (4) I (5) 

ron energy] i n 
i n t e r v a l I Me¥ 

Meanl Ng/cm 
Rang el 
Re i n 
cm. 

Ng . 
Re. 10 

2 - 4 3 1.5 p . o 8 3 7 1 5 .SI j314 

4 — a 6 3 . 1 0.0193 5.9S (31B 

8 - 16 12 6.4 jO.OO97 6.20 (320 

16 - 32 24 12.9 I0.00484 6.24 320 

32 - 64 48 25.9 0.00242 6.27 320 

64 - 100 82 44 * 5 0.00068 3.02 320 
100 - 200 150 81.3 10" 5 - -

200 _ I . " ^^^^^^^ 
_ 

(6) (7) 

2 N No= jCorr. 
J phot-jTotal! fac-

No.of§ t o r 
Ceren- f 
kov I 
phot-; 
ons J 

I 
18.2410.50 

I 
19 .02 j0 .60 
19.84 p . 7 9 
19 .99(0 .90 

ons 
per cm 

20.06 
9.66 

0.95 
0.95 

(9) 

No. f 

9.12 

11.41 

15.67 

17.94 

19.06 

9.18 
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I n the column (3) of the above table, the electron 
ranges have been calculated by using the following range 
energy r e l a t i o n , 

Re = 0.543 3 - 0.160 (Wilkinson, 1950) max 
where E i s the electron energy i n MeV, and Re is meas-

max 
ured i n gm/cm . The above r e l a t i o n i s almost independent 
of the material of the absorber when the l a t t e r i s l i g h t . 
I n the column ( 6 ) , the number of Cerenkov photons emitted 
by a. knock-on electron has been computed using equation 3*9 
over the spectral band 2500 to 4000 A.U, i n water. Column 
(7) shows the number of Cerenkov photons, No > per cm from 
the d i f f e r e n t energy i n t e r v a l . But t h i s has t o be corrected 
f o r the possible Coulomb scattering. The contributions 

1 
from the low energy knock-on electrons ( E 5 MeV) w i l l be 
reduced very much due to the multiple Coulomb scattering of 
the electrons i n water. Assuming an isotropic d i s t r i b u t i o n 
of these low energy knock-on electrons, only about 50% of 
them may be expected to move i n the forward d i r e c t i o n cont­
r i b u t i n g Cerenkov photons at the detector l e v e l . On the 
other hand, the knock-on electrons of energy ^ 5 MeV w i l l 
i n i t i a l l y be emitted w i t h i n a forward cone of semi-vertical 
angle C 25 ( f i g 3.5) with the primary d i r e c t i o n , and w i l l 
also be scattered less. So i t i s reasonable to assume that 
the contribution from such energetic knock-on electrons w i l l 



-61-

not be affected very much. A correction factor f has 
been used to take i n t o account the effect of scattering on 
the contribution from knock-on electrons. The following 
two empirical equations have been used i n calculating f 
(c olumn 3) 

1 
f = 0.5 f o r E < 5 MeV 
f =* (E 1 - 5) + 5 x 0.5 w h e n E 1 ^ 5 MeV 

E 1 

The t o t a l number of Cerenkov photons per cm contributed by 
knock-on electrons i s thus X Nof = 82.11. This can be 
compared with the number of Cerenkov photons/cm i n water 
due to a r e l a t i v i s t i c muon, 320/cm. Therefore, the cont­
r i b u t i o n from the knock-on electrons i s 25»7%» 

Thus there w i l l be an increase i n the t o t a l quanta 
produced of about 25*7%. This may a f f e c t the pulse height 
d i s t r i b u t i o n i n two ways: (a) by s h i f t i n g the most prob­
able energy loss to a higher value, and (b) by adding a 
t a i l to the high energy side of the d i s t r i b u t i o n . The 
former w i l l be caused by the photons from the knock-on 
electrons of energy i= 16 MeV, as N & /cm -̂ 0.01 f o r E ^ 
16 MeV. ( Column 4, table 3£>). So i n a. path of 100 cm 
i n water, such knock-on electrons w i l l contribute everytime 
whenever a f a s t muon traverses the counter. The number of 
photons/cm, a r i s i n g due to the knock-on electrons of energy 
^ 16 MeV, i s Z Nof » 36. Therefore, t h i s may increase 

the true most probable pulse-height by 36/320 11%. 
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Again, the depth of water i n the counter i s about 
2.8 r a d i a t i o n lengths. So, whenever the energy of a knock-
on electron i s » 83.£ MeV, the c r i t i c a l energy i n water, 
i t w i l l produce showers. But the frequency of occurrence 
of such an energetic knock-on electron i s small, as can be 
seen f rom f i g 3«4» Consequently, the contribution from 
such occasional high energy knock-on electrons w i l l give r i s e 
to the t a i l of the d i s t r i b u t i o n . 

3.6 Coneluding Cornments. 

I t i s worthwhile to sum up the whole problem of energy 
loss at t h i s point. So f a r , the t h e o r e t i c a l predictions on 
the logarithmic r i s e i n the energy loss i s concerned, we are 
confronted with three d i f f e r e n t views: 

( I ) According to the Fermi theory, the whole of the i n ­
crease of energy loss beyond the minimum should appear as 
Cerenkov loss which is saturated at high energies. This i s 
quite i n agreement with the c l a s s i c a l theory of Frank and 
Tamm; 

( I I ) Budini d i f f e r s i n that he predicts that the logar­
ithmic r i s e i n the energy loss curve i s p a r t l y due to the 
increase i n io n i z a t i o n and e x c i t a t i o n loss, and p a r t l y due 
to the Cerenkov loss. Further he opines that there should 
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be a simultaneous r e l a t i v i s t i c increase of Cerenkov loss 
along w i t h the r e l a t i v i s t i c increase of i o n i z a t i o n loss; 

( i i i ) On the other hand, Tsytovich, although he seems 
to support the basic theories of Fermi and of Frank and 
Tamm, predicts a reduction i n the i o n i z a t i o n as well as i n 
the Cerenkov loss for p a r t i c l e s at u l t r a r e l a t i v i s t i c v e l ­
o c i t i e s . 

These differences i n the t h e o r e t i c a l predictions obvi­
ously demand more precise experimental r e s u l t s . But so f a r 
as the study of Cerenkov loss i s concerned, the number of 
experiments performed so f a r i s very few (see chapter 4)» 
Further, only a couple of experiments (Bassi et a l . 1952, 
and M i l i a r and Hincks, 1957) have been carried on i n the 
GeV range, the highest energy covered being less than 4*5 

GeV. Moreover, the methods of momentum measurements i n 
these experiments were not very precise. 

Thus, a rigorous experiment to study the v a r i a t i o n of 
Cerenkov i n t e n s i t y w i th momentum i n the region 1 to 100 GeV, 
especially to t e s t the recent prediction of Tsytovich, i s 
f e l t very necessary. The present work i s an attempt to 
carry out such an experiment by using a water Cerenkov 
counter and a new horizontal spectrograph f o r precise meas­
urements of the momentum of the cosmic ray muons. In the 
actual experiment as w i l l be described i n the l a t / e r chapters, 
the e l e c t r i c a l pulses due to Cersnkov photons w i l l be studied 
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s,s a function of the p a r t i c l e momentum. I n the f i g . 3«2> 
the expected r e l a t i v e v a r i a t i o n of the most probable pulse 
heights as a function of the muon momentum i s shown. I f 
the Cerenkov radiation loss follows the c l a s s i c a l theory, 
the curve as shown i n f i g 3*% w i l l r i s e monotonically to a 
plateau value. But i f Tsytovich theory holds good, the 
curve w i l l f a l l o f f , instead of a t t a i n i n g a plateau value 
monotonically, by about 4% f o r p a r t i c l e s of momenta P )> 10 

GeV/c, and then w i l l reach i t s asymjbotic value. 
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CHAPTER k» 

Review of Previous Experiments on Energy Loss by 
(A) I o n i z a t i o n , and (B) Cerenkov Radiation: 

4* A. Measurements on I o n i z a t i o n Loss. 

The i o n i z a t i o n loss of f a s t charged p a r t i c l e s through 
matter has been studied i n an extensive way, both t h e o r e t ­
i c a l l y and experimentally• P r i o r t o the recent theory of 
Tsytovich (1962) about the r e d u c t i o n i n energy loss due t o 
r a d i a t i v e c o r r e c t i o n s , the experimental r e s u l t s were found 
t o support the t h e o r e t i c a l p r e d i c t i o n s q u i t e s a t i s f a c t o r i l y . 
The main i n t e r e s t i n a l l the experiments on i o n i z a t i o n loss 
has centred more or less on the study of the l o g a r i t h m i c 
increase and the d e n s i t y e f f e c t . Since the l a t t e r i s small 
i n gases, the l o g a r i t h m i c r i s e i n the energy loss i s most 
e a s i l y observed• As such, we s h a l l f i r s t discuss the 
measurements of i o n i z a t i o n i n gaseous d e t e c t o r s , such as 
(a) p r o p o r t i o n a l counters and high pressure i o n i z a t i o n 
chambers, and (b) cloud chambers. Next the experiments i n 
dense media, namely, (c) nuclear emulsions, and (d) c r y s t a l 
counters and s c i n t i l l a t o r s , w i l l be discussed. Since the 
experiments performed are very l a r g e i n number, we s h a l l 
confine ourselves w i t h only the most r e l e v a n t and conclusive 
e a r l y work together w i t h recent r e s u l t s . 
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.4. A. (a) Experiments w i t h P r o p o r t i o n a l Counters and 
High Pressure I o n i z a t i o n Chambers; 

Quite a few experiments have been performed using these 
types of d e t e c t o r s . Experiments w i t h r e l a t i v i s t i c muons 
a l l f o l l o w the same general p a t t e r n : one or more propor­
t i o n a l counters are placed i n the beam of a Geiger counter 
telescope, and the i o n i z a t i o n produced i s measured, the 
momentum of each p a r t i c l e passing through the system being 
determined e i t h e r by i t s r e s i d u a l range or by d e f l e c t i o n i n 
a magnetic f i e l d . A t y p i c a l arrangement used f o r t h i s type 
of measurement i s shown i n f i g The value of the exper­

imental r e s u l t s mainly d epends on the p r e c i s i o n of the momen­
tum measurement. Using p r o p o r t i o n a l counters, the i o n i z a ­
t i o n losses a t high p a r t i c l e energies have been measured by 
Price et a l . (1953)? Parry et a l . (1953)» l e l i s e y e r e t a l . 
(1953) , Eyeions e t a l . (1955) , Kharitonov (1952) , and 
Kharitonov and Barski (1953)• West i n 1953 showed t h a t the 
observed w i d t h of the i o n i z a t i o n d i s t r i b u t i o n would be dep­
endent on the product of the gas pressure and t r a c k l e n gths. 
I t has been found experimentally t h a t the observed w i d t h 
approaches to the Landau's t h e o r e t i c a l value a t high 
pressures. Some workers, eg. Pa.lma.tier et a l . (1954) 

designed t h e i r counters t o use higher pressures and longer 
t r a c k l e n g t h s . Lanou and K r a y b i l l (1959) measured the 
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i o n i z a t i o n loss of cosmic ray muons i n helium gas w i t h 
p r o p o r t i o n a l counters. The momentum.} i n t h e i r experiment, 
was measured w i t h a magnetic spectrograph which resolved 
p a r t i c l e s i n the momentum region from 3»3 GeV/c t o 14 0 

GeV/c. Their r e s u l t s were i n good agreement w i t h Stern-
heimer's t h e o r e t i c a l values. Using p r o p o r t i o n a l counters 
w i t h neon-methane mixtures, Jones et al. ( 1 9 6 3 ) studied the 
r a t e of energy loss of cosmic ray muons as a f u n c t i o n of 
momentum over t h e range 0 .3 - 30 GeV/c. They used. Durham 
cosmic ray spectrograph (Brook et a l . 1962) f o r the measure­
ment of muon momentum. Their r e s u l t s , when normalized t o 
the Landau theory at one momentum, were i n good agreement 
w i t h the t h e o r e t i c a l values over the whole range. 

A l l the r e s u l t s published so f a r show the expected 
r e l a t i v i s t i c increase of most probable energy loss w i t h 
momentum. However, only three groups of workers, namely, 
Parry et a l . (1953), Eyeions et al« (1955)» and Lanou and 
K r a y b i l l (1959) have reached the high energy plateau r e g i o n . 

4 .A.(b) Experiments w i t h Cloud Chambers:-

The i o n i z a t i o n losses have been studied using cloud 
chambers by Sengupta (1940), Hazen (1944 s 1945) and Hayward 
(1947)» They v e r i f i e d the existence of the l o g a r i t h m i c 
r i s e f o r e l e c t r o n s , but t h e i r r e s u l t s on muons were incon­
c l u s i v e . Accurate experimental r e s u l t s on the r e l s t i v i s t i c 
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r i s e i n i o n i z a t i o n loss have been obtained by Ghosh, Jones 
and Wilson (1952, 1954) i who used muons i n a cloud chamber, 
and a h i g h r e s o l u t i o n magnetic spectrometer. Their meas­
urements extended over a momentum range from 500 MeV/c t o 
about 30 GeV/c and showed a r e l a t i v i s t i c r i s e which agreed 
w i t h theory and also showed the existence of the dens i t y 
e f f e c t , but did not reach the plateau. Their r e s u l t s are 
shown i n f i g . 4 . 2 , together w i t h the t h e o r e t i c a l curves of 
Budi n i and Sternheimer. Kepler et a l . (1958) measured the 
i o n i z a t i o n losses of r e l a t i v i s t i c muons and el e c t r o n s t o 
cover the energy range >\l = 3 (minimum i o n i z a t i o n ) t o 

j 

f>A = 1000, i n helium, argon and xenon, w i t h a cloud chamb­
er. Their experimental r e s u l t s agreed w e l l w i t h the. theory 
i n the case of helium. I n argon, and p a r t i c u l a r l y i n xenon, 
the observed r e l a t i v i s t i c r i s e was less than t h a t p r e d i c t e d 
t h e o r e t i c a l l y . I n s h o r t , the r e l a t i v i s t i c r i s e i n the gas­
eous detectors was found t o be about 40 t o 50%. 

4« A. (c) Experiments w i t h Nuclear Emulsions. 

Experiments using nuclear emulsions have been many. 
O c c h i a l i n i i n 1949 > and Corsen and Keck i n 1950, working 
w i t h e l e c t r o n tracks i n emulsions established the existence 
of a plateau at high energies although they did not detect 
any v a r i a t i o n of g r a i n density f o r e l e c t r o n s f rom 7* 5 t o 
500 MeV, and from 10 t o 180 MeV, r e s p e c t i v e l y . Since t h e i r 
i n v e s t i g a t i o n s were confined t o e l e c t r o n s , t h e i r measurements 
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were not extended down to t h e minimum of i o n i z a t i o n , and 
hence could not y i e l d a value f o r the magnitude of the 
r e l a t i v i s t i c r i s e . However, Pickup and Voyvodic (1950) 

found a d i f f e r e n c e of about 10% between the plateau value 
of i o n i z a t i o n f o r extreme r e l a t i v i s t i c p a r t i c l e s and the 
minimum value. This r i s e i n the energy loss has been sub­
s t a n t i a t e d by l a t t e r workers, namely, Daniels e t a l . (1952( , 

S t i l l e r and Shapiro (1953) , Michaelis and V i o l e t (1953) , 

Fleming e t a l . ( 1953 ) , Jaunean and Tremberly ( 1953 ) , 

Alexander and Johnston ( 1957) , Jongejans (1960), Herz and 
S t i l l e r (1964)• The r e l a t i v i s t i c r i s e obtained by Herz and 
S t i l l e r , and Michaelis & V i o l e t was a l i t t l e smaller than 
values commonly found i . e . i n the range 10 - 14%. P r i o r 

i 

t o 1962, a l l the experimental evidence pointed t o the e x i s t ­
ence of plateau up t o the highest mementa measured. 

I n 1962, Tsytovich p r e d i c t s , as has been mentioned i n 
chapter 2 , t h a t i n emulsion the i o n i z a t i o n loss may not r i s e 
monotonically t o a plateau value. I t may ins t e a d decrease 
a f t e r $ = 100 to 200, and reach, a t V* = 600 t o 1000, an 
asymjtotic value which i s about 6 t o 6% less than the e a r l i e r 
recognised plateau. The experimental i n v e s t i g a t i o n s of 
Alekseyeva et a l . (1962) and of Zhdanov et a l . (1963, 1964) 

support Tsytovich's c a l c u l a t i o n s . Unlike other workers 
using the emulsions, the above Russian r e s u l t s also e x h i b i t 
a maximum i n the region { = 100. The r e s u l t s of Zhdanov 
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e t a l . (1963) i s shown i n f i g . 4 . 3 * However, more recent 
emulsion r e s u l t s of Bushkirk e t a l . (1964)> o f Herz and 
S t i l l e r (1964) , and of Kushwala. (1965) working over the 
same energy range as the Russians, do not show any evidence 
f o r the existence of the Tsytovich e f f e c t . The e x p e r i ­
mental r e s u l t s of Bushkirk e t a l . (1964) along w i t h the 
t h e o r e t i c a l p r e d i c t i o n s of Tsytovich are shown i n f i g . 4»4« 
One other p o i n t as observed i n emulsion may be mentioned 
here. I t has been found t h a t there i s no s i g n i f i c a n t 
d i f f e r e n c e (less than 1.5%) between the i o n i z i n g a b i l i t y of 
the p a r t i c l e s w i t h d i f f e r e n t s i g n . 

