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1) Introduction 

I n t h e y e a r 1 9 6 7 G l a s h o w , s a l a m , a n d W e i n b e r g d e v e l o p e d 

a t h e o r y w h i c h u n i t e d t h e e l e c t r o m a g n e t i c a n d w e a k i n t e r -

a c t i o n s ( W E I 6 7 ) . T h i s t h e o r y r e q u i r e s t h r e e n e w p a r t i c l e s a s 

t h e c a r r i e r s o f t h e w e a k f o r c e , t h e m a s s i v e i n t e r m e d i a t e 

v e c t o r b o s o n s W + , W ~ ' a n d Z ° , w h i l e t h e e l e c t r o m a g n e t i c f o r c e 

i s e x c h a n g e d b y m e a n s o f z e r o - m a s s n e u t r a l p h o t o n s . W + a n d 

W~ m e d i a t e t h e c h a r g e d c u r r e n t , a n d Z ° t h e n e u t r a l c u r r e n t . 

I n t h i s t h e o r y t h e m a s s e s o f t h e b o s o n s d e p e n d o n o n l y a 

s i n g l e f r e e p a r a m e t e r , t h e W e i n b e r g a n g l e © w : 

O 9 ? IT a 1 
M / = Mz

z c o s z ( e w ) = — , 
G sin'( 0 W ) 

W i t h t h e v a l u e o f t h e W e i n b e r g a n g l e k n o w n t o d a y b y e x p e r i -

m e n t a l m e a s u r e m e n t s t o b e s i n 2 ( e w ) = 0 . 2 2 9 ± 0 . 0 1 0 ( K I M 8 1 ) 

o n e o b t a i n s t h e m a s s e s M w = 7 8 G e V a n d M z = 8 9 G e V . F o r 

s e v e r a l y e a r s n o w t h e r e h a v e b e e n a m p l e e x p e r i m e n t a l i n d i c a -

t i o n s t h a t t h i s t h e o r y i s c o r r e c t ( G S W ) . H o w e v e r , b e c a u s e o f 

t h e l a r g e m a s s o f t h e b o s o n s i t h a s n o t b e e n p o s s i b l e t o d a t e 

t o p r o d u c e t h e s e p a r t i c l e s d i r e c t l y a n d d e t e c t t h e m . 

F o r t h i s r e a s o n i t w a s p r o p o s e d b y C . R u b b i a i n 1 9 7 6 a t 

t h e A a c h e n N e u t r i n o C o n f e r e n c e t h a t t h e e x i s t i n g s u p e r P r o t o n 

S y n c h r o t r o n i n t h e E u r o p e a n N u c l e a r R e s e a r c h C e n t e r CERN b e 

r e b u i l t a s a p p s t o r a g e r i n g , a n d t h u s b e a b l e t o r e a c h a 

c e n t e r - o f - m a s s e n e r g y o f 5 4 0 G e V ( R U B 7 6 ) . T h i s r e c o n s t r u c -

t i o n h a s n o w b e e n a c c o m p l i s h e d . 

E x p e r i m e n t a l l y i t i s e a s i e s t t o d e t e c t t h e v e c t o r b o s o n s 

w i t h o u t l a r g e i m p u r i t i e s b y t h e i r p u r e l y l e p t o n i c d e c a y s : 
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p + p W + + h a d r o n s 
+ ^ 

° r e + + v 

I n s u c h m e a s u r e m e n t s Z ° i s e a s i e r t o r e c o g n i z e t h a n t h e 

c h a r g e d b o s o n , f o r w h i c h i t i s n e v e r p o s s i b l e t o m e a s u r e 

a n y t h i n g b u t t h e m u o n e n e r g y , d u e t o a r e s o n a n c e p e a k i n t h e 

d i s t r i b u t i o n o f t h e i n v a r i a n t m a s s o f t h e l e p t o n p a i r s , w h i l e 

t h e n e u t r i n o u n o b s e r v a b l y c a r r i e s a w a y a p a r t o f t h e t o t a l 

e n e r g y . 