4.A. (d) Experiments w i t h C r y s t a l Counters and S c i n t i l l a t o r s : 

C r y s t a l counter i n the measurement of i o n i z a t i o n loss 
of a charged p a r t i c l e was f i r s t introduced by Whittemore 
and S t r e e t (1949) who used a s i l v e r c h l o r i d e c r y s t a l i n the 
energy loss measurement. They compared the l i g h t out-put 
from the i o n i z a t i o n of muons of energy greater than 1.6 GeV 
w i t h t h a t from muons at the minimum i o n i z a t i o n (0 .3 GeV) 
and found a d e f i n i t e r e l a t i v i s t i c increase. Their r e s u l t s 
were q u a n t i t a t i v e l y consistent w i t h the p r e d i c t i o n s of the 
Halpern and H a l l theory r e g a r d i n g the dens i t y c o r r e c t i o n s . 
But the method being e f f e c t i v e l y an i n t e g r a l one, i s not 
a source of d e t a i l e d i n f o r m a t i o n . Bowen and Roser (1952) , 

using anthracene and cosmic ray muons, showed t h a t f o r 
energies between 0 .3 and 3 GeV, the r i s e i n the most prob-
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able energy loss was less than 2$» Bowen (1954) , working 
w i t h a sodium i o d i d e c r y s t a l and cosmic ray muons, found 
t h a t the r e l a t i v i s t i c increase was 10.9% f o r energies up 
t o 5 GeV, but using a l i q u i d s c i n t i l l a t o r over t h e same 
energy range as i n h i s e a r l i e r experiment, he found t h a t 
the r e l a t i v i s t i c increase d i d not exceed 2fo, This agrees 
w i t h previous r e s u l t s on s i m i l a r organic m a t e r i a l s (Baskin 
and Winckler (1953), Meshkovskii and Shebanov (1952) ) and 
w i t h theory (Sternheimer, 1952, 1956 ) . Barnaby (1961) , 

using a l a r g e area p l a s t i c s c i n t i l l a t o r (NE 102) and. cosmic 
ray muons, found the r e l a t i v i s t i c r i s e i n the most probable 
energy loss to be l e s s than 1%, between 0 .5 and 10 GeV. 
More r e c e n t l y C r i s p i n and Hayman ( 1964) , using the same type 
of phosphor NE 102, studied the i o n i z a t i o n l o ss of cosmic ray 
muons. Since t h i s group of workers used a magnetic spectro­
graph (Durham v e r t i c a l cosmic ray spectograph), the momentum 
measurement i n t h e i r experiment was obviously more precise 
than t h a t of Barnaby. Their r e s u l t s shown i n f i g . 4 .5 along 
w i t h those of Barnaby, were compatible w i t h Sternheimer's 
density c o r r e c t i o n t o t h e i o n i z a t i o n loss theory of Bethe-
Bloch up t o 10-15 GeV/c. But at higher momenta, the observed 
most probable energy loss was about 3% above the p r e d i c t e d 
r i s e . They d i d not f i n d any r e d u c t i o n , due t o Tystovich 
e f f e c t , i n the energy loss a t high energies. Further, 
separated a n a l y s i s of t h e i r data f o r p o s i t i v e and negative 



muon showed no d i f f e r e n c e of i o n i z a t i o n loss greater than 
Ifo* Yery r e c e n t l y Ash ton and Simpson (1965) have studied 
the i o n i z a t i o n loss of the r e l a t i v i s t i c cosmic ray muons i n 
l i q u i d s c i n t i l l a t o r . Their r e s u l t s confirm the existence 
of the density e f f e c t t o t h e highest momentum measured 
( ~ 200 GeV/c), but they also d i d not f i n d , i n t h e i r f i n a l 
r e s u l t , any evidence f o r a decrease of energy loss at higher 
energies. The momentum, i n t h i s experiment, was measured 
w i t h the Durham h o r i z o n t a l cosmic ray spectrograph. 

Thus, so f a r as the energy loss i n organic s c i n t i l l a t o r 
i s concerned, although there i s good general agreement b e t ­
ween the theory and experiment there i s s t i l l some uncert­
a i n t y as t o the magnitude o f the r i s e , i f any, i n the energy 
loss beyond the minimum of t h e energy loss curve. Further, 
the Tsytovich e f f e c t has not y e t been tes t e d thoroughly. So 
one aspect of the present work i s t o study the i o n i z a t i o n 
l o s s of cosmic ray muons i n an organic s c i n t i l l a t o r (NE 102A) 
at r e l a t i v i s t i c energies. 

!+B Measurements on Cerenkov Radiation Loss. 

The energy l o s s by Cerenkov r a d i a t i o n i s us u a l l y 
studied by e s t i m a t i n g the i n t e n s i t y of Cerenkov l i g h t emitted 
i n a r a d i a t o r (a transparent d i e l e c t r i c medium) by the 
passage of 3 charged p a r t i c l e through i t . The Cerenkov 
l i g h t i n t e n s i t y i s very low, so a h i g h l y s e n s i t i v e d e t e c t o r 
i s needed t o make any meaningful study of i t . I n the e a r l y 



-73-

stage of research, the Cerenkov l i g h t was recorded by means 
of the photographic method. But now-a-days, phot o m u l t i -
p l i e r tubes which are extremely l i g h t s e n s i t i v e , are i n v a r i ­
ably used. However, the normal procedure i n t h i s type o f 
i n v e s t i g a t i o n i s t o compare e i t h e r the observed absolute 
i n t e n s i t y of r a d i a t i o n , or the most probable pulse-height 
d i s t r i b u t i o n as recorded w i t h p h o t m u l t i p l i e r tubes, w i t h 
the t h e o r e t i c a l l y p r e d i c t e d values. 

Depending on the source of the charged p a r t i c l e s prod­
ucing Cerenkov r a d i a t i o n , the experiments performed so f a r 
can be c l a s s i f i e d i n t o the f o l l o w i n g 3 c a t e g o r i e s : 

(01) Experiments using r a d i o - a c t i v e sources, 
( i i ) Experiment using machine accelerated p a r t i c l e s , 

a n d ( H i ) Experiment using cosmic ray p a r t i c l e s . 

(OL) Experiments w i t h r a d i o - a c t i v e sources:-
Most e a r l y experiments on Cerenkov r a d i a t i o n were done, 

using r a d i o - a c t i v e sources e m i t t i n g /3-a.nd rays. 
Normally, a,n estimate of the absolute y i e l d of Cerenkov 
l i g h t per p a r t i c l e was made i n order to compare i t w i t h the 
t h e o r e t i c a l y i e l d given by the c l a s s i c a l theory of Frank 
and Tamm. Estimates of t h i s kind were performed f i r s t by 
Cerenkov himself who studied the luminescence of strong 

source i n benzene. A more systematic study o f the v a r i a ­
t i o n s of the i n t e n s i t y of Cerenkov r a d i a t i o n e m i t t e d by 
A - p a r t i c l e s i n water as a. f u n c t i o n of the energies of 
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the p a r t i c l e s was made by Belcher (1953) • He used, various 
aqueous s o l u t i o n s of r a d i o - a c t i v e isotopes. His r e s u l t s 
shown i n f i g . 4*6 are i n good agreement w i t h the Frank 
and Tamm theory. 

(fci) Experiments w i t h machine-accelerated p a r t i c l e s : -

C o l l i n s and R e i l i n g (1938) were the f i r s t t o study the 
p r o p e r t i e s of Cerenkov r a d i a t i o n of machine-accelerated 
p a r t i c l e s . Using a photographic recording system, they 
measured the absolute i n t e n s i t y of Cerenkov r a d i a t i o n emitted 
by a 1 0 / + f \ beam of 2 MeV electrons from an e l e c t r o s t a t i c 
generator, i n t h i n f o i l s of mica, glass and cellophane. 
Their experimental r e s u l t s agreed t o w i t h i n a f a c t o r of 2 

w i t h t h a t p r e d i c t e d by the Frank and Tamm theory. 

Winkler e t a l . (1955) studied the i n t e n s i t y v a r i a t i o n s 
of Cerenkov l i g h t i n l u c i t e by using c y c l o t r o n accelerated 

f f and ff mesons, up t o a maximum energy of 16$ MeV Ln~)' 

T h e i r experimental r e s u l t s (see f i g . 4*7) i n d i c a t e d t h a t the 
average pulse s i z e from a p h o t o m u l t i p l i e r coupled to a l u c i t e 
Cerenkov r a d i a t o r v a r i e s w i t h energy i n a manner very close 
t o t h a t p r e d i c t e d t h e o r e t i c a l l y . They also made a search 
f o r any possible d i f f e r e n c e i n Cerenkov response t o p o s i t i v e 
and negative pions of same energy. They found t h a t the 
e f f e c t , i f any, was less than 3f> and smaller than the magnet­
i c e f f e c t s on p h o t o m u l t i p l i e r s due t o reversing the c l y c l o -
t r o n . 
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( C i ) Experiments w i t h Cosmic Rays;-

A s c o l i - B a l z a n e l l i and A s c o l i (1957) measured the 
absolute i n t e n s i t y of Cerenkov r a d i a t i o n due t o cosmic ray 
muons i n gas and vapours. I n 1 9 5 9 * C a g l i o t i e t a l . , using 
a l a r g e area non-focusing Cerenkov counter also measured the 
absolute y i e l d of Cerenkov l i g h t produced by cosmic ray muons 
i n several transparent m a t e r i a l s eg. water, l u c i t e , heptane, 
and toluene. They found t h a t the observed r e s u l t s were i n 
good agreement w i t h those p r e d i c t e d t h e o r e t i c a l l y . 

The f i r s t r e a l attempt t o study the v a r i a t i o n s of the 
Cerenkov i n t e n s i t y as a f u n c t i o n of the energy of the cosmic 
ray muons was by Bassi e t a l . (1952). They used p l e x i g l a s s 
as t h e r a d i a t o r and the Cerenkov l i g h t was c o l l e c t e d by photo-
m u l t i p l i e r tubes. The momentum was measured w i t h lead ab­
sorbers, using a Geiger telescope. They observed a r e l a t -
i v i s t i c r i s e above t h a t p r e d i c t e d by the Frank and Tamm 
theory, as shown i n f i g . 4«7» Their r e s u l t s were, however, 
not i n c o n s i t e n t w i t h the t h e o r e t i c a l p r e d i c t i o n of Budini 
(1953)• But the s t a t i s t i c s of the experiment were poor. 

The p o s s i b i l i t y of the d e v i a t i o n of Cerenkov y i e l d from 
the Frank and Tamm theory was l a t t e r i n v e s t i g a t e d , r a t h e r 
more thoroughly, by M i l l a r and Hincks (1957)•• They studied 
the most probable pulse height d i s t r i b u t i o n due t o Cerenkov 
l i g h t produced i n p l e x i g l a s s by cosmic ray muons. The 
muon energies were selected by lead absorbers i n a s c i n t i -



l l a t o r telescope. They d i d not, however, f i n d any hi g h 
energy anomaly i n the i n t e n s i t y of Cerenkov r a d i a t i o n up 
t o muon energies somewhat above 4*2 GeV ( V = 0.99970C). 
I n the low energy region (near t h r e s h o l d ) , the observed 
r a d i a t i o n was s l i g h t l y l e ss than the t h e o r e t i c a l l y pred­
i c t e d values. But t h i s departure was a t t r i b u t e d by them 
t o an o p t i c a l e f f e c t i n the apparatus r a t h e r than t o a t r u e 
d e v i a t i o n from the theory. They made a comparative study 
of t h e i r r e s u l t s w i t h those of other workers as has been 
shown i n f i g . 4«7« They concluded t h a t the t h e o r e t i c a l 
Cerenkov i n t e n s i t y was v a l i d t o w i t h i n a few per cent from 

the s a t u r a t i o n r e gion. 
Thus, from the above discussion i t i s obvious t h a t the 

number of experiments performed so f a r t o i n v e s t i g a t e the 
v a r i a t i o n of Cerenkov i n t e n s i t y as a f u n c t i o n of the veloc­
i t y of the p a r t i c l e i s very few indeed* I t i s more so i n 
the high energy region. The maximum energy covered so f a r 
i s only about 4-2 GeV. No experiment has yet been perform-
ed t o make a rig o r o u s t e s t of the c o n t r a d i c t o r y t h e o r i e s of 
Budini and Tsytovich. An i n v e s t i g a t i o n of the v a r i a t i o n 
of the Cerenkov l i g h t y i e l d a t higher energies w i l l be very 
u s e f u l f o r t h i s purpose* I n the present experiment as 
has been mentioned i n chapter 3> an attempt has been made 
t o study the v a r i a t i o n of Cerenkov i n t e n s i t y w i t h the 
momentum of the cosmic ray muon i n the GeV" r e g i o n . The 

the t h r e s h o l d up t o a v e l o c i t y Z1 0.99970 w e l l i n t o 
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experimental d e t a i l s are given i n the f o l l o w i n g two 

chapters® 
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CHAPTSR 5* 

THE SPECTROGRAPH:-

5.1 The General Features:-

A new h o r i z o n t a l magnetic spectrograph w i t h the 
d e f l e c t i n g plane h o r i z o n t a l has been constructed f o r the 
measurement of p a r t i c l e momenta* A d e f l e c t i o n plane view 
and a back plane view of the spectrograph are shown i n 
f i g u r e s 5-1 and 5- 2, r e s p e c t i v e l y . The spectrograph i s 
po s i t i o n e d 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° East of 
geomagnetic North. The instrument consists of an a i r -
cooled B l a c k e t t type electromagnet w i t h p l a s t i c s c i n t i l l ­
a t i o n counters S I , 32, S3, 34, S5, 36 and S7. The counters 
SI (or 37)> 32, 33 and 34 are used to se l e c t p a r t i c l e s which 
pass through the spectrograph. S5 and S6 are :- a n t i c o i n c i d ­
ence counters. A pulse from SI (or S7)> 32 and e i t h e r 33 
or 34? and no pulse from 35 and 36 would c o n s t i t u t e an event 
t h a t would t r i g g e r the spectrograph* There are f o u r t r a y s 
of neon f l a s h tubes at l e v e l s A, B, C and D which determine 
the p a r t i c l e t r a j e c t o r i e s through the spectrograph. 

5*2 a• The Electromagnet:-

The electromagnet of the present spectrograph i s the one 
used i n the o r i g i n a l v e r s i o n of the Durham v e r t i c a l spectre— 
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graph. At present, the electromagnet, has an air-gap of 
45 cm x 45 cm x 3$ cm gap, the f i e l d being i n the v e r t i c a l 
d i r e c t i o n . 

5*2 b. Measurement of the Magnetic F i e I d s -

The average magnetic i n d u c t i o n B i n the pole gap of 
the electromagnet was measured using a search c o i l of 100 

2 

t u r n s and area 1.1 cm , r o t a t i n g at a constant speed of 50 

c/s. At f i r s t , the c o i l was c a l i b r a t e d w i t h a. Helmholtz 
type galvanometer by measuring the amplitudes of the wave­
form induced on a C.R.O. I n order to o b t a i n a. complete 
p i c t u r e of the magnetic f i e l d between the pole pieces as 
w e l l as outside i t , the whole gap was di v i d e d i n t o several 

3 

regions, each 10 x 10 x 10 cm , as shown i n f i g u r e s 5»3 a 
and 5 » 3 b . The r o t a t i n g c o i l was placed at d i f f e r e n t l e v e l s . 
The pulses induced, at a mean e x c i t a t i o n c u r r e n t of 41*0 aaps. 
through the electromagnet were recorded on the C.R.O. The 
ac t u a l measurements are shown i n f i g . 5* 3b. Again, i n 
fi g u r e s 5»4a and 5»4b, the l i n e s of forces of the f i e l d i n 
two c e n t r a l planes, the former ( i n f i g . 5»4a) along the path 
of the p a r t i c l e , and the l a t t e r i n the d e f l e c t i o n plane, are 
shown. I t can be seen from the above f i g u r e s t h a t the 
f i e l d i s reasonably uniform between the pole pieces w h i l e i t 
decreases very r a p i d l y outside. 

The maximum f i e l d s t r e n g t h i n the pole gap at the 
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FIG. 54a. Lines of force in the central plane 
the trojectories of the particle. 
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working mean c u r r e n t of 4 3 . 5 amps, 2 1 0 v o l t s i s about 4» 0 
K i l o gauss* Although the absolute f i e l d s t r e n g t h i s not 
very high, the i n t e g r a l of the magnetic f i e l d along the 
t r a j e c t o r i e s of near h o r i z o n t a l p a r t i c l e s , which governs the 
d e f l e c t i o n , i s reasonably high and i s found t o be (2.0 - 0.1) 
10^ gauss cm. 

5.3 The S c i n t i l l a t i o n Counters:-

5 . 3 a . I n t r o d u c t i o n ; -

A s c i n t i l l a t i o n counter b a s i c a l l y consists of a p l a s t i c 
phosphor, the l i g h t guide, and the phot©multiplier tubes 
w i t h t h e i r l i g h t t i g h t mountings. 

The a c t i o n of a s c i n t i l l a t i o n counter can be b r i e f l y 
summarised as f o l l o w s : Whenever a charged p a r t i c l e (or 
photon) traverses a phosphor, i t looses energy c h i e f l y i n 
i o n i z i n g and e x c i t i n g the atoms of the phosphor. Most of 
the r e s u l t i n g e x c i t a t i o n i s qu i c k l y degraded i n t o heat; 
the remaining p a r t which i s about 2Q%> i n the most e f f i c i e n t 
known phosphor (Breitenberger, 1961), i s stored by f l u o r ­
escence centres of metastable energy l e v e l s and even t u a l l y 
reappears i n the form of l i g h t . Some of the l i g h t emitted 
i s l o s t clue t o e i t h e r reabsorption i n the phosphor or tra p p ­
i n g w i t h i n the boundaries of the phosphor by t o t a l r e f l e c t i o n . 
The remaining p o r t i o n of the l i g h t escapes i n t o the o p t i c a l 
system which guides i t towards the semi-transparent photo-
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cathode of a p h o t r a u l t i p l i e r tube. The p h o t o m u l t i p l i e r i s 
a s e n s i t i v e detector of l i g h t i n which the e l e c t r o n currents 
derived from the p h o t o - e l e c t r i c emission at the photocathode, 
i s a m p l i f i e d by successive stages of secondary emission. 
The r e s u l t i n g charge pulse i s then p r o p o r t i o n a l to the 
energy absorbed, by the phosphor. 

5.3b • D e s c r i p t i o n of the S c i n t i l l a t i o n Counters and t h e i r 
I n s t a l l a t i o n . 

A, schematic diagram of a s c i n t i l l a t i o n counter i s shown 
i n f i g u r e 5* 5* 

Each of the counters i s made up of a polis h e d block of 
p l a s t i c phosphor of type NE 102A manufactured by Nuclear 
Enterprises L t d. The dimensions of the counters from SI 
t o 37 are given i n the f o l l o w i n g t a b l e : -
Table 5*1 

Counters Length Breadth Thickness. 
(cm) (cm) (cm) 

31 4 3 * 7 37*6 5 

S2 43*7 37*6 2 . 5 4 

33 133 75 5 

34 133 75 5 

35 155 55 3*3 

36 133 75 5 

37 2 2 . 8 6 2 2 . 3 6 2 . 5 4 
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- 3 The density of the phosphor i s 1 . 0 3 2 gm cm . The decay-
time of the fluorescence i s quoted by the manufacturers as 
about 3 n sec. Other p r o p e r t i e s of the phosphor are l i s t e d 
i n Appendix 1 * 

A l l the counters, except S7» were viewed by a p a i r of 
53 AVP (Mullard) p h o t o m u l t i p l i e r tubes. I n 3 7, only one 
p h o t o m u l t i p l i e r tube, (also 53 AVP), was used t o c o l l e c t the 
l i g h t * I n a d d i t i o n t o the normal l i g h t guides as shown i n 
f i g . 5• 5 > St. perspex c y l i n d e r of diameter 2 " and length 3 

f e e t had t o be used at each end of the two counters SI and 
32, t o take the p h o t o m u l t i p l i e r s f u r t h e r away from the 
stron g magnetic f i e l d . This was found e s s e n t i a l as the two 
counters w i t h t h e i r normal l i g h t guides (See f i g . 5« 5) 
stopped working a l t o g e t h e r when the magnet was switched on* 
With the present set up, the counters were found to be un­
a f f e c t e d by the s t r a y magnetic f i e l d . The j o i n t s between 
the phosphor, l i g h t guides, and the p h o t o m u l t i p l i e r s were 
made by a transparent o p t i c a l cement (type NE 5&G). 

Each p h o t o m u l t i p l i e r tube was screened from the strong 
f i e l d of the magnet by a. rau-metal c y l i n d e r and a long s o f t 
concentric i r o n c y l i n d e r . The c y l i n d r i c a l l i g h t guides i n 
the counters Si and 32 were also enclosed w i t h i n the s o f t -
i r o n c y l i n d e r s . 

Each of the s c i n t i l l a t i o n counters, along w i t h t h e i r 
l i g h t guides and p h o t o m u l t i p l i e r tubes, was mounted f i r m l y 



w i t h i n a box made of a strong aluminium channel, the sides 
being covered w i t h t h i n 0 .022") aluminium sheets. 
The j o i n t s were covered by black 'Scotch 1 tape t o make i t 
completely l i g h t t i g h t . 

The p o s i t i o n s of the d i f f e r e n t counters i n the spectro­
graph are shown i n f i g u r e s 5»1 and 5*2. The counters 33 
and 34 were held, by means of a. r i g i d frame-work of s t e e l , 
w i t h the axes of the p h o t o m u l t i p l i e r tubes v e r t i c a l . On 
the other hand, the counters SI and 32 were held w i t h i n 
aluminium frames, the axes of t h e i r p h o t o m u l t i p l i e r tubes 
h o r i z o n t a l , the counters standing on t h e i r narrow (2") side. 
The broad, sides of each of the counters S I , S 2 , 33 and 34, 
and also of 57 , were at r i g h t angles to the path of a 
p a r t i c l e passing symmetrically through the spectrograph. 
The counter, 37, was kept v e r t i c a l w i t h i t s p h o t o m u l t i p l i e r 
tube at the lower end. The a n t i coincidence counters 35 
and 36 were i n a. h o r i z o n t a l plane. 

5.3c The E l e c t r i c a l Connections:-

I n f i g u r e 5*6, the dynode chains along w i t h the head 
a m p l i f i e r c i r c u i t are shown. The E.H.T. on each photo­
m u l t i p l i e r tube i n a counter was adjusted so as to have 
equal gains from the two ends. This was done as f o l l o w s . 
The pulse h e i g h t from each p h o t o m u l t i p l i e r tube 'was recorded 
on a P.H.A. (RIDL).. The l a t t e r was t r i g g e r e d by a s c i n t -
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i l l a t i o n telescope s e l e c t i n g cosmic ray p a r t i c l e s passing 
through the centre of the counter. The E.H.T. was adjusted 
t i l l the most probable pulse height from each end was equal 
w i t h i n - 1.0%.. The most probable pulse height f o r each 
.counter was checked from time t o time d u r i n g the whole run 
of the experiment and the counters were found t o be stable 
t o w i t h i n - 3%» 

4 block diagram of the e l e c t r i c a l connections f o r a. 
s c i n t i l l a t i o n counter i s shown i n f i g . 5 »7» The pulses 
from each of the phot©multiplier tubes of a counter were 
immediately fed through a head a m p l i f i e r of u n i t gain and 
then mixed r e s i s t i v e l y , and a m p l i f i e d . The pulses thus 
a m p l i f i e d were s p l i t i n t o two channels as shown i n the f i g . 
5 • 7» The pulses through one channel were d i s c r i m i n a t e d at 
a l e v e l of about 250 mV and shaped t o give a constant pulse 
h e i g h t of 10V(matched). Then they were f e d i n t o t h e spectro­
graph coincidence u n i t . The pulses from the other channel 
were f u r t h e r a m p l i f i e d and then i n v e r t e d . I n the counter 
32j the pulses from, t h i s channel were recorded i n the energy 
loss experiment* 

5*4 The Neon Flash Tubes:-

The neon f l a s h tube, introduced by Conversi et a l . 
(1955) and l a t e r developed by Gardener et al« (1957)> 
consists of a glass tube f i l l e d w i t h neon gas. I f a high 



v o l t a g e pulse i s a p p l i e d across the tube soon a f t e r the 
passage of an i o n i z i n g p a r t i c l e through i t , t here i s high 
p r o b a b i l i t y of a. discharge t a k i n g place i n the tube. The 
f l a s h of l i g h t i s intense enough to be photographed through 
the end of the tube* 

5»4a Flash Tubes i n Trays A and D:-

I n the present spectrograph, f l a s h tubes of two d i f f ­
e rent types were used. I n the t r a y s 4 and D ( f i g * 5•2), 
the f l a s h tubes were of the type described, by Coxell (1961). 
I n the t r a y A, the tubes were 2 metres 1ong, where as i n 
t r a y D, they were one metre. The reason f o r using 2 metre 
tubes i n t r a y A i s t o use the spectrograph, i n f u t u r e , i n 
co n j u n c t i o n w i t h an S.A.S. experiment. The tubes i n both 
t r a y s were of mean i n t e r n a l diameter 1.55 cm and ex t e r n a l 
diameter 1.75 cm and were made of soda glass, w i t h a plane 
window at one end. They were f i l l e d w i t h neon gas t o a 
pressure of 60 cm. of Hg. I n order t o i s o l a t e the l i g h t 
from neighbouring tubes, each tube was separately covered 
w i t h a black polythene sleeve. 

Each of the t r a y s A and D was made up of two separate 
small t r a y s (see f i g . 5«1)> joined together. Both t r a y s 
A and D contained eight rows of tubes, a row i n t r a y A 
had 7 8 tubes whereas one i n D, 5$• The tubes i n each 
small u n i t were supported i n frame-works of s l o t s accurately 
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m i l l e d i n i d e n t i c a l TufnbLrods ( f i g . 5»$) and were fastened 
t i g h t w i t h e l a s t i c bands. The v e r t i c a l separation of 
adjacent s l o t s was 1.90.5 - 0.002 cm and the h o r i z o n t a l 
separation between rows was 2.SO cm. The two u n i t s i n a 
t r a y were f u r t h e r supported together by another r i g i d , s t e e l 
frame. Each u n i t was f i x e d w i t h adjustable screws. Each 
t r a y was held v e r t i c a l l y i n i t s s t e e l frame, w i t h the tube-
window f a c i n g normally upwards. The rows were i n t e r l e a v e d 
w i t h t h i n aluminium electrodes, a l t e r n a t e ones being 
connected together, the outermost ones being earthed. 

5• 4b Flash Tubes i n Trays B and C:-

The f l a s h tubes i n t r a y s B and C were those used i n 
the Durham V e r t i c a l spectrograph. (See Brooke (1964), 
and Aurela (1965) )« They were 42 cm long w i t h an ex t e r n a l 
diameter 0.72 cm and i n t e r n a l diameter 0.59 cm. The tubes 
were painted black and had a. plane window at one end. 
They were f i l l e d w i t h commercial neon gas t o a pressure of 
2.3 atmospheres (Coxell and Wolfendale, I96O, Hayman and 
Wolfendale, 1962). 

Each of the t r a y s B and C consisted of S rows of f l a s h 
tubes, a row i n e i t h e r of the t r a y s c o n t a i n i n g 46 tubes. 
The tubes i n both the t r a y s were held v e r t i c a l l y i n accurately 
m i l l e d aluminium s l o t s (See f i g . 5*9) w i t h window r e s t i n g 



- 8 7 -

downward on a. t h i n sheet' of transparent perspex. The 
e l e c t r o d s i n the t r a y s were t h i n sheets of polyurathene 
foam covered w i t h aluminium f o i l . The t r a y s were held 
f i r m i n brass frames w i t h adjustable screws. The v e r t i c a l 
separation of the centres of the tubes i n a row was 0.80 cm 
and the h o r i z o n t a l separation between the rows was 1.15 cm. 

The i n d i v i d u a l rows i n a l l the f o u r t r a y s were staggered 
r e l a t i v e t o each other (see f i g . 5*% and 5« 9̂  such t h a t at 
l e a s t 4 tubes per t r a y were traversed by a p a r t i c l e ; i n 
m a j o r i t y of the cases, however, at l e a s t s i x tubes were 
observed t o f l a s h i n a t r a y along the path of a p a r t i c l e . 
Each f l a s h tube t r a y was f i t t e d w i t h two f i d u c i a l l i g h t s 
which were switched on whenever the spectrograph was 
t r i g g e r e d . The f i d u c i a l s helped t o l o c a t e the p o s i t i o n s 
of the t r a y s on the p r o j e c t i o n of the f i l m . 

5*4c The Flash Tube Pulsing System 

I n f i g u r e 5.10, the p u l s i n g u n i t used f o r a p p l y i n g 
h i g h voltage t o the f l a s h tube electrodes i s shown. 
Whenever th e spectrograph t r i g g e r e d , a p r e a m p l i f i e d pulse 
of about 20 v o l t s from the spectrograph coincidence u n i t 
was fed i n t o the f i r s t a m p l i f i e r stage, c o n s i s t i n g of two 
power pentodes (6 CH6 and EL 360) of the p u l s i n g u n i t . 
An output pulse of - + 220V t r i g g e r e d the thy ra.tr on x H 16 
w i t h i t s anode at 3 KV. This i n t u r n t r i g g e r e d the surge 
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d i v e r t e r which i s connected t o the 13 K.¥. EHT (Brandenburg). 
This discharged the fo u r condensers previously charged t o 
the 13 KV and which are connected t o the electrodes of the 
fo u r f l a s h tube t r a y s . The delay between the passage of 
the p a r t i c l e and the a p p l i c a t i o n of the high t e n s i o n t o the 
f l a s h tube electrodes i s only about 3 sec. As such, the 
high v o l t a g e pulse reaches the electrodes w e l l w i t h i n the 
s e n s i t i v e time of the f l a s h tubes, which i s about 39 sec, 
a f t e r the passage of an i o n i z i n g p a r t i c l e through them. 
A, t y p i c a l output pulse has a r i s e time of about Q,% sec t o 
a maximum of about 13 KV, and a w i d t h of about 25 /* sec. 
This produces a f i e l d of about 4«o4 KV cm"^ i n t r a y s A and 
0, and about 11.3 KV cm i n t r a y s B and C. The f i e l d i n 
t r a y s B and C had t o be made high i n order t o have flashes 
of reasonable brightness. 

5*5 The General E l e c t r o n i c s : -

A block diagram of the general e l e c t r o n i c equipment 
i s shewn i n f i g . 5«U« 

A p a r t i c l e passing through the spectrograph was detected 
by the counters S2, S3 or S4, and 87. The counter SI was 
replaced by 37 t o keep the counting r a t e at reasonable l e v e l . 
The counters 35 and 36 were used as anticoincidence counters 
t o e l i m i n a t e v e r t i c a l showers. A block diagram of the 
spectrograph coincidence u n i t i s shown i n f i g u r e 5.12. 
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The coincidence u p i t i t s e l f i s shown i n f i g u r e 5* 13•» 
A l l other e l e c t r i c a l c i r c u i t s are given i n appendix 2, 

5.6 The Recording Systems:-

5 *6a• The Recording System i n the Spectrograph:-

Two cameras were used t o record the flashes of the 
f l a s h tubes. By means of systems of plane m i r r o r s , one 
camera recorded the fla s h e s i n A and D, and the other, 
f l a s h e s i n C and D. The flashes from the tubes i n B and C 
could not be recorded s a t i s f a c t o r i l y beyond a distance of 
about 10 f t . So a complicated m i r r o r system using s i x 
plane m i r r o r s f o r each t r a y had t o be used t o get them i n 
one camera. The cameras were used w i t h o u t s h u t t e r s and the 
spectrograph could be run only i n complete darkness. For 
every event, reference bulbs i n the t r a y s were i l l u m i n a t e d 
and photographed. Two clocks were also photographed, one 
i n each camera, t o synchronise the frames on the f i l m s . 

5•6b The Oscilloscope Pulse Recording System:-

The s c i n t i l l a t o r pulses from the counter 32, and the 
Cerenkov pulses from the Cerenkov counter (See chapter 6) 
were each gated by means of a. master pulse from the spectro­
graph coincidence u n i t (see f i g . 5.7). The Cerenkov pulse 
was then delayed by 110 n sec, w h i l e the s c i n t i l l a t o r pulse 
was delayed by 6 6 0 n sec. and they were then mixed. They 
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were photographed on a C.R.O. (Tektronix) t r i g g e r e d 
e x t e r n a l l y , also by means of the spectrograph coincidence 
pulse. The s c i n t i l l a t o r pulses, which were very much bigger 
than the Cerenkov pulses, were attenuated t o a s u i t a b l e size 
so as t o accomodate both types of pulses i n the same C.R.O. 
s e t t i n g * The scope s e t t i n g was 0. 1 0 0 V/cm and 200 n sec/cm. 
Along w i t h the pulses, the scope g r a t i c u l e and a clock 
i n d i c a t i n g the time of the event were also i l l u m i n a t e d and 
photographed. 

I l l o r d HPS f i l m s were used i n a l l the cameras. 

5*7 The Sequence of Operations:-

Whenever t h e spectrograph t r i g g e r e d , a c y c l i n g system 
comprising a system of r e l a y s and r e l a x a t i o n c i r c u i t s c a r r i e d 
out the f o l l o w i n g sequence of operations. 

(1) The coincidence c i r c u i t was paralysed. 
(2) (A) Sequence of operations i n the spectrographs* -

( i ) High v o l t a g e pulse was applied t o the f l a s h tube 
t r a y s and the flashes photographed, the cameras being open 
a l l the time; 

( i i ) The two clocks and the reference bulbs were 
i l l u m i n a t e d and photographed; 

( i i i ) The cameras were wound on; 

(B) Sequence of operations i n the o s c i l l o s c o p e : -

( i ) The oscilloscope was t r i g g e r e d e x t e r n a l l y and 
the pulses -were photographed; 
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( i i ) The c l o c k and the 'scope g r a t i c u l e were 

i l l u m i n a t e d and photographed; 

( i i i ) The camera was wound on. 

(3) The p a r a l y s i s was removed f r o m t h e c o i n c i d e n c e u n i t . 

(4) The s p e c t r o g r a p h and the 'scope were ready f o r t h e 

ne x t e v e n t . 

The whole sequence t o o k about 6 seconds. 

5•$ The.Acceptance F u n c t i o n s : -

The acceptance o f p a r t i c l e s f o r d i f f e r e n t p o s s i b l e 

angles t h r o u g h t h e s p e c t r o g r a p h i s c h i e f l y c o n t r o l l e d by t h e 

c o i n c i d e n c e c o u n t e r s . Since the p a r t i c l e s a r e d e f l e c t e d 

i n p a s s i n g t h r o u g h t h e s p e c t r o g r a p h , t h e acceptance i s a 

f u n c t i o n o f t h e magnetic d e f l e c t i o n , and hence of momentum, 

f a l l i n g t o ze r o a t ' l e a s t d e t e c t a b l e momentum'. 

The c a l c u l a t i o n o f an e x a c t acceptance f u n c t i o n f o r a 

s p e c t r o g r a p h w h i c h i s n o t s y m m e t r i c a l about t h e c e n t r e o f 

t h e magnet i s c o m p l i c a t e d and f o r t h e p r e s e n t experiment 

i t i s n ot e s s e n t i a l . However, i n o r d e r t o have an idea, o f 

t h e r a t e o f acceptance w . r . t . t h e z e n i t h a n g l e as w e l l as 

t h e momentum o f t h e p a r t i c l e , an approximate c a l c u l a t i o n f o r 

t h e acceptance f u n c t i o n was made as f o l l o w s . 

The acceptance f u n c t i o n f o r an i d e a l s p e c t r o g r a p h may 

be defined, as 

N(6, P) Sn. dp = Wo (6, P) F(0, P) d-Q_ dp 



Where No (0, P) d-O- dp i s t h e number o f p a r t i c l e s i n c i d e n t 

on t h e s p e c t r o g r a p h i n an element of s o l i d angle djP- at 

an angle B w.r.t. t h e h o r i z o n t a l d i r e c t i o n h a v i n g a momentum 

range p, and p + dp. N(0, P) d-n- dp i s the number of above 

kind of p a r t i c l e s d e t e c t e d by the spectrograph. 

where ^(0, P) i s c a l l e d the geometrical d i f f e r e n t i a l aperture 

and S{0, P) i s the s c i n t i l l a t o r e f f i c i e n c y f u n c t i o n . 

Using an a n a l y t i c a l method and t h e momentum spectrum 

of cosmic r a y muons at l a r g e z e n i t h angles as given by-

A l l e n and A p o s t o l a k i s ( I 9 6 I ), a rough e s t i m a t e of the accepted 

p a r t i c l e s hsving a c e r t a i n momentum has been made. The 

r e s u l t s are shown i n f i g . 5»15* Again t h e r e l a t i v e accept­

ance of the number of p a r t i c l e s w.r.t. z e n i t h angle had a l s o 

been c a l c u l a t e d g e o m e t r i c a l l y . F i g . 5*16 shows t h e c a l c u l ­

a t e d r e s u l t s . I t can be seen from f i g . 5*16 t h a t t h e angle 

of maximum acceptance was 73° - 1°'• This r e s u l t had been 

u t i l i s e d i n i n s t a l l i n g the Cerenkov c o u n t e r i n t h e s p e c t r o ­

graph. 

The 'collecting'power' of the p r e s e n t s p e c t r o g r a p h can 

be compared w i t h t h o s e of t h e e a r l i e r ones. The c o l l e c t i n g 

s o l i d angle o f c o l l e c t i o n f o r an area dA. The i n t e g r a l i s 

t a k e n over t h e e f f e c t i v e area a t s c i n t i l l a t o r l e v e l 33 SL 

and a t t h e c e n t r a l plane o f t h e magnet and i s found t o be 

P { 6 } P) may be w r i t t e n as F(0, P) = A(6, P) S ( 9 , P) 

//dA d-O. power i s d e f i n e d a where d .0- i s t h e a l l o w e d 

19.41 ste r a c l cm™""''. A comparison with some p r e v i o u s s p e c t r o -
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Table 5.2 

D e t e c t o r s m.d.m. 
GeV/C 

C o l l e c t i n g 
Power 
c m

2 s t e r a d 

Authors 

A i r gap 

A i r gap 8.C. 

A i r gap G.C. 
C.C. 

Air gap, 
Emulsion on 
g l a s s p l a t e s . 

Air gap? G.C. 
F. T. 

S o l i d Fe, F.T. 

A i r Gap s F.T. 

50 

30 

260 

300' 

650 

0.7 Caro e t a l . (195D 

0.39 A l l k o f e r (1959) 

7 . 9 Pine et al. ( 1 9 5 9 ) 

s m a l l A l l e n and 
A p o s t o l a k i s (1961) 

8 .0 Hay man and 
Wolfe n d a l e (1962) 

(3 00 (MCI) ) (29.8(MKI) 
(1950(MK2)) (9 .6 I(MK2) MacKeown (1965) 

116 19.41 Present work. 

G.C. = Geiger Counter F.T. = F l a s h Tubes 
S.C. - Spark Chamber S.C. = S c i n t i l l a t i o n Counter 
C.C. = Cloud Chamber 

5»9 P a r t i c l e Rates;-

W i t h o u t t h e magnetic f i e l d , the s p e c t r o g r a p h c o i n c i d e n c e 

r a t e w i t h c o u n t e r S I , 32 (S3 or 54) was 150 i 2.5/hr.; 

w i t h t h e a n t i c o i n c i d e n c e counters, the r a t e ( S I , 32,(33 or 84) 

S5, S6) was (133 - 2) hr""**. T h i s r a t e was t o o h i g h and 

would c r e a t e complications i n a n a l y s i n g t h e data.. As 



such, the c o u n t e r S I was r e p l a c e d by the c o u n t e r 37 to 

cut down the r a t e and t o s e l e c t o n l y those p a r t i c l e s t h a t 

went t h r o u g h a l l t h e f l a s h t u b e t r a y s . Thus i n t h e p r e s e n t 

experiment^ t h e s p e c t r o g r a p h was r u n w i t h c o u n t e r s 

(S3 or .34) 35 3 36. The c o i n c i d e n c e r a t e was (40 t 2 ) h r 
4- -1 

w i t h o u t magnetic f i e l d , and (36 - 2 ) h r w i t h magnetic f i e l d . 

The u s e f u l number:: of events i n the f i l m s w h i c h s a t i s ­

f i e d t h e s e l e c t i o n c r i t e r i a to be d e s c r i b e d i n sec 5»11» 
1 

was o n l y (6 - 1 ) h r . Th i s low e f f i c i e n c y o f a c t u a l use­

f u l events was p a r t l y due t o the weak images f r o m t h e t r a y s 

B and C, and p a r t l y due t o the gaps between t h e u n i t s i n 

each of the t r a y s A and D. The number o f events w i t h t r a c k s 

i n a l l t h e 4 t r a y s used i n t h e p r e s e n t experiment i s 20 37• 

5 .10 The Measurements of t h e Pos i t i o n s of t h e P a r t i c l e 
Tra ;i e c t o r i e s: 

A system o f two p r o j e c t o r s had been c o n s t r u c t e d f o r 

a n a l y s i n g the two s p e c t r o g r a p h f i l m s . The f i l m s were 

p r o j e c t e d onto a movable board on a t a b l e . I n o r d e r t o 

o b t a i n the p o s i t i o n s o f a l l the f l a s h tubes i n a tray> a t 

f i r s t t h e photographs were t a k e n u s i n g a V-source t o make 

the tubes f l a s h and a p p l y i n g & s u c c e s s i o n of h i g h v o l t a g e 

p u l s e s . The r e f e r e n c e b u l b s were a l s o i l l u m i n a t e d . Then, 

c i r c l e s , c o r r e s p o n d i n g t o t h e p o s i t i o n s o f the f l a s h tubes 

i n each t r a y were drawn on t h e boards. Each t u b e i n a. row 

i n every t r a y was numbered s e r i a l l y w i t h t h e o r i g i n a t t h e 
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c e n t r e o f the outermost tube on the n o r t h west s i d e of the 
s p e c t r o g r a p h . The frames i n t h e two f i l m s were synchron­
i s e d by t h e two c l o c k s , and t h e t i m e as shown by the c l o c k 
i n t h e t r a y s A and D was r e c o r d e d f o r s y n c h r o n i s i n g w i t h -
t h e o s c i l l o s c o p e f i l m s . The p r o j e c t e d images of t h e f l a s h e s 
were p o s i t i o n e d on t h e boards by means o f t h e f i d u c i a l marks. 
The numbers o f t h e tubes f l a s h e d i n each t r a y were t h e n 
recorded. A method s i m i l a r t o the " t r a c k s i m u l a t o r method" 
d e s c r i b e d by Hayman ( I962) was used t o f i n d the p o s i t i o n o f 
t h e p a r t i c l e i n each t r a y • For a n a l y s i n g t r a c k s i n t r a y s 
A and D, exact s c a l e diagrams of a. s e c t i o n o f each t r a y were 
drawn on papers. On t h e o t h e r hand, f o r t r a y s B and C, 
s c a l e diagrams m a g n i f i e d by a. f a c t o r o f 4> were used. 
Knowing the p o s i t i o n s o f the tubes f r o m t h e p r o j e c t i o n board, 
the t r a c k s were r e c o n s t r u c t e d on the s i m u l a t o r s h e e t s . A 
s c a l e , marked i n u n i t s o f one tube s e p a r a t i o n , was drawn, 
i m m e d i a t e l y below t h e 4 th l a y e r f r o m the c e n t r e o f the magnet, 
on t h e s i m u l a t o r sheet f o r each t r a y . The b e s t e s t i m a t e o f 
a p a r t i c l e t r a c k t h r o u g h a f l a s h t u b e t r a y was made by u s i n g 
a c u r s o r t o pass t h r o u g h a l l the tubes that had f l a s h e d and 
e i t h e r m iss, or pass as near t o t h e edge as p o s s i b l e , tubes 
w h i c h had not f l a s h e d . The p o i n t o f i n t e r s e c t i o n o f the 
c u r s o r w i t h t h e s c a l e i n each t r a y was r e c o r d e d as t h e co­
o r d i n a t e o f t h e p a r t i c l e i n a t r a y . I t was known t h a t 
t h e r e might be some l a t i t u d e f o r a d j u s t i n g t h e c u r s o r as 



t h e e x a c t d i r e c t i o n o f 3 p a r t i c l e ' s p a t h i n a t r a y was n o t 

known. I n o r d e r t o check t h e e r r o r s i n t h e c o - o r d i n a t e 

measurements 3 a sample of events was r e a n a l y s e d by t h r e e 

independent scanners and i n majority of t h e cases, agreement 

was v e r y good, i . e . w i t h i n - 0 .05 tube space. The accuracy 

o f t r a c k l o c a t i o n u s i n g t h i s method of c o - o r d i n a t e measure­

ments i s 1 mm (r.m.s.) a t l e v e l s A and D, and 0 .5 mm (r.rn. s. ) 

a t l e v e l s B and G. 

5•11 S e l e c t i o n o f Events:-

A t r a c k i n any one of t h e t r a y s was accepted i n i t i a l l y 

as a p o s s i b l e one i f t h e r e were a t l e a s t t h r e e tubes f l a s h e d 

w i t h appropriate c o n f i g u r a t i o n . An event was r e c o r d e d i f 

t h e r e were s i n g l e t r a c k s i n a l l t h e 4 t r a y s . Events were 

r e j e c t e d f o r t h e f o l l o w i n g reasons:-• 

(a) I f i n any t r a y t h e r e were two a d j a c e n t f l a s h e s i n 

two or more l a y e r s of f l a s h t u b e s , due t o knock-on e l e c t r o n s . 

(b) I f t h e r e were two p a r t i c l e t r a c k s I n any t r a y and i t -

was n o t p o s s i b l e t o d e c i d e , f r o m t h e i r a n gles and t h e angle 

of t h e t r a c k s i n t h e o t h e r t r a y s , w h i c h was t h e t r a c k produced 

by t h e p a r t i c l e t h a t had passed t h r o u g h t h e o t h e r trays. 

( c ) I f two or more t r a c k s were observed i n t r a y D. 

5»12 A l i g n m e n t of t h e Spectrograph:-

I n o r d e r t o make a c c u r a t e measurements on t r a c k l o c a t i o n , 

i t i s e s s e n t i a l t h a t a l l t h e f l a s h tubes be a c c u r a t e l y 
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p a r a l l e l t o each o t h e r throughout the i n s t r u m e n t and t h a t 
t h e i r r e l a t i v e p o s i t i o n s be known. The tubes were, as has 
been mentioned e a r l i e r , h e l d f i r m l y i n a c c u r a t e l y m i l l e d 
s l o t s . Thus, the t u b e s , i n s i d e a frame, were p a r a l l e l to 
each o t h e r w i t h i n - 0.01 cm. The t u b e s were k e p t v e r t i c a l 
by a d j u s t i n g t h e i r s u p p o r t i n g frames. The l a t t e r i n each 
t r a y was provided with screws w i t h the help of which the 
frames c o u l d be a d j u s t e d i n t h r e e m u t u a l l y perpendicular 
d i r e c t i o n s . The a d j u s t m e n t s were c a r r i e d by u s i n g s p i r i t 
l e v e l , plumb l i n e s and a cathetometer. After, thus having 
aligned the t r a y s , the g e o m e t r i c a l constants of the instrument 
were measured. The i m p o r t a n t ones were a 0 , a Q , b 0 , c , do, 
and d^ as shown i n f i g u r e 5 .17} these being the d i s t a n c e s 
f r o m a r e f e r e n c e l i n e to an a r b i t r a r y o r i g i n of co-ordinates 
i n each t r a y . The o r i g i n of co-ordinates i n a l l the t r a y s 
'was t a k e n as t h e centre of the outermost t u b e from the n o r t h 
i n t h e 4 t h row f r o m the c e n t r e of the magnet. As shown i n 
f i g . 5«17, each u n i t i n t r a y s A and D was t a k e n t o have 
separate o r i g i n . This would e l i m i n a t e the e r r o r s i f the 
two u n i t s i n e i t h e r of the t r a y s A and D were not p a r a l l e l * 
Since t h e measuring l e v e l s i n the t r a y s were a t d i f f e r e n t 
h e i g h t s above the f l o o r , a v e r t i c a l plane p a r a l l e l t o the 
c e n t r a l l i n e of symmetry of the s p e c t r o g r a p h and d e f i n e d 
by a system of plumb l i n e s , was t a k e n as t h e r e f e r e n c e l i n e 
For t h i s , a tensioned monofilament ( 0 .2 mm diameter) nylon 
t h r e a d was s t r e t c h e d a l o n g the l e n g t h of t h e s p e c t r o g r a p h . 
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FIG. 5-17 Schematic diagram of the spectograph 
and a particle trojectory. 
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The t h r e a d was made p a r a l l e l t o the c e n t r a l l i n e of 
symmetry of t h e spectrograph, w i t h the h e l p of two plumb 
l i n e s suspended a t equal d i s t a n c e s f r o m the c e n t r a l p lane 
of t h e magnet, i n t h e n o r t h . Four o t h e r plumb l i n e s , a l s o 
of n y l o n t h r e a d , were hung f r o m t h i s t h r e a d . Each o f these 
l a t t e r plumb l i n e s was s e t p a r a l l e l t o t h e measuring row 
of a p a r t i c u l a r t r a y by means of a cathetometer. The 
d i s t a n c e s of t h e s e plumb l i n e s f r o m t he o r i g i n s o f t h e i r 
r e s p e c t i v e measuring l e v e l s were measured by the c a t h e t o m e t e r . 
The s e p a r a t i o n o f t h e t r a y s , a l s o d e t e r m i n e d f r o m t h e same 
measuring l e v e l i n a t r a y , were f o u n d u s i n g an a c c u r a t e s t e e l 
measuring t a p e . The measurements were c a r r i e d out by two 
independent o b s e r v e r s . The accepted v a l u e s f o r the geomet­
r i c a l c o n s t a n t s are shown i n t a b l e 5*3: -
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T a b l e 5.3 

Adopted Values of the G e o m e t r i c a l C o n s t a n t s ; -

Dimension cm* 

a 0 41.26 i 0.002 

a D 1 = ( a 0 + p) = 64 .55 - 0.004 

b 0 114.52 i 0 .003 

c Q 112.62. i 0.003 

d c 6 S . 6 4 + - 0.002 

d o
1 = ( d o + q) - 87• 38 - 0 .005 

^1 317 .5c i 0 .05 

1 2 43 .75 - 0.03 

x 3 59.35 - 0.03 

I, 368.3o - 0.06 
4 

+0.0075 - 0.0068 

1. t . s. i n A and I) t r a y = I . 9 O 5 cm. 

l . t . s . i n B and C t r a y = 0.80 cm. 



The accuracy" o f t h e above c o n s t a n t s was t e s t e d by 

h a v i n g a r u n of t h e s p e c t r o g r a p h w i t h o u t a magnetic f i e l d 

as d e s c r i b e d i n s e c t i o n ' 5>14V 

5.13 C a l c u l a t i o n of t h e P a r t i c l e Momentum;-

I f a p a r t i c l e of charge e, on moving t r a n s v e r s e l y 

t h r o u g h a. magnetic f i e l d o f s t r e n g t h H over a d i s t a n c e d^. 

s u f f e r s a d e f l e c t i o n , d , t h e n , i t can be shown t h a t 

e, H ,dt = m v dft = P 1 

where m i s t h e mass of t h e p a r t i c l e , v i t s v e l o c i t y , and 

mv = P - p a r t i c l e momentum. 

I n t e g r a t i n g e q u a t i o n ( 1 ) , one ge t s 

V <f> = e I Hdi. 

Cfo; P = 300 / Hdi .. .. .. . . 2 
~~f . 

w i t h P i n u n i t s o f eV/c , J Hdi. i n gauss-cm, and 

cfi i n r a d i a n s . 

For a g i v e n v a l u e of t h e magnetic c u r r e n t , fHcU i s 

c o n s t a n t , and so e q u a t i o n (2) can be w r i t t e n as 

P - c o n s t a n t 
— ? 

Since t h e angles i n v o l v e d are s m a l l , <fi can be e v a l u a t e d 

by f i n d i n g t h e d i s p l a c e m e n t , /\ , of the t r a j e c t o r y over 

a g i v e n arm of t h e spectograph, f i g . (5«17)• 
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I f a, b, c and d are t h e c o - o r d i n a t e s o f a t r a j e c t o r y 

measured w i t h r e s p e c t t o o r i g i n s i n t r a y s A, B, C, and D 

r e s p e c t i v e l y , and a Q , b , c 0 , and d 0 are t h e d i s t a n c e s o f 

t h e o r i g i n s from t h e v e r t i c a l r e f erence, p l a n e s , t h e d i s ­

placement, A , over t h e arm L-^t f o r four* t r a y i n s t r u m e n t 

i s g i v e n by 

A = (a + a 0 ) - (b + b 0 ) - l1 ( (c + c D ) - (d + d Q ) ) ~r-( ) 

or A = (a - b ) - 0.868 (c - d) + A .. 

I t i s , however, p o s s i b l e t o c a l c u l a t e , A , f r o m the 

measured c o - o r d i n a t e s i n A, B, and C o n l y . I f ^ be 

measured over t h e arm ( ̂  + £ p ) (see f i g . 5 •17) > t h e n 

f o r 3 chamber arrangement, i t can be shown t h a t 

^ 1 + ^2 { L + £ 

3 ( ^ 7~'" 
1 

(b + b Q ) - (c + c 0 ) ) 
) • • • • • • 

I f a, b, c and d are measured i n u n i t s o f tu b e space, 

and expressed i n cm, t h e n f o r 4 chamber measurement, 

e q u a t i o n (3) becomes, 

^ 4 = 1.905 a - O.A b - 0.695 c + 1.655 d + 
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where 
Ao\ = _ 87 .55 cm f o r a ^ 39 t . s , ci ^ 30 t . s . 

Ad- - 95• 43 cm f o r a ^- 38 t . s - , d ^ 30 t . s . 

4 o 3 = -110 .84 cm f o r a ^ 38 t . s . , d ^ 29 t . s . 

A»4 = - 72.14 cm f o r a ^ 38 t . s . , d 29 t . s . 

And, f o r 3 chamber measurement, e q u a t i o n (4) becomes. 

. / // 
Z J 5 = 3 .77a - 6.45 b + 4»87 c + ( ̂ 0 } AQ ) ... . 

where / 
A0 = - 1 5 6 . 5 cm f o r a A. 38 t . s . 

// 
AQ= - 110 .42 cm f o r a ^ 39 t . s . 

The d e f l e c t i o n s A^ and A^ bear t h e f o l l o w i n g 

r e l a t i o n s h i p 

A 3 = Z\ = 1.138 A . 7 
1 

I f X i s t h e d i s t a n c e over w h i c h t he d e f l e c t i o n <p i s 

measured, t h e n L</> = A ? gnd from e q u a t i o n (2) one g e t s . 

P A = C, where C = 300 / / B dX. 

For fB dl = 2.0 x 10^ Gauss cm., / = i-^ + X ? -

- 3 6 1 . 2 5 cm, 

P A = 21.68 GeV/c f5 
cm* • • • • • • o 
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5.14 Accuracy of Measurement:-

The accuracy o f measurement of the displacement 

depends n o t o n l y on the a c c u r a t e v a l u e s o f the c o - o r d i n a t e s 

a, b, c and d b u t a l s o on an a c c u r a t e e s t i m a t e f o r t h e 

c o n s t a n t s i n the e q u a t i o n s (5) and ( 6 ) . , The accuracy o f 

th e c o n s t a n t s o b t a i n e d by d i r e c t measurements (see t a b l e 

5*3) are t e s t e d by r u n n i n g t h e s p e c t r o g r a p h w i t h z e r o 

magnetic f i e l d . Frequency d i s t r i b u t i o n s o f as w e l l as 

A i f r o m t h i s z e r o f i e l d run are p l o t t e d and shown i n 

f i g u r e s 5*1$ a.- and 5»1S b. From these d i s t r i b u t i o n s , 

i t i s seen t h a t t h e mean v a l u e s o f ^ ^ = 0.134 - 0.14 cm, 

and f o r , t h e mean i s e q u a l to - 0 .127 - 0.05 cm. 

These mean v a l u e s are w i t h i n t h e l i m i t o f accuracy o f the 

measurements i n t r a c k l o c a t i o n which i n d i c a t e s t h a t the 

accepted c o n s t a n t s a r e q u i t e r e l i a b l e . 

A t e s t f o r the measured c o - o r d i n a t e s can be o b t a i n e d 

f r o m a q u a n t i t y , X, w h i c h shows ( f i g . 5«17) t h e d i s c r e p a n c y 

a t t h e c e n t r e of the f i e l d . T h i s d i s c r e p a n c y a r i s e s 

m a i n l y due t o t h r e e reasons: 

(1) e r r o r s i n l o c a t i o n at t h e measuring l e v e l s and 

u n c e r t a i n t i e s i n the p o s i t i o n o f the t u b e s j 

., (2) m u l t i p l e coulomb s c a t t e r i n g i n t h e instrument. 

(Ktui- ( 3) p o s s i b l e i n a c c u r a c y i n the g e o m e t r i c a l c o n s t a n t s . 
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The discrepancy, X, can be shown to be given by 

X = X 1 + X. = (b + b j - (c + c n) - l9 ( 

} f { ) 
{ b + V ! + __X_ ( (d + d 0) - (c + c n ) ) 

if 

where X = (1 + L? ) b _ f_ £ 

( % ) ^ ( L ] 

-1 

C + o 
O M.v u i n i r ' ^ i i ii.Mii 

~4 

£ .« • • 10 
4 

Us sing the measured values of ^]_,^2» e t c * 

X = 0.9.1 b - 0 .263 a - O.929 c + 0.307d 

+ ( ̂  Of > 02. » X o3 j X ) • • •• 11 

where X0| = 4*93 cm f o r a ^ 3 3 d ^ 29 

X o z = 7.95 cm f o r a ^ 33 d ^ 30 

X o 3 = 4-73 cm f o r a. > 39 d ^ 30 

X 0/j = 1.71 cm f o r a S> 39 d ^ 29-

I n f i g . 5»|S C, the X - d i s t r i b u t i o n f o r the zero f i e l d 
run i s shown. The mean of t h i s d i s t r i b u t i o n i s equal t o 
- 0.067 - O.O32 cm, which i s close t o zero. This again 

http://ii.Mii


fliM 

00 

8 
6 • 

O 

o in O 

O 

2 

in in 

in 



- 1 0 5 -

supports the accuracy* of the geometrical constants used. 
The frequency d i s t r i b u t i o n of X, f o r a l l the accepted 

p a r t i c l e s i n the a c t u a l experiment, w i t h f i e l d on, i s shown 
i n f i g . 5 . 19 . The standard d e v i a t i o n i s <^X-= 0.125 -

cm. The spread of the d i s t r i b u t i o n , as mentioned 
e a r l i e r , i s due p a r t l y t o e r r o r s of measurement. The occas­
i o n a l high values of X( y 1 cm) are l a r g e l y clue t o cases 
where two unassociated p a r t i c l e s t r a v e r s e the spectrograph 
and i n the experiment, a i l events w i t h 1.^1 have been 
omitted. For high momentum p a r t i c l e s , the s c a t t e r i n g w i l l 
be small and the spread of the above d i s t r i b u t i o n can be 
used t o f i n d the e r r o r i n £± due to measuring e r r o r s . 

The e r r o r i n the d e f l e c t i o n A may be used t o define 
a q u a n t i t y known as the maximum detectable momentum (m.d.m.) 
of the spectrograph, which i s t h a t momentum corresponding 
t o which a d e f l e c t i o n equals t o t h e most probable e r r o r i n 
de f l e c t i o n . 

P m. d. m. = 21.68 = 21 .66 _ 115.6 GeV/c. 
1 • 5 <3x 

k p a r t i c l e passing through the spectrograph has t o 
tra v e r s e , besides the s c i n t i l l a t o r s and f l a s h tube t r a y s , 
about 4 f e e t of water i n the Cerenkov tank (see s e c t i o n 5.15). 
4s such, a low momentum p a r t i c l e w i l l s u f f e r large coulomb 
s c a t t e r i n g which may give r i s e t o large l o c a t i o n e r r o r i n 
t r a y D. To minimise t h i s e r r o r , three chamber c a l c u l a t i o n s 
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using l e v e l s A, B and C have been made f o r a l l p a r t i c l e s 
having ^ )> 2.0 cm. For p a r t i c l e s of momenta above -~ 10 GeV/c, 
e r r o r i n measured vallies of A (— 17.8%) using three chambers 
becomes equal t o t h a t due to s c a t t e r i n g i n water. So f o r 
/\ 4= 2.0 era, f o u r chamber c a l c u l a t i o n s have been used. 

5.15 Operation of the Spectrograph:-

Before every run, the counting r a t e s of a l l the s c i n t ­
i l l a t o r s were checked. The magnet was switched on at l e a s t 
3 hours ahead of the a c t u a l s t a r t i n g of the spectrograph. 
This was found necessary since the magnet c u r r e n t showed a 
high reading every time i t was switched on and took about 

two hours t o s e t t l e down t o i t s normal working mean cur r e n t 
+ 

of 43.5 - 0.5 amp. The d i r e c t i o n of the magnetic f i e l d was 
reversed d a i l y t o reduce the e f f e c t of any sources of bias 
slowly v a r y i n g w i t h time. The oscilloscope gain as w e l l as 
the shape of the Cerenkov and s c i n t i l l a t o r pulses were also 
checked d a i l y . 
5»16 I n s t a l l a t i o n of the Cerenkov Counter i n the 

Spectrograph:-

k water Cerenkov counter t o be described f u l l y i n the 
next chapter was i n s t a l l e d i n the spectrograph between the -
t r a y s C and D. The exact p o s i t i o n and o r i e n t a t i o n of the 
counter i n the spectrograph have been shown i n the f i g u r e s ' 
5.1 and .5.2. From f i g . 5.16? i t i s seen t h a t the r a t e of 
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acceptance of unions by the spectrograph i s maximum around 
o 

17 t o the h o r i z o n t a l d i r e c t i o n . I n order t o make f u l l -
use of the spectrograph, the 'Cerenkov tank was t i l t e d t o 
the same angle ( 1 7 ) t o the h o r i z o n t a l d i r e c t i o n such tha.t 
a l l the detected p a r t i c l e s had t o traverse the whole depth 
of water i n the tank. Further, the t r a y D was so placed 
t h a t any p a r t i c l e passing through the fo u r t r a y s A, B, C 
and D, had t o t r a v e r s e the Cerenkov counter as w e l l * 
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CHAPTER 6. 

THE CBREMOV COUNTER-

I n the c o n s t r u c t i o n of a. Cerenkov counter two main 
f a c t o r s are t o be taken i n t o c o n s i d e r a t i o n : ( i ) Photon 
economy, and ( i i ) the cost. The main aim always should 
be t o get maximum number of u s e f u l photons per p a r t i c l e 
t r a v e r s i n g the counter at the minimum cost of production. 
To achieve t h i s , i t i s best to use a less expensive medium 
having minimum absorption and the r e f r a c t i v e index n » 1, 
over the u s e f u l s p e c t r a l range. Again, t o have output 
e l e c t r i c a l pulses of u s e f u l sizes from the p h o t o m u l t i p l i e r 
tubes, the o p t i c a l c o l l e c t i o n e f f i c i e n c y w i t h which the 
Cerenkov photons are d i r e c t e d t o the photocathodes should 
be pushed to the highest possible value. So as t o make 
the counter a t r u l y d i r e c t i o n a l one, the back r e f l e c t i o n 
should be avoided. The side w a l l s of the container should 
b e g; o od r e f l e c t o r s . 

'Taking the above f a c t o r s i n t o c o n s i d e r a t i o n , a d i r e c t ­
i o n a l but non-focusing type of water Cerenkov counter has 
been constructed. Given below i s a d e t a i l e d d e s c r i p t i o n of 
t h i s counter. 

6.1 (a) D e s c r i p t i o n of the Counter:-

The Cerenkov counter consists of: 
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( I ) a galvanised s t e e l tank of i n s i d e dimensions 
6 f t - x 4 f t . x 4 f t , c o n t a i n i n g water, a metre deep; 

(11) f o u r l i g h t c o l l e c t o r s , each viewed by a 53 AVP 
(Mullard) phot ©multiplier tube and f i l l e d up w i t h a s o l u t i o n 
of l i q u i d p a r a f f i n and dimethyl popop. 

The tank I s so placed at the rear p a r t of the spectro­
graph ( f i g . 5«D t h a t i t s 6 f t . sides are symmetrical i n the 
d e f l e c t i o n plane of the spectrograph. Further, i t has been 

o 
kept at an angle of 17 w i t h the h o r i z o n t a l d i r e c t i o n along 
which the r e l a t i v e acceptance of the spectrograph i s maximum 
( f i g . 5-16). Thus the s i t u a t i o n of the tank i s such t h a t a 
cosmic ray p a r t i c l e of i n f i n i t e momentum, a f t e r passing 
symmetrically through the spectrograph, w i l l also traverse 
the tank symmetrically through the 6 f t . sides. 

The l i g h t c o l l e c t o r s are kept i n such a manner t h a t 
f o r a symmetrically passing p a r t i c l e the path length i n water 
i s one metre. The two i n s i d e surfaces (each /+ f t . long) as 
w e l l as the Inside bottom of the tank are f i t t e d w i t h good 
plane m i r r o r s . Since the angle of emission of the. Cerenkov 
r a d i a t i o n i n water i s about 4 2 °, the Cerenkov l i g h t s t r i k i n g 
the a i r - w a t e r boundary a t the top surface i s i n t e r n a l l y 
r e f l e c t e d i n t o the -water. The tank along w i t h the l i g h t 
c o l l e c t o r s i s made l i g h t t i g h t by covering the top w i t h an . 
aluminium l i d f i x e d w i t h black Scotch tape. 
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6*1 b. S e l e c t i o n of Water;-

The number of u s e f u l photons a r r i v i n g at the l i g h t 
c o l l e c t o r s surface would depend on the absorption charact­
e r i s t i c of the water used. I n order t o s e l e c t a sample of 
water having minimum absorption, the transmission charact­
e r i s t i c s of several samples of water are studied using a 
s p e c t r a l photometer. The r e s u l t s are shown i n f i g . 6.1» 
I t i s seen t h a t over the u s e f u l s p e c t r a l range (3000 t o 
5000 AU), the transmission c h a r a c t e r i s t i c s of the water 
from exbore hole are s i m i l a r to those of l a b o r a t o r y d i s t i l l e d 
water. The former, being less expensive and e a s i l y a v a i l ­
able, i s used i n the present experiment. 

6*2 The L i g h t Collectors., 

6.2 a. D e s c r i p t i o n of the L i g h t C o l l e c t o r s ; -

The l i g h t c o l l e c t o r s used i n t h i s experiment are 
s i m i l a r i n p r i n c i p l e t o those developed by Bergeson et. 
3.1. (1965). 

Each of the l i g h t c o l l e c t o r s i s a one metre long quartz 
tube of i n t e r n a l diameter 5*0 cm. and w a l l - t h i c k n e s s 0.32 
cm* The lower end of each tube i s t i g h t l y f i t t e d w i t h a 
rubber bung and c a r r i e s a m i r r o r f o r r e f l e c t i n g the l i g h t 
up. At the upper end of the tube a short glass c y l i n d e r 
(10 cm long and 7 cm i n diameter) i s sealed, w i t h f i b r e glass 
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3o t h a t the p h o t o m u l t i p l i e r together w i t h the mu-metal 
c y l i n d e r can r e s t i n s i d e the c y l i n d e r s a f e l y . Each of 
the tubes i s f i l l e d w i t h a s o l u t i o n of l i q u i d p a r a f f i n and 
dimethyl popop, the concentration of the l a t t e r being 5 ragm 
per l i t r e of p a r a f f i n . The photocathode of each photo-
m u l t i p l i e r tube i s i n o p t i c a l contact, being dipped i n t o the 
s o l u t i o n . The l i g h t c o l l e c t o r s are f i x e d 14 inches, centre 
t o c entre, apart i n an aluminium 'handy-angle 1 rack ( f i g . 6 . 2 ) 
standing normally on the bottom of the tank. 

The reasons of using quartz tubes, l i q u i d p a r a f f i n and 
dimethyl popop i n a l i g h t c o l l e c t o r are explained below. 

Quartz tubes, although they are more expensive compared 
t o those of perspex, have been used because of t h e i r e x c e l l ­
ent u l t r a v i o l e t transmission p r o p e r t i e s . The Cerenkov 
l i g h t , being predominantly of s h o r t e r wavelengths, i s e a s i l y 
t r a n s m i t t e d through the quartz w a l l of a tube and thus can 
be trapped i n s i d e the l a t t e r . 

The absorption and emission spectra of dimethyl popop 
i n p a r a f f i n i s shown i n f i g 6.3« Since the emission spectrum 
c l o s e l y matches the s p e c t r a l response of the photocathode of 
a 53 AVP tube,the dimethyl popop has been used as the wave­
leng t h s h i f t e r . I t may be mentioned, here t h a t by using a. 
s i m i l a r type of l i g h t c o l l e c t o r , H i l t o n et a.l* (1966) 
observed t h a t the c o l l e c t i n g e f f i c i e n c y does not depend 
c r i t i c a l l y on the .concentration of popop i n the range from. 
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0.01 gra t o 0.02 g m / l i t r e . But i n the present experiment, 
the popop co n c e n t r a t i o n i s kept t o a. minimum (about 0.00,5 gnr 
per l i t r e ) t o avoid possible s c i n t i l l a t i o n e f f e c t w i t h i n 
the l i g h t c o l l e c t o r s . 

6.2 b. Action of s L i g h t C o l l e c t o r : -

Whenever a r e l a t i v i s t i c cosmic ray muon traverses the 
water i n the tank, i t produces a forward cone of Cerenkov 
l i g h t . The l a t t e r i s p a r t i a l l y i n t e r c e p t e d by the quartz 
( r e f r a c t i v e index = 1*55) l i g h t c o l l e c t o r s f i l l e d up w i t h 
l i q u i d p a r a f f i n ( r . i . - 1.4$). The u l t r a v i o l e t Cerenkov 
l i g h t p e n e t r a t i n g the l i g h t c o l l e c t o r s i s s h i f t e d t o the 
higher wavelengths by the popop and i s i s o t r o p i c a l l y r e - . 
r a d i a t e d . A. f r a c t i o n of t h i s l i g h t i s trapped by t o t a l 
i n t e r n a l r e f l e c t i o n and reaches the photocathode of the 
phot o m u l t i p l i e r . 

6.2 c E f f i c i e n c y of the L i g h t Collecting; System:-

The photon c o l l e c t i o n e f f i c i e n c y depends very much on 
the area covered by the c o l l e c t i n g system. I d e a l l y the 
l a t t e r should cover the whole surface over which the Cerenkov 
l i g h t spread. I t may be mentioned here t h a t at the beginning 
of the present experiment, an attempt was raa.de t o cover the 
whole back surface of the tank by means of a 1/2rT t h i c k 
perspex sheet coated i n f r o n t by a t h i n ( l / 8 " ) layer of 

http://raa.de
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popop and r e s i n . Four 56 AVP p h o t o m u l t i p l i e r tubes were 
f i t t e d a t the f o u r corners f o r viewing the l i g h t trapped 
I n the perspex. But u n f o r t u n a t e l y the system, p a r t i c u l a r l y 
the popop and r e s i n l a y e r , d e t e r i o r a t e d very f a s t i n water 
and hence i t was necessary t o t r y the a l t e r n a t i v e method 
of the c o l l e c t i o n described here.-

I n the present arrangement the f o u r c o l l e c t i n g elements 
cover only about B.3% of the a v a i l a b l e area. Obviously the 
l i g h t c o l l e c t i o n e f f i c i e n c y of the system i s low. Theoret­
i c a l c a l c u l a t i o n s show t h a t each tube traps about 14$ of 
the r e r a d i a t e d l i g h t . Further i t can be shown t h a t the 
f o u r l i g h t c o l l e c t i n g elements together t r a p only about !•?% 
of the Cerenkov r a d i a t i o n emitted by the passage of a f a s t 
muon through the tank. 

6.3 C a l c u l a t i o n of the Expected Number of Photoeiectrons:-

A t h e o r e t i c a l estimate f o r the number of photoeiectrons 
t o be produced at the photocathode of the 4 p h o t o m u l t i p l i e r 
tubes, taken together, when a r e l a t i v i s t i c muon passes 
symmetrically through the tank, can be made i n the f o l l o w i n g 
way« 

The number of photoeiectrons, Ne, produced at the 
photocathode depends on several f a c t o r s and may be w r i t t e n 
e m p i r i c a l l y as; 
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where 
N = t o t a l number of photons produced by the 

passage of a f a s t muon through the tank, 
at the detector l e v e l , 

d{= transmission c o - e f f i c i e n t i n water, 

G = geometrical c o l l e c t i o n f a c t o r , 

Jl. = r e f l e c t i v i t y of the m i r r o r system, 
and ~ mean photocathode e f f i c i e n c y of the photo-

m u l t i p l i e r s . 

An a n a l y t i c a l method of c a l c u l a t i n g Ne has been used 
here. 

F i r s t , the number of photons per cm path of the muon 
i n water has been c a l c u l a t e d by using the f o l l o w i n g 
equation (3.S) • 

- - JL A i - \ d2L 
1 3 7 J( f l

 n ) A2 
dx 

I f fi 1, and n i s the average r e f r a c t i v e index of water 

over the two wavelengths /\( and "A^* w e § e ts 

_ M _ = _ l £ _ ( i . _! ) { A2 - % } , , 
dx 137 ( fr2 ) ( T~—^ ) photons/cr 1. A 2 

F i g . 6.5 shows the d i f f e r e n t i a l d i s t r i b u t i o n of the 
number of photons per cm path of the muons i n water; the 
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average v a l u e , n, o f the r e f r a c t i v e i n d e x f o r any wave­

length i n t e r v a l ( ^ 9 - A^) has been o b t a i n e d from t h e 

graph 6.4* 

From f i g u r e 6.1, which shows t h e t r a n s m i s s i o n c h a r a c t ­

e r i s t i c of t h e water used, the t r a n s m i s s i o n c o e f f i c i e n t 

has been found f o r each wavele n g t h i n t e r v a l , and N «< , 

th e number of photons per cm a t the d e t e c t o r s l e v e l has 

been c a l c u l a t e d . The r e s u l t has been shown i n f i g . 6.6. 

U t i l i s i n g the graph 6.3, which shows t h e a b s o r p t i o n 

c h a r a c t e r i s t i c of popop, the number of photons absorbed b y 

4 cm pgth i n t h e s o l u t i o n has been c a l c u l a t e d ...» The 

r e s u l t s are shown i n f i g . 6.7* Although t h e i n t e r n a l d i a ­

meters of t h e tubes a r e 5*0 cm each, an average v a l u e of 

4 cm has been assumed as the absorption p a t h i n t h e popop 

s o l u t i o n , as most of the r a y s w i l l n o t pass d i a m e t r i c a l l y 

t h r o u g h the t u b e s . 

Then, on i n t e g r a t i o n of t h e curve 6.7 i n the w a v e l e n g t h 

i n t e r v a l - 2500 t o - 4000 A.U, one g e t s 103 photons 

per cm a r r i v i n g a t t h e d e t e c t o r l e v e l . T h e r e f o r e , f o r a 
2 

f a s t muon h a v i n g 100 cm p a t h i n water, N Q <K - 10$ x 10 

photons. But, s i n c e the g e o m e t r i c a l c o l l e c t i o n f a c t o r i . e . 

t h e f r a c t i o n absorbed and c o l l e c t e d by the 4 l i g h t c o l l e c t o r s 

i s 1.7'/= the t o t a l photons f a l l i n g a t the d e t e c t o r , the • 

number of Cerenkov photons seen by t h e 4 l i g h t c o l l e c t o r s i s 
N 0 o( G =s (103 x 10 2) x 0.017 - 184. 
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Again, f o r a muon p a s s i n g s y m m e t r i c a l l y t h r o u g h t h e 
tank, t h e Cerenkov cone reaches t he d e t e c t o r l e v e l w i t h o u t 
u n d e r g o i n g any r e f l e c t i o n . So we assume here t h e r e f l e c t ­
i v i t y f a c t o r ft = 1. 

Assuming y\ > the mean photocathode e f f i c i e n c y as 10$, 

t h e number o f p h o t o e l e c t r o n s per muon i s 

Ne = N 0 • oi • &• ̂ - * l 

For muons p a s s i n g i n a d i r e c t i o n o t h e r t h a n the one 

d e s c r i b e d above, t h e expected number o f p h o t o e l e c t r o n s may 

be d i f f e r e n t due m a i n l y t o two reasons: (1) t h e change i n 

a c t u a l p a t h l e n g t h i n w a t e r , and (2) t h e change caused by 

t h e r e f l e c t i o n s i n t h e m i r r o r s • 

6.4 The Electrongs:-

(a) General F e a t u r e s : -

The t y p e o f the dynode r e s i s t o r c h a i n s f o r each photo-

m u l t i p l i e r tube i s shown i n f i g u r e 6*8. The o u t p u t p u l s e s 

are taken from the anode o f each p h o t o m u l t i p i i e r tube. 

A b l o c k diagram of the e l e c t r o n i c s f o r t h e Cerenkov 

c o u n t e r i s g i v e n i n f i g . 6.9* The o u t p u t p u l s e s f r o m t h e 

anodes o f the f o u r ph o t o m u l t i p l i e r t u b e s , a f t e r b e i n g 

immediately f e d t h r o u g h e m i t t e r f o l l o w e r s , are f i r s t r e s i s t ­

i v e l y mixed, and t h e n i n v e r t e d . A f t e r t h a t , they a r e 

a m p l i f i e d t o a f a c t o r o f 15. .A t y p i c a l u n a m p l i f i e d p u l s e 
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has a h a l f - w i d t h o f ~300 n sec, and r i s e t i m e about 20 n 
sec. The e m i t t e r f o l l o w e r s and the o t h e r e l e c t r o n i c 
components are k e p t o u t s i d e t h e t a n k . The f i n a l l y 
a m p l i f i e d p u l s e s were gated (see f i g . 5*14) and delayed by 
110 n sec and t h e n d i s p l a y e d i n a C.R.O. ( T e k t r o n i x ) a l o n g 
w i t h the s c i n t i l l a t o r p u l s e . A t y p i c a l p h o t o g raph of t h e 
p u l s e s are shown i n f i g . 5»14» The c i r c u i t diagrams f o r 
e m i t t e r f o l l o w e r , m i x t u r e , i n v e r t e r and t h e a m p l i f i e r are 
g i v e n at t h e appendix 2. 

6.4 b The V a r i a t i o n s of t h e Most Probable Pulse H e i g h t 
with High Tension V o l t a g e s : -

I n o r d e r t o f i x t h e o p e r a t i n g v o l t a g e s on each p h o t o -

m u l t i p l i e r so t h a t a l l may have the same g a i n , t h e v a r i a t i o n 

of t h e most probable pulse h e i g h t with h i g h t e n s i o n v o l t a g e s 

f o r each tube was s t u d i e d u s i n g a s t a n d a r d l i g h t f l a s h e r . 

The l a t t e r was a mercury-wetted r e l a y s w i t c h . The source 

of l i g h t was the arc between two c o n t a c t s w h i c h had a 

p o t e n t i a l d i f f e r e n c e of 300 V D.C. ( s t a b i l i s e d ) . One o f 

t h e c o n t a c t s could o s c i l l a t e and cause a. make and break with 

t h e o t h e r one. The o s c i l l a t i o n s were ge n e r a t e d by an 

e l e c t r o m a g n e t o s c i l l a t i n g a t mains f r e q u e n c y . The o s c i l l a ­

t i o n s o f the moving contact were s t e a d i e d b y a s m a l l perm­

anent magnet h e l d a t one s i d e . The s t a b i l i t y o f the l i g h t 

f l a s h e r was checked by t e s t i n g the same tube a t d i f f e r e n t 

time and was found to be s t a b l e w i t h i n - 1%. 
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The r e l a y s w i t c h and the p h o t o m u l t i p l i e r s , one a t 

a t i m e , were kept a t f i x e d p o s i t i o n s , the photocathode 

v i e w i n g the f l a s h e r , i n s i d e a l i g h t - t i g h t box. Then, the 

v a r i a t i o n s of the most probable pulse height w i t h E.H.T. 

were s t u d i e d by r e c o r d i n g the ph o t o m u l t i p l i e r p u l s e s i n 

an o s c i l l o s c o p e ( t e k t r o n i x ) . The r e s u l t s a r e shown i n 

f i g * 6.10. I t i s seen t h a t a l t h o u g h t h e tubes are of 

same make, t h e r e are d i f f e r e n c e s i n t h e i r g a i n . The E.H.T. 

v a l u e s of t h e f o u r t u b e s a r e f i x e d a t (1) 1.660 KV, 

(2) 1.700 KV, (3) 1.650 KV, and (4) 1.675 KV r e s p e c t i v e l y . 

From t h e f i g 6.10, an id e a o f t h e t o t a l g a i n as a 

f u n c t i o n o f t h e v o l t a g e across dynode c h a i n s can be d e r i v e d 

as f o l l o w s . Gain, G, w i t h v o l t a g e , V, can be d e s c r i b e d by 
m 

a power law as G °^ "t . The exponent m has been c a l c u l ­

a t e d f o r each tube from the curve 6.10, and has the follow­

i n g v a l u e s ; 
m = IO.99 I 0.2, 10.96 t 0.20, • IO.94 £ 0.2, and 

+ 
IO.93 _ 0.2 r e s p e c t i v e l y f o r t h e tubes (1), ( 2 ) , (3), 

and (4)« 
Because o f t h e h i g h power r e l a t i o n s h i p , t h e v o l t a g e 

supply t o t h e p h o t o m u l t i p l i e r must be e x t r e m e l y s t a b l e . 

The s t a b i l i t y o f t h e E.H.T. supply u n i t ( I . D . L . t y p e 532/D) 

was t e s t e d over s e v e r a l clays and was found t o be c o n s t a n t 

t o w i t h i n 0.01%. 
6.4 c The L i n e a r i t y of t h e A m p l i f i e r C i r c u i t s : 

A t e s t f o r the l i n e a r i t y o f t h e a m p l i f i e r c i r c u i t s was 
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made by u s i n g p u l s e s f r o m a p u l s e generator. Four i n p u t 

pulses f r o m the pulse g e n e r a t o r were fed i n t o the four 

channel of t h e mixing and a m p l i f i e r c i r c u i t s , and the 

r e s u l t a n t , o u t p u t pulses were r e c o r d e d i n t h e T e k t r o n i x 

C.R.O. The r e s u l t s are shown g r a p h i c a l l y i n the f i g . 6.11. 

I t i s seen t h a t the m i x i n g and the a m p l i f i e r c i r c u i t s are 

q u i t e l i n e a r up t o an i n p u t p u l s e of 100 mV i n each of the 

f o u r channe1s. 

6•5 Response of the Cerenkov Counter;-

The response of the Cerenkov c o u n t e r was t e s t e d by 

u s i n g a p l a s t i c s c i n t i l l a t o r coincidence t e l e s c o p e . The 

l a t t e r was placed a t the back o f the tank i n such a manner 

t h a t i t s e l e c t e d cosmic r a y p a r t i c l e s t r a v e r s i n g t h e t a n k ; 

i n t h e f o r w a r d d i r e c t i o n i . e . coming f r o m t h e spectrograph 

s i d e . 

The t e l e s c o p e was f i r s t s e t t o s e l e c t p a r t i c l e s passing 

s y m m e t r i c a l l y . The output p u l s e s f r o m each tube were 

recorded s e p a r a t e l y i n the P.H.A. (RIDL) t r i g g e r e d b y the 

t e l e s c o p e c o i n c i d e n c e p u l s e s . The r e s u l t s are shown i n 

t h e f i g . 6.12 ( a , b, c and d ) . L a t e r on, the mixed output 

p u l s e s f r o m the four tubes were a l s o recorded i n t h e s i m i l a r 

way. F i g . 6.13 shows t h e r e s u l t s of t h i s r u n . I t i s 

f o u n d t h a t t h e most probable p u l s e s i n the two o u t e r tubes 

(tubes 1 and 4) are r e s p e c t i v e l y 9.S2 ± 2 mV and 10.80 i 3.5 

ml whereas the most p r o b a b l e p u l s e s f r o m the two i n n e r tubes 
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(tubes 2 and 3) are found to be 19»64 - 3» 5 and IS.66 £ 
3«5 mV" r e s p e c t i v e l y . The most p r o b a b l e v a l u e f r o m the 
f o u r mixed p u l s e s i s 68.7 - 5 mV. 

A t h e o r e t i c a l e s t i m a t e f o r the r e l a t i v e photon c o l l e c ­

t i o n e f f i c i e n c y of t h e 4 tubes f o r Cerenkov r a d i a t i o n f r o m 

a symmetrically p a s s i n g f a s t muon showed t h a t the c o l l e c t i o n 

e f f i c i e n c y of the two o u t e r tubes ( t u b e 1 and 4) should, be 

about 4<3«5/? of t h a t of t h e two inner tubes. The observed 

v a l u e of t h i s r a t i o i s about 53.9%. Thus, w i t h i n e x p e r i ­

mental e r r o r , the observed p r o p o r t i o n of t h e most probable 

v a l u e s f o r the 4 tubes are i n good agreement w i t h the 

expected r e s u l t s . 

'Next, t h e t e l e s c o p e was s e t so as t o cover one o f t h e 

tubes. Thus,' some of t h e muons p a s s i n g t h r o u g h the t e l e s c o p e 

would a l s o t r a v e r s e the t u b e . The output-pulses were 

recorded i n an o s c i l l o s c o p e (Tektronix) t r i g g e r e d by the 

t e l e s c o p e . The h i s t o g r a m i n f i g . 6.14 shows t h e e x p e r i ­

ments! r e s u l t s . I n - a d d i t i o n t o t h e f i r s t peak due t o 

Cerenkov r a d i a t i o n , the d i s t r i b u t i o n i n d i c a t e s a. second 

peak around 200 mv*. Considering the area covered by the 

tube i n s i d e the t e l e s c o p e , and the proportion of the number 

of pulses i n t h e second peak with r e s p e c t to the t o t a l 

number of p u l s e s , i t i s q u i t e reasonable to a t t r i b u t e the 

second, peak to the p a r t i c l e s p a s s i n g d i r e c t l y through the 

tube. I t was n o t p o s s i b l e t o c a r r y t h i s r u n with t h e PHA 

s i n c e the l a t t e r added up a l l pulses above • 300th channel-
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making the i n t e r p r e t a t i o n very d i f f i c u l t . •So as t o 

e l i m i n a t e any personal b i a s , t h i s s e r i e s of o b s e r v a t i o n 

was r e p e a t e d by another worker, and was found to s u b s t a n t i a t e 

the previous results« 

Next, the t e l e s c o p e was s e t so as t o s e l e c t anions 

t r a v e r s i n g the tank i n d i f f e r e n t angles i . e . having d i f f e r ­

ent p a t h l e n g t h s i n water. The added pulses were r e c o r d e d 

i n the PHA. The f o l l o w i n g t a b l e shows t h e v a r i a t i o n o f t h e 

added most p r o b a b l e p u l s e h e i g h t f r o m the 4 tubes w i t h 

d i r e c t i o n of m o t i o n of the muons i n the t a n k . 

Angle with t h e Most probable pulse height. 
l i n e o f symmetry 

0° 68.0 t f, mV 

14° 69.5 - 5 mV 

26° 71.5 t 5 mV 
36° 70.2 i 5 mV 

From the above t a b l e , i t i s seen t h a t a l t h o u g h t h e p a t h o f 

a muon i n water i n c r e a s e s with i n c l i n a t i o n w i t h r e s p e c t t o 

t h e l i n e o f symmetry, the o v e r a l l most probable v a l u e does 

not change v e r y much. That i s t o say, the e f f e c t i v e number 

of photons remain t h e same w i t h i n 5% o f t h o s e due to a 

symmetrically p a s s i n g p a r t i c l e . T h i s a p p a r e n t l y c o n t r a d i c ­

t o r y r e s u l t may be i n t e r p r e t e d as f o l l o w s . 
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For a f a s t rauon t r a v e r s i n g the tank i n an angle with 
the c e n t r a l l i n e of symmetry, the path length i n s i d e the 
tank would be longer than t h a t of a muon passing symmet­
r i c a l l y * As such, f o r a f a s t muon having a longer path i n 
water, one would n a t u r a l l y expect a g r e a t e r number of photons 
at the detector l e v e l , and consequently a higher value of the 
most probable pulse h e i g h t . But the Cerenkov r a d i a t i o n from 
an i n c l i n e d muon w i l l undergo r e f l e c t i o n s a t the side m i r r o r s . 
Moreover, increase i n path length a l s o involves increase i n 
absorption of the emitted Cerenkov photons. These two 
f a c t o r s w i l l reduce the apparently expected increase i n the 
number of photons* So the number of u s e f u l photons w i l l 
not change very much - f o r rauons having s l i g h t l y v a r y i n g 
path l e n g t h i n s i d e the tank* 

6.6 D i r e c t i o n a l Properties of the Counter:-

The d i r e c t i o n a l property o f the counter was t e s t e d by 
using the telescope and cosmic ray muons. The telescope 
was set i n order t o detect muons from two d i f f e r e n t d i r e c ­
t i o n s . F i r s t , (say p o s i t i o n A) to se l e c t only p a r t i c l e s 
i n the forward d i r e c t i o n so t h a t the Cerenkov cone i s 
d i r e c t e d towards the c o l l e c t o r system. Secondly, (say 
p o s i t i o n B) the telescope was s e t t o s e l e c t p a r t i c l e s going 

i n the opposite d i r e c t i o n so t h a t the Cerenkov cone diverges 
away- from the c o l l e c t o r system. 
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The four mixed Cerenkov pulses i n the two p o s i t i o n s 
of the telescope were recorded i n the PHA, the l a t t e r being 
t r i g g e r e d by the telescope coincidence pulses.- The mixed 
pulses, when the PHA was t r i g g e r e d randomly, were also 
recorded f o r comparison. 

The r e s u l t s are shown i n f i g . 6.13* I t can be seen 
from the above f i g u r e t h a t only i n p o s i t i o n A. of the telescop 
the graph shows a d e f i n i t e peak, i n d i c a t i n g thereby t h a t the' 
counter i s a c t i n g as a. d i r e c t i o n a l one. The graph i n the 
p o s i t i o n B i s much higher than t h a t i n random coincidences. 
This means t h a t some Cerenkov photons i n the p o s i t i o n B 
are also detected by the c o l l e c t i n g system - probably due 
t o the r e f l e c t i o n s i n s i d e the' tank. Nevertheless, i t s 
d i r e c t i o n a l property i s well-preserved. 

6.7 Conclusion 

From the above a n a l y t i c a l d e s c r i p t i o n of the working 
of the counter, i t can be reasonably concluded t h a t the 
counter constructed has the desired d i r e c t i o n a l property. 
The response of the counter f o r p a r t i c l e s of s l i g h t l y vary­

ing path lengths i n water i s uniform w i t h i n 5%. The 
accuracy may be improved f u r t h e r i f the a c t u a l d i r e c t i o n of 
the p a r t i c l e through the tank i s known. 

The counter, as i t stands, should be quite s u i t a b l e to 

i n v e s t i g a t e the r e l a t i v e Cerenkov r a d i a t i o n l o s s of cosmic 
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ray p a r t i c l e s w i t h an accuracy of b e t t e r than i f 
the d i r e c t i o n of the p a r t i c l e i s p r e c i s e l y known. 
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CHAPTER 7 

7A Results on the I o n i z a t i o n Loss of Muons, i n a P l a s t i c 
S c i n t i l l a t o r : 

7 A Th e S c i n t i l l at i on Counter. 

The s c i n t i l l a t i o n counter 32 (see f i g . 5»5a) was used 
f o r i n v e s t i g a t i n g the i o n i z a t i o n l o s s of cosmic ray rauons 

i n a phosphor. The dimensions of the counter are given i n 
t a b l e 5.1. The response of the counter and i t s other d e t a i l s 
w i l l be given elsewhere. (1.3. Jones, M Sc. t h e s i s , Durham, 

1967 or 196$). Only a b r i e f d e s c r i p t i o n of t h i s p a r t of 
the experiment along w i t h the main r e s u l t s w i l l t h e r e f o r e 
be given here. 

The e l e c t r i c a l connections of the counter are described 
e a r l i e r i n chapter 5 s e c t i o n 3C. The s c i n t i l l a t i o n pulses 
were p r o p e r l y attenuated so as t o accommodate both the s c i n t ­
i l l a t o r as w e l l as Cerenkov pulses on the same screen of the 
o s c i l l o s c o p e . The s t a b i l i t y of the e l e c t r o n i c s was f u r t h e r 
checked by d i v i d i n g the whole set of data i n t o f i v e s u c c e s s i v e 
groups i n time, each co n t a i n i n g approximately equal numbers 
of events. The median pulse heights among the groups were 
found t o agree t o w i t h i n - 3%» 

Since the counter ,32 was very near the magnet, the 



p h o t o r a u l t i p l i e r response f o r the two p o l a r i t i e s of the 
magnet was checked s e v e r a l times during the whole run of 

the experiment. For t h i s , the counting r a t e s of the two 
p h o t o m u l t i p i i e r s were examined f o r d i f f e r e n t f i e l d d i r e c t i o n s 
p o s i t i v e , negative, zero, and then reverse d i r e c t i o n again, 
f o r the same magnet c u r r e n t . . The r a t e with zero f i e l d was 
s l i g h t l y higher than those w i t h the f i e l d on. There was 

no s i g n i f i c a n t d i f f e r e n c e i n the counting rates f o r p o s i t i v e 
and negative f i e l d d i r e c t i o n s . 

7A (to.) The Experimental Date.: -

As mentioned e a r l i e r i n chapter 5 > s e c t i o n 6b, the 
p u l s e s from the s c i n t i l l a t i o n and. Cerenkov counters were 
recorded simultaneously on the oscilloscope f i l m . For 
measuring the p u l s e s , the f i l m was p r o j e c t e d on to a drawing 

of the oscilloscope g r a t i c u l e and the heights of pulses i n 
m i l l i v o l t s were recorded. The frames on the oscilloscope 
f i l m were c o r r e l a t e d w i t h the corresponding frames on the 
spectrograph f i l m by means of the c l o c k s on the f i l m s . 

Of the t o t a l 2037 events recorded from the spectrograph 
f i l m s , only 1322 events were f i n a l l y selected and used i n 
the i o n i z a t i o n loss experiment. I n t a b l e 7.1, the pulse 
heights of a l l the selected p a r t i c l e s are reproduced. The 
frequency d i s t r i b u t i o n of pulse heights f o r p a r t i c l e s of 
a l l momenta i s shown i n f i g - 7.1. 



Table 7*1 

Frequency of Pulse Heights f o r D i f f e r e n t Momentum. Cells 

Mid Value of S c i n t i l l a t o r Pulse Height, i n mV. 

25 35 45 55 65 75 5̂ 95 105 115 125 135 145 155 

O V.' 

42 
0 1 4 5 2 11 2 6 7 2 1 5 0 3 

f o 
4-c 

l o 0 3 3 10 18 18 18 15 17 7 8 X2 7 6 

18 

" l 2 0 3 3 7 10 17 9 17 11 14 15 If- 5 3 

12 

o 
1 5 17 IS 15 Xc5 28 8 10 11 6 5 5 

o 
™ 6 0 2 3 6 5 19 17 22 16 8 XX 10 5 D 

6 0 2 8 15 16 21 29 33 8 20 9 8 c n 
1 

4 
2 

0 9 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 u 10 10 14 20 15 13 7 .5 1 4 

< 0,5 0 2 6 14 16 12 17 7 6 3 5 «<: 



Table 7.1 {Cont inued) 

Frequency of Pulse Heights f o r D i f f e r e n t Momentum Cells 

M'ic I Vg lue of S c i n t i l l a t o r Pulse He: Lght j xn mV. 

X̂S 5 175 185 195 205 215 225 235 245 255 265 275 285 295 

80 
42 J . 3 2 0 0 1 0 2 0 0 0 0 0 0 

42 

18 2 4 3 0 3 3 1 1 1 n 
-L. 1 1 0 2 

18 
1 0 2 ± 0 1 1 .1 2 1 1 1 0 0 

12 

" 8 
1 1 1 1 1 2 1 2 0 1 0 0 2 

8 

~ 6 
3 o 1 3 2 t 

JL 3 1 1 0 1 1 2 

6 

4 
10 2 4 2 3 3 1 0 2 1 0 0 0 1 

4 
2 5 6 6 4 2 5 2 1 0 4 2 2 0 0 

2 

1 7 15 5 2 1 4 2 1 2 4 0 3 1 1 

1 

0.5 
1 c; 0 2 1 3 0 1 1 it 2 1 0 0 

^0.5 2 2 0 1 1 0 0 1 0 0 0 0 0 0 



Table 7.1 (C ont inued) 

Frequency of Pul se Heights f o r 1 D i f f e r e n t Momentum *w 0 X1S 

G.d Va lue of S c i n t i l l a t o r Pulse Heig ;ht, - ' i n mV. 

305 315 325 335 345 355 365 375 385 395 400 

SO 
42 

0 1 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 Q 0 

12 

B 
0 0 0 1 0 0 0 0 0 0 1 

8 
~ 6 

0 0 0 0 0 1 0 1 0 0 

6 

4 
0 1 0 2 1 0 0 0 0 0 0 

4 
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 

4 0.5 0 u 0 0 0 0 0 0 0 0 0 
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7A • ̂  ) The Resolution of the i mPeak of the Pulse Height 
D i s t r i b u t i o n s : 

I f dh i s the w i d t h at ha l f - a m p l i t u d e ( f i g * 7*1) and 
h i s the pulse height corresponding to the peak p o s i t i o n 
of the curve, the r e s o l u t i o n R may be defined as dh x 100%. 

h 
The f i n i t e w i d t h comes from (a) the Landau e f f e c t , 

due to 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 
from the t r a v e r s i n g p a r t i c l e by the phosphor, 
(b) 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 of photo-
e l e c t r o n s ejected from the photocathodes, and the v a r i a t i o n 
i n the number of electrons emitted from the various dynod.es, 
(c) the v a r i a t i o n of the p r o p o r t i o n of l i g h t c o l l e c t e d 
from d i f f e r e n t regions of the phosphor, 
(d) momentum d i s t r i b u t i o n of the muons, ( i f indeed there 
i s a momentum dependence) and 
(e) the v a r i a t i o n i n the path l e n g t h of the muons through 
the counter. 

of these, the f i r s t two i . e . the Landau e f f e c t and 
the phot ©multiplier e f f e c t are the two main, c o n t r i b u t o r s 
t o the r e s o l u t i o n . 

I t can be shown t h a t i n a phosphor of thickness equal 
t o t h a t of the counter S2, the r e s o l u t i o n due t o the Landau 
e f f e c t i s 19%. Again, f o r an energy loss (mean value) 
equal t o 4.5 MeV, the r e s o l u t i o n due to the p h o t o m u l t i p l i e r 
e f f e c t i s c=. 20%. (The geometrical c o l l e c t i o n f a c t o r i n 

http://dynod.es
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S2 Q.C&5* The v a r i a t i o n i n response over the phosphor 
i s 8%* 

Thus f o r a. monoenergetic p a r t i c l e , the t o t a l r e s o l u t i o n 
can be found by adding quadr&t i c a l l y the above independent 
c o n t r i b u t i o n s and i s equal to ~ 29%. The observed 
r e s o l u t i o n i s 35 - 3fi i . e . a value close t o expectation. 

7A (.d ) Pulse Height D i s t r i b u t i o n s for/*-* andyM-"" P a r t i c l e s : 

I n f i g 7*2, the pulse height 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 negative muons are shown. The most probable pulse 
heights of the two d i s t r i b u t i o n s have been c a l c u l a t e d and 
w i l l be discussed l a t e r . 

7A ( e ) Grouping of the Data* 

The pulses were grouped i n momentum c e l l s as shown i n 
t a b l e 7»2. The frequency d i s t r i b u t i o n of pulse heights 
f o r d i f f e r e n t momentum c e l l i s shown i n f i g . 7»3< 
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Table 7 . 2 : 

Momentum C e l l s f o r Grouping of the S c i n t i l l a t o r Pulses: 

C e l l L i m i t s Mean Momentum i n No. of P a r t i c l 
(cm) the C e l l (GeV/c) 

42 C A ^ 80 . 0.355 59 

18 <C 4 42 0.723 168 

12 C /Si 18 1.50 133 
8 C ^ ^ 1 2 2.32 166 

6 ^ Z± I 8 3.1S 163 

4 C ^4:6 4. 56 214 

2 ^ ^ 4 4 8.04 361 

1 ^ Z^ 2 15.19 301 
0.5 c A^i 30.4s 144 

A 4°*5 98.6 113 

7A ( j - ) Analysis of the Data:-

The mode i . e . the most probable value of each 
d i s t r i b u t i o n i s the q u a n t i t y of gre a t e s t p h y s i c a l i n t e r e s t 
This i s because i n a skew d i s t r i b u t i o n the most probable 
v a l u e , u n l i k e the mean and the median, i s i n s e n s i t i v e to 

the infrequent high energy l o s s e s which give r i s e to the 
t a i l of the d i s t r i b u t i o n . As such, the mode of a skew 
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d i s t r i b u t i o n i s a very u s e f u l parameter f o r a s s e s s i n g the 

r e l a t i v e magnitudes of energy loss f o r p a r t i c l e s of d i f f e r e n t 

momentum groups, and has been used i n the present experiment* 

Three d i f f e r e n t methods were used t o c a l c u l a t e the peak 

p o s i t i o n s of the d i s t r i b u t i o n s : 

(a.) The Subjective Method: 

I n t h i s method a histogram of the frequency of pulse 
heights f o r each momentum c e l l was p l o t t e d against the 
l o g a r i t h m of the pulse height and a smooth curve was f i t t e d 
t o each of the log-normal d i s t r i b u t i o n s . Comparing the 
curves f o r a l l the d i s t r i b u t i o n s , a master curve was drawn 
and the peak p o s i t i o n was marked. Then, the d i s t r i b u t i o n s 
were submitted t o ten independent observers, each of - whom 
found the peak p o s i t i o n i n each d i s t r i b u t i o n by f i t t i n g the 
master curve. The mean of these ten values f o r each 
d i s t r i b u t i o n was accepted as the peak p o s i t i o n of t h a t 
d i s t r i b u t i o n . 

(b) The Reciprocal Method: 

I n t h i s method, the cumulative percentage frequencies 
( i . e . the number of pulses of height less than the middle 
value of each i n t e r v a l i n a d i s t r i b u t i o n expressed as a. 
percentage of the t o t a l number of pulses w i t h a cut o f f at 
200 mV) were p l o t t e d on " a r i t h m e t i c a l p r o b a b i l i t y , f paper 
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against the r e c i p r o c a l s of the mid-points of the pulse 
height i n t e r v a l s for each d i s t r i b u t i o n . A s t r a i g h t l i n e 
was drawn us i n g the method of l e a s t squares, which ga?e 
reasonable f i t t i n g between 10% and 90$. The peak of the 
d i s t r i b u t i o n was given by the pulse height corresponding 
t o the or d i n a t e 50. {Barnaby 1961) 

(c } The Area. Method: 

'The peak p o s i t i o n of each d i s t r i b u t i o n was also 
estimated by measuring w i t h a planimeter the areas on each 
side of the maximum o r d i n a t e . For t h i s , a master histogram 
was drawn combining a l l the data. The t a i l of the 
d i s t r i b u t i o n was a r t i f i c i a l l y c u t - o f f a t 200 rnV. The area 
on the c u t - o f f p o r t i o n was of the t o t a l area under the 

curve• The maximum ordinate d i v i d e d the remaining areas 

i n the r a t i o 1 : 1.Z,.2. Barnaby ( I 9 6 I ) found t h a t the 
method was i n s e n s i t i v e t o the p o s i t i o n of the c u t - o f f 
provided the area removed was not more than 20% of the t o t a l 
area* 

The peak p o s i t i o n of each d i s t r i b u t i o n was then found 
by applying the same c u t - o f f and e s t i m a t i n g the ordinate 
which d i v i d e d the remaining area i n the p r o p o r t i o n 1*. 1.1+2, 
by the method of successive approximations. 

The r e s u l t s obtained from the three methods are 
tabu l a t e d i n t a b l e 7« 3* The er r o r s on the most probable 



Table 7.3 

The Mean, the Median, and the Mode of the S c i n t i l l a t o r 
Puise K e i f & i t D i s t r u c t i o n s : " 

|Cell | Mean 
l i n cm J i n mV 

Median lode i n mV by 
i i n raY jR e c i - 1 Sub- I Area 

[procal I j e c t i v e |'Method 
method I Method 

Norm­
a l i s e d 
Mode i n 
MeV 

42<:A<.80 I 99.55 
I 
I ~ P • 5 

94 • 2 192. 5 

i-3 .4 

ac.a6 

-3»4 

lg<A£42 1100.62 

I -4 9 

94.3 

.4.9 

:90.5 

1 + 

I 
9-5 

84* 0 

-3 • 4 

86.0 

-2.5 

88 

-2.5 I 

4*41 

io.19 

4 • 70 

—o. 14 

12 <̂ A 418 97»3t 

±4.1 

97.4 

±4.1 

88.5 

±2. 5 

84.88 

±2.5 
1 8 9 ' 
I ±2.5 

4» 67 

«0 • X/~ 

8 <: A<i2 I 92.19 
1 
i . 
1 X3.9 

90.2 

±3-9 

84.5 

f ±2.2 

81.88 
±2.2 

j 83 
1 ±2.2 ! ±0.12 

I ! 
1 ±4.2 j ±4.2 j± 2.1 | ±2.1 1 ±2.1 f ±0.12 

4 ^ A ^ 6 j 99.27 j 92.6 
j ±3.2 J ±3.2 

j 86.0 | 8 3 ^ ? l 8 6 
±1.8 ±1.8 | ±1.8 

f 4*53 
±0.10 

2 1 A i 4 j 94.08 j 87.97 
±2.5 ±2.5 

% 1 

85*0 | 78.22 | 81 
±1.3 | ±1.3 I ±1.3 

4*30 
—• 0«07 

1 C/Sc2 [Toi.o 
±5.0 

|90 .6 j S4.5 j 81.22 1 84 1 4.46 

±5.0 j ±1.6 ±1.6 I ±1.6 ±0.09 
i I 1 f 

97.8 
±5.04 

95.3 j 
±5.04 

84.5 
±2.2 

! 8 3 . 5 r f 8 9 4.59 
±0.12 

A<0.5 
1 
! 

88 • 4 I 
-3.0 <j 

j 

85*4 
±3»6 J 

1 

81.0 
±2.8 

76.4 J 79 

±2.8 j ±2.8 

4.20 
±0.15 



Table 7»3 (Continued) 

'lode i n mV by 
Reciprocal f Subjective } Area 
method \ method i Method 

i I 33.37 ! S3.0 j 86 

" ' " 9 9 ? ± 9 O ? "J ••• 

j { 81.SO j 86 

/ t —.-: • • o > — (C • O » — <C * O 
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pulse heights were estimated by assuming t h a t they would 
be s i m i l a r t o the e r r o r on the mean of a normal d i s t r i b u t i o n * 
The e r r o r on the mean = f u l l w i d t h at h a l f - h e i g h t , 

2.4 \Z~N~~ 

where N i s the number of events i n the d i s t r i b u t i o n (up t o 
200 mV). (West, 1962}. 

7A ( ^ . ) The Results 

The a r i t h m e t i c mean, and the median have also been 
calculated, f o r each d i s t r i b u t i o n and the r e s u l t s f o r a l l 
three are shewn i n . f i g . 7.4 a and b. The nature • of the 
V a r i a t i o n w i t h momentum f o r a l l the three parameters i . e . 
mean, median, and mode, i s seen to be s i m i l a r , ( f i g . 7*4 a 

and b ) . 
The values of the modes obtained by the three methods 

are not equal, and as such they have not^combined together, 
although a l l are given i n t a b l e 7» 3 • Only the r e s u l t s 
obtained by the s u b j e c t i v e method (which seemed t o have less 
e r r o r , being observed by ten people) are used f o r comparison 
with the t h e o r e t i c a l p r e d i c t i o n . 

I n f i g 7.5 > the observed values normalised t o the mean 
value of the t h e o r e t i c a l curve i n the momentum range 1 - 100 

Gev/c, given by Sternheimer f o r i o n i z a t i o n l o ss i n p l a s t i c 
s c i n t i l l a t o r of thickness 2.58 gm cm ~ are shown. 

Above 1 GeV/c i . e . from, about the onset of the density 

e f f e c t , the slope of the experimental curve was c a l c u l a t e d 
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by f i t t i n g a. s t r a i g h t l i n e by the method of Least squares 
through a l l experimental p o i n t s above i»5Ge¥/c« The 

+ 

r e s u l t a n t curve has a slope of - 0.64c? - 0.3$» g i v i n g an 
o v e r a l l decrease of 

(3»6 - 1.8) % per decade of momentum 
i n the t h e o r e t i c a l l y predicted plateau r e g i o n . The slope 
f o r the p o i n t s above $ GeV/c was also c a l c u l a t e d separately 
and a decrease- of about (2.7 - 1*7) % was found* 

The most probable pulse heights f o r p o s i t i v e and negative 
muons were a l s o c a l c u l a t e d by the three methods and are 
shown i n t a b l e 7*3. The r a t i o s of the most probable pulse 
heights as obtained by the three methods are 1.0l£ - 0.035? 
1.015 - 0,035 and 1.00 - 0 . 035 r e s p e c t i v e l y , the mean being 

+ 
1.011 - 0.035* Thus there i s no s i g n i f i c a n t d i f f e r e n c e i n 
the i o n i z i n g c a p a c i t y of the p a r t i c l e s of the two k i n d s . 
7A ( At ..} Discussion.. 

The main aim of the present experiment was t o t e s t 
the T s y t o v i c h p r e d i c t i o n according t o which there should 
be a decrease i n i o n i z a t i o n loss a t high energy { $ y 100} 

by about 7 to 10$ , below the Fermi plateau. As such the 
present d i s c u s s i o n w i l l be mainly confined t o the r e s u l t s 
i n the momentum range 10 GeV/c ( / ~ 100) t o 100 GeV/c 
( ^ 1000). 

The r e s u l t s of the present experiment show a decrease 
of 2*7$ - 1.7$ of the energy loss over the momentum range 
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10 - 100 GeV/c. This decrease ( ^ 2.7%) i s not 
s i g n i f i c a n t and i s c e r t a i n l y much less than t h a t p r e d i c t e d 
by Tsytovich. I n other words, our r e s u l t s do not support 
the Tsytovich p r e d i c t i o n . Rather, the present r e s u l t i s 
not i n c o n s i s t e n t w i t h 3te.rnhe.imer's theory according t o 
which the i o n i z a t i o n loss should show a plateau value above 
a momentum of 10 GeV/c (see chapter 2 , s e c t i o n 6 ) . 

The only other comparable measurements at high energy 
i n a p l a s t i c s c i n t i l l a t o r are those of C r i s p i n and Hayman 

(1964) . These workers, using cosmic ray rauons, found an 
i n d i c a t i o n of a small increase ( ~ 3% - 1%) of the most 
probable energy loss at high energy ( — 100 GeV/c). 

I t i s v a l i d t o take a mean of the values i n the two 
experiments i n view of the f a c t t h a t the type of s c i n t i l l a t o r 
used was i d e n t i c a l and the instrument and method of analysis 
was very s i m i l a r . The r e s u l t i s t h a t the r e l a t i v e increase 
above 10 GeV/c i s 0.15 - 2.3%, a-value even more c l e a r l y i n 
agreement with Sternheimer expectation. 

I 

Recently Asjton et a l . ( I965) studied the i o n i z a t i o n 
l o s s of cosmic ray muons using a l i q u i d s c i n t i l l a t o r . 
Their r e s u l t s also confirm the existence of density e f f e c t 
up t o the highest momentum ( r 250 GeV/c) measured. They 
too d i d not f i n d any evidence f o r a decrease of energy loss 
at high energy as suggested by Tsytovich. 

http://3te.rnhe.imer
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7B The Results on the Cerenkov Radiation Loss: 

7B (a) S t a b i l i t y of the E l e c t r o n i c s : 

Before a n a l y s i n g the f i n a l data, a f u r t h e r t e s t f o r 
the s t a b i l i t y of the counter e l e c t r o n i c s was c a r r i e d out. 
For t h i s , the events were d i v i d e d i n t o f i v e groups A, B, C, 
D and E, i n sequence of running time of the spectrograph, 
each group having approximately equal number of events. 
Then, the median of the pulse height d i s t r i b u t i o n s f o r each 
group was c a l c u l a t e d w i t h a cut o f f a t 400 mV. The results' 
are t a b u l a t e d below. 

Table 7•4 Median Values of Pulse Heights i n D i f f e r e n t 
Groups: 

Group Median i n mV 

A 103.3 * 5.5 
B 103.1 + R 9 

10^.2 5-7 
100.2 + D 100.2 5.7 

E 99.0 5-9 

I t i s found, t h a t there i s a small systematic decrease 
of pulse height with time. T h i s i s probably due to the 

ageing of the t r a n s i s t o r s . Since the p a r t i c l e s of a l l 
.momenta are included i n each, day's run, t h i s decrease should 
not a f f e c t the a c t u a l energy loss values r e l a t i v e t o each 



other* A.s such no c o r r e c t i o n was a p p l i e d t o the basic 

data* 
The pedestal from the a m p l i f i e r and gate c i r c u i t was 

checked by t a k i n g photographs on the o s c i l l o s c o p e and 

s i m u l a t i n g the a c t u a l working c o n d i t i o n of the spectrograph 
but without any Cerenkov or s c i n t i l l a t o r i n p u t pulse* 
The a n a l y s i s of the f i l m showed t h a t the p e d a s t a l was 

n e g l i g i b l y small {less than 5 mV). 

7B {.b'i) The Experimental .Data,: 

The methods of recording and the measurement of the 
Cerenkov pulses have been described already* 

Altogether 1765 events were found u s e f u l f o r t h i s p a rt 
of the experiment. I n t a b l e 7*5> the pulse height of a l l 

the selected p a r t i c l e s are tabulated. The frequency 
d i s t r i b u t i o n of p a r t i c l e s of a l l momenta i s shown i n fig.7.6 

7B (;c!)..' The..Resolution and Shape of the Cerenkov Pulse 
Hei.ght Pi s t r i b u t i o n : • 

The f i n i t e w idth of the Cerenkov pulse height d i s t r i b u ­
t i o n ( f i g . 7*6) a r i s e s clue t o 

(a) the p h o t o m u l t i p l i e r e f f e c t , 
(b) the v a r i a t i o n i n the path length of rations i n water 

i n the counter and v a r i a t i o n of p o s i t i o n of the 
t r a c k s w i t h respect t o the quartz tubes, 

and (c) a possible component due t o the momentum 
d i s t r i b u t i o n of unions. 



Frequency of Cerenkov Pulse Heights f o r D i f f e r e n t 
Momentun : C Q X X S * 

f 
lid-value of Pulse H eigh t i n mV. 

Cel l s 
m cm • 

10 30 50 70 90 110 130 150 170 190 210 230 250 

80^742 0 5 5 14 5 3 £|* 3 2 1 2 2 

42>^>ia 0 24 17 16 10 9 3 7 6 7 9 

I&)A>I£ 0 5 23 11 20 12 11 < 6 7 3 7 5 

12>,A>8 0 16 26 20 10 12 13 13 10 6 3 3 3 

8>A>£> 0 20 24 23 15 19 3 12 7 6 10 4 2 

6^A>4 0 " c 37 23 14 13 3 13 9 8 10 O 

4^A>2 J. 27 47 36 30 23 22 20 11 13 12 11 11 

2^A>1 0 21 57 32 31 22 21 31 6 10 1SJ 7 8 

1^)0.5 0 15 28 13 10 13 9 6 0 5 2 3 6 

A40.5 0 K 
'4' 

18 11 3 3 10 / 2 <=; 4 2 2 



Table 7«5 (Continued) 

Frequenc y' 01, 0 0 rer ikov Puis e K eight s f o r D i f f e r s nt 
Momentum C s X X s * 

Mi .d-value of Pulse Heig) i t i n m?» 

Cel l s * 270 2 90 310 330 350 370 390 410 430 450 470 490 

0 0 
1 1 

0 0 0 0 0 0 0 4 

42)/-^ IS 4 1 2 3 0 3 1 1 1 1 0 7 

1&>A>±2 1 0 2 0 1 1 1 0 0 0 0 

12} A > 8 • •? 6 X X 0 0 0 0 1 0 5 

g>&> 6 2 0 2 "3 3 1 0 0 1 0 5 

6} A > 4 O 5 7 2 5 7 2 3 0 3 2 

4)A> 2 10 5 3 10 4 r 
J 4 2 3 it 5 

2>/A > 1 7 5 0 A /C U 4 0 2 2 0 10 

l)^>0.p 7 3 2 3 0 1 0 1 0 1 0 2 

•2 2 2 3 0 i 1 0 1 0 0 ' 17 
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Of thesei the p h o t o m u l t i p l i e r e f f e c t gives the s i n g l e 
l a r g e s t c o n t r i b u t o r . This may be estimated as f o l l o w s . 
Assuming the pulse heights t o f o l l o w a &aussia.n d i s t r i b u t i o n , 
the pulse height r e s o l u t i o n ( G a r l i c k and Wright, 1952; 
Mu l l a r d Manual on P h o t o m u l t i p l i e r Tubes) i n a. p h o t o m u l t i p l i e r 
tube i s given by 

a 2 U\ 2 

JTN 
A 

- |—- , 100% o - J-

where N = number of e l e c t r o n s from, the photocathode 
f = c o l l e c t i o n e f f i c i e n c y of the c a t h o d e / f i r s t 

dynode 1 

6 = Average e l e c t r o n m u l t i p l i c a t i o n per dynode 
stage !r. 4*3 

t h e r e f o r e , 

\ N 

For 1£> photoelectrons, R — 72.31A» 

The v a r i a t i o n i n response over the whole counter 
c o n t r i b u t e s about 5<£- t o the r e s o l u t i o n . Thus f o r a mono-
energetic rauon, the t o t a l r e s o l u t i o n i s ~ 72* 5%» This may 
be compared with the observed r e s o l u t i o n &4«l/» - 4%» 

The pulse height d i s t r i b u t i o n , as can be seen from f i g . 
7»6, i s a skew d i s t r i b u t i o n w i t h a. long t a i l * . When the 
number of photo-electrons involved i s small, as i n the 
present case, the t h e o r e t i c a l noise curve obeys a d i s t r i b u t i o n 
i n termediate between a Gaussian and a Poisson d i s t r i b u t i o n . 
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(Breitenberger, 1 9 5 6 ) . I n f i g . 7*7* a Poisson d i s t r i b u t i o n 
f o r IS photoelectrons normalised t o the peak p o s i t i o n of the 
pulse height d i s t r i b u t i o n f o r a sample of 400 events i s shown. 
The observed long t a i l of the d i s t r i b u t i o n i s c l e a r l y of a 
d i f f e r e n t o r i g i n and i s considered t o be due t o the e f f e c t 
of knock-on e l e c t r o n s as i n d i c a t e d i n chapter 3s s e c t i o n 5* 

7B (xL ) The Pulse Height D i s t r i b u t i o n for.._Pos.itive and 
Negative Muons: 

The pulse height 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 negative 
muons are shown i n f i g . 7 « 8 . The most probable pulse heights 
of the two d i s t r i b u t i o n s are (43 .88 t O.51) mV, and (43*37 * 

0.87) respectively5 and t h e i r r a t i o i s equal t o 1.012 £ 

0 • 0 3 6 . 

7B (e) Grouping of the Data: 

As i n the i o n i z a t i o n loss experiment, the Cerenkov 
pulses were als o grouped i n t o momentum c e l l s , and the r e s u l t s 
are shown i n t a b l e 7*6. 

http://_Pos.it
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Table 7.6. 

•foment um Gells f o r Grouping of the Cerenkov Pulses 

C e l l Width Mean Momentum No. of 
(cm) i n the C e l l (up t o (cm) 

(GeV/c) 

L2 <A 4 80 0 .355 56 

18 < A 4 42 0.723 171 

12 < /\ <. IB 1.50 122 

& < A 4 1 2 2.32 146 

6 ^ a ^ e 3 . IS . I64 

4 4 A 4 6 4» 56 197 

2 ^ A ̂  4 8.04 305 

1 L A ̂  2 1 5 . 2 2S1 

0.5 X A ^ ! 3 0 . 5 132 

A < 0»5 93*6 92 

The histograms f o r the pulse height d i s t r i b u t i o n f o r 
d i f f e r e n t momentum c e i l s are given i n f i g . 7*9* 

7B ('f.} Analysis of the Data* 

A l l three methods used i n analysing the data on 
i o n i z a t i o n loss were also t r i e d i n the present case. 
However3 only the s u b j e c t i v e method was found t o be s a t i s ­
f a c t o r y i n analysing a skew d i s t r i b u t i o n of the present k i n d 



j™* 1 t>r 0 • 

The r e c i p r o c a l method was also t r i e d , w i t h d i f f e r e n t cut 
o f f p o s i t i o n s , but a good s t r a i g h t l i n e could not be f i t t e d 
through the p o i n t s . This i s presumably due t o the p e c u l i a r 
shape of the d i s t r i b u t i o n , the l a t t e r being more Poissonian 
than Gauss i s n. The presence of the long t a i l gave very-
i n c o n s i s t e n t r e s u l t s w i t h the area method. So only the 
su b j e c t i v e method was used f o r f i n a l a n a l y s i s . As before, 
a mean master curve using a l l the d i s t r i b u t i o n s p l o t t e d 
separately i n l o g - l i n e a r graph papers was drawn, and the 
data i . e . a l l the separate log-normal d i s t r i b u t i o n s , were 
submitted t o t e n independent observers. The mean of the ten 
peak values f o r each group' was evaluated. The. e r r o r on the 
most probable value was taken as t h a t f o r a normal d i s t r i b u ­
t i o n of the same wid t h . 

The a r i t h m e t i c mean and the median of each group were 
also c a l c u l a t e d w i t h the t a i l of the d i s t r i b u t i o n a r t i f i c ­
i a l l y cut o f f a t 400 mV. The accepted values of the mean, 
median and mode are given i n t a b l e 7»7« 
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Table 7 « 7 

Values of Mean, Median and Mode of the Cerenkov Pulse 
Height D i s t r i b u t i o n s 

fean Momentum 
GeV/c 

Mean 
rriV 

i n Median 
i n mV 

Mode 
mV 

i n 

0.355 114«3 -,-
9.3 81.4 + 9.3 42 .3 i 3 .5 

0.723 12 2.0 + 6 .6 81.5 + 6.6 45.0 1.7 

0- © ̂  V 123 • 7 ± a. 9 IO4 .2 9 5O.5 + 2.1 
2.32 117.4 + 9.0 102.5 + 9.0 43 • 3 

3 . IS 122. a 7 .5 100 .5 7 .5 43* 6 - I . 2.0 

4* 56 + 8.6 111*5 + 6 4̂*"4° * 3 
•h 

1.9 

8.04 13a. 1 - 110.0 4- 5 • 5 /f if • 2 - 1.6 

122.0 4 . 9 100.0 i 4.9 ± 1.4 

30.5 124 • $ i 7.7 100.8 7 .7 43 * 9 2.3 
98.6 133«9 + 9.1 113.7 t 9.1 C I 0 it 2. a 

7B ( g . ) The Results. 

The mean, the median and. the mode values of the 
Cerenkov pulse height d i s t r i b u t i o n s are p l o t t e d against the 
muon momentum in. f i g . 7 . 1 0 . 

The slope m f o r each of the three curves f o r p o i n t s 
above 1 GeV/c i . e . i n the region corresponding to-the 
plateau value of the ' c l a s s i c a l theory has been c a l c u l a t e d 
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per decade of momentum 

per decade of momentum 

m = (0.183 t 0.131) per decade of momentum 

The slopes f o r a l l the three curves are not s i g n i f i c a n t l y -
d i f f e r e n t from zero. The percentage r i s e of the mode 
values i n the c l a s s i c a l plateau r e g i o n above 1 GeV/c i s 
found t o be (4*3 - 4*3) % per decade of momentum. 
This means t h a t w i t h i n experimental e r r o r , the Cerenkov 
r a d i a t i o n loss maintains i t s plateau value from 1 GeV/c 
onward up t o the highest momentum ( — 100 GeV/c) measured. 

I n f i g . 7*11, the t h e o r e t i c a l curve due t o Frank and 
Tamm, and the observed most probable values normalised t o 
the theory at momentum corresponding t o mean of a l l p o i n ts 
above 1 GeV/c are shown. 

7B ('h).l' Discussion 

As mentioned i n chapter 4,.section B, there are only 
a few experiments performed so f a r t o i n v e s t i g a t e the 
v a r i a t i o n of Cerenkov r a d i a t i o n loss w i t h energy. I n 
the high energy region (GeV range) only two experiments 
(Bassi e t a l . ( 1 9 5 2 ) , and M i l l a r and Hincks (1957) ) have 

-142-

and found t o be equal t o 

i u mean ~ (0.4&0 1 0 .862) 

m median " <°-356 - 0 . 253) 



-143-

been reported so f a r . These workers used cosmic ray rations 
t o cover the energy range up t o 'about 4«2 GeV. The r e s u l t s 
of Bassi et a l . i n d i c a t e d a r e l a t i v i s t i c r i s e above t h a t 
p r e d i c t e d by the c l a s s i c a l theory of Frank and Tamm. 
However., t h e i r r e s u l t s were not i n c o n s i s t e n t w i t h the 
t h e o r e t i c a l p r e d i c t i o n of Budini ( 1 9 5 3 ) . But the authors 
gave only three observed p o i n t s . As such, the a c t u a l 
magnitude of the observed r i s e i s d i f f i c u l t t o estimate. 
Their l a s t observed .point corresponding t o energy about 4 « 2 

Gev" seems t o be about 30f higher than the t h e o r e t i c a l plateau 
value given by Frank and Tamm. 

M i l l a r and Kincks (1957)> also working i n the energy 
r e g i o n of a few GeV d i d not observe any r e l a t i v i s t i c r i s e . 
4s such, t h e i r r e s u l t s were i n c o n s i s t e n t w i t h t h a t of Bassi 
et a l . i n the high (GeY) energy range. They concluded t h a t 
the t h e o r e t i c a l Cerenkov i n t e n s i t y as given by the c l a s s i c a l 
theory of Frank and Tamm was v a l i d to w i t h i n few per cent 
from the thr e s h o l d up t o the plateau r e g i o n . 

The present work extends t o momenta much higher than 
h i t h e r t o . The r e s u l t s i n d i c a t e t h a t the Cerenkov r a d i a t i o n 
l o ss a f t e r a t t a i n i n g i t s plateau value a t about 1 GeV/c 
remains comparatively steady up t o the highest momentum 
measured. Thus, the data are q u i t e i n c o n s i s t e n t w i t h the 
r e s u l t s of Bassi e t a l . , and are i n agreement w i t h the 
r e s u l t s - o f . M i l l a r .and Hinks and w i t h the c l a s s i c a l theory 4 
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of Frank and Tamm. There i s no sig n of a decrease of 
Cerenkov i n t e n s i t y above 10 GeV/c { . ̂  > 100) as p r e d i c t e d 
by Tsytovich i n s t e a d , the l a s t p o i n t at momentum c: 100 
GeV/c shows, i f anything, a small r i s e above the plateau 
value* 



CHAPTER a 

CONCLUSIONS 

£ A Conclusion on the I o n i z a t i o n Loss 

From the study on the i o n i z a t i o n loss of cosmic ray 
rations i n p l a s t i c s c i n t i l l a t o r , the f o l l o w i n g conclusions 
are drawn. 

(a) The study on the i o n i z a t i o n loss of p o s i t i v e and 
negative muons i n d i c a t e s t h a t there i s no s i g n i f i c a n t 
dependence of the i o n i z a t i o n loss on p a r t i c l e s i g n , the 
r a t i o f o r p o s i t i v e t o negative muons being 1.011 - 0.035* 

(b) Experiments.! r e s u l t s on the i o n i z a t i o n loss above 
1 GeV/c show a s l i g h t r e d u c t i o n w i t h increasing momentum, 
a best s t r a i g h t l i n e g i v i n g a decrease of 3*6 ~ l.fJjS? per 
decade of momentum. The slope above 10 GeV/c i s (2.7 -
1.7)/ per decade and i s considerably smaller than p r e d i c t e d 
by Tsytovich (1962) f o r t h i s r e g i o n . 

I t i s contended t h a t the r e s u l t s are not I n c o n s i s t e n t 
w i t h the f c o n s e r v a t i v e ' p r e d i c t i o n s of Sternheimer (1952, 

1953) who expects a constant value of i o n i z a t i o n loss above 
10 GeV/c, and t h i s c o n t e n t i o n i s strengthened when a mean i s 
taken of the present data w i t h t h a t of C r i s p i n and Hay man 
(1964) who used, an i d e n t i c a l s c i n t i l l a t o r p l a s t i c and who 
found a small increase i n i o n i z a t i o n loss w i t h i n c r e a s i n g 
momentum* 
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8 B Conclusion on the Cerenkov Radiation Loss 

The conclusions on the study of Cerenkov r a d i a t i o n 
are as f o l l o w s : 

(a) The r e s u l t s on the Cerenkov r a d i a t i o n loss on p o s i t i v e 
and negative rnuons i n d i c a t e t h a t t h e r e i s no s i g n i f i c a n t 
d i f f e r e n c e i n Cerenkov i n t e n s i t y f o r the two types of 
p a r t i c l e s , the a c t u a l r a t i o measured f o r p o s i t i v e t o negative 

Hi* /* 
muons being 1.012 - 0.036. 

(b) The present r e s u l t s do not show any decrease .of 
Cerenkov i n t e n s i t y at momentum ^ 10 GeV/c ( V ^- 100) 
as suggested by Tsytovich from h i s theory on r a d i a t i v e 
c o r r e c t i o n s . 

(c) Turning t o lower momenta, the r e s u l t s agree w i t h 
those of M i l l a r and Hincks (1957) and are i n disagreement 
w i t h the only other experiment a t a momentum above 1 GeV/c, 
t h a t of Bassi et a l . (1952) which showed a marked increase 
i n Cerenkov loss at ~ 4 GeY/c. 

(d) The present r e s u l t s are i n good agreement w i t h the 
c l a s s i c a l theory of Frank and Tamm up t o the highest ( ~ 
100 GeV/c) momentum measured* 
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penaix 

Technical D a t a f o r t h e P l a s t i c Phosphor NE 102A 

The phosphor used i n a l l the s c i n t i l l a t o r s was of 
type NB 102A manufactured by the Nuclear Enterprises L t d. 
The f o l l o w i n g are the t e c h n i c a l data f o r the phosphor as 
given by the manufactures (Catalogue - September 1965)« 

General d e s c r i p t i o n .• .. •• S c i n t i l l a t i o n chemicals i n 
p o l y v i n y l - toluene. 

L i oht output .. •. Aft • • 

* $ * « 

• » • • • 

• • • • 0 e 

De c ay c o n s t a. nt 
Maximum emission 
S p e c i f i c g r a v i t y 
Softening temperature . . .. 
Refr a c t i v e index .. .. 
'Effects of l i q u i d s .. .. .. 

No. of atoms per cm barn 
H ' 

N 
0 

No. of el e c t r o n s per cc 

65% t h a t of an anthracene 
c r y s t a l of the same geometry. 

_Q 
2.2 x 10 y seconds 
4250 AU 
1.032 
75° c 
1.581 
Soluble in.aromatic sol v e n t s , 
acetone etc. 
Unaffected by water, d i l u t e 
acids, d i l u t e a l k a l i s or 
lower alco h o l s . 

0.0525 
0.0475 
1*8 x 10 
1.8 x 10~ 6 

-6 

3.4 x 1 0 2 3 
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Appendix 2 

E l e c t r o n i c s C i r c u i t s 

This appendix contains the c i r c u i t diagrams of some 
of the c i r c u i t s not given i n the t e x t but used i n the 
apparatus # 
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