H o w e v e r , e v e n u s i n g t h e p p s t o r a g e r i n g , t h e p r o d u c t i o n 

r a t e r e m a i n s v e r y l o w . E v e n i f t h e d e s i r e d l u m i n o s i t y o f 
3 0 —2 —1 

L = 1 0 cm s i s a c h i e v e d , o n l y a b o u t o n e c h a r g e d b o s o n 

i s p r o d u c e d p e r h o u r . I t i s n e c e s s a r y t o f i l t e r t h e s e e v e n t s 

o u t o f a l a r g e n u m b e r o f o t h e r c h a r g e d p a r t i c l e s . W i t h a b o u t 
4 9 5 x 1 0 i n t e r a c t i o n s p e r s e c o n d , a p p r o x i m a t e l y 1 0 o f t h e s e 

b a c k g r o u n d e v e n t s a r e p r o d u c e d i n t h e t i m e i n w h i c h a s i n g l e 

c h a r g e d b o s o n i s c r e a t e d . I n o r d e r t o d e t e c t t h e d e c a y 

p r o d u c t s o f t h e s e b o s o n s t h e m u o n d e t e c t o r w a s b u i l t i n t h e 

T h i r d P h y s i c s I n s t i t u t e a s a c o n t r i b u t i o n t o t h e U A l E x p e r i -

m e n t a t t h e p p " s t o r a g e r i n g , a n d a m u o n t r i g g e r w a s b u i l t . 

I n t h i s d i p l o m a t h e s i s w e s h a l l b e g i n b y s t u d y i n g t h e p r o p e r -

t i e s o f t h e m u o n d e t e c t o r . I n t h e s e c o n d p a r t o f t h e w o r k w e 

s h a l l i n v e s t i g a t e t h e e f f e c t t h a t t h e h a d r o n i c b a c k g r o u n d h a s 

o n t h e n i u o n i d e n t i f i c a t i o n , a n d h o w i t m a y b e p o s s i b l e t o 

r e d u c e t h i s b a c k g r o u n d . T h e b a c k g r o u n d c o n s i s t s p r i m a r i l y o f 

h a d r o n s t h a t r e a c h t h e m u o n d e t e c t o r a n d m a y t h e r e b e m i s -

t a k e n f o r a m u o n . 

p + p -+ Z ° + h a d r o n s , 

I > H+ + n~ 
o r e + + e ~ 
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2) M u o n I d e n t i f i c a t i o n 

A s i t p a s s e s t h r o u g h m a t e r i a l a m u o n i n t e r a c t s o n l y 

e l e c t r o m a g n e t i c a l l y a n d v i a t h e w e a k f o r c e , a n d i s t h e r e f o r e 

c a p a b l e o f t r a v e r s i n g l a r g e m a t e r i a l t h i c k n e s s e s . I n c o n -

t r a s t , h a d r o n s , d u e t o t h e i r b e i n g s u b j e c t t o t h e s t r o n g 

f o r c e , p r o d u c e c a s c a d e s o f p a r t i c l e s . A f t e r a f e w i n t e r a c -

t i o n p a t h l e n g t h s s u c h a c a s c a d e i s a l m o s t c o m p l e t e l y a b -

s o r b e d . H i g h - e n e r g y e l e c t r o n s a n d p h o t o n s p r o d u c e a n e l e c -

t r o m a g n e t i c c a s c a d e t h a t c a n b e r e m o v e d b y a n a b s o r b e r . 

F o r t h i s r e a s o n a t y p i c a l m u o n f i l t e r c o n s i s t s o f a 

t h i c k b l o c k o f m a t e r i a l . E l e c t r o n s , p h o t o n s , a n d h a d r o n s 

w i t h a t y p i c a l e n e r g y o f 1 0 G e V c a n n o t , f o r e x a m p l e , p e n e -

t r a t e a s m u c h a s 1 . 5 m e t e r s o f i r o n , w h i l e a m u o n w i t h t h e 

s a m e s t a r t i n g e n e r g y l o s e s o n l y 1 . 7 5 G e V , a n d i t s d i r e c t i o n 

w i l l h a v e c h a n g e d o n l y b y a b o u t 2 0 m i l l i - r a d i a n s d u e t o 

m u l t i p l e s c a t t e r i n g . 

2 . 1 ) S e p a r a t i n g M u o n s f r o m E l e c t r o n s a n d P h o t o n s 

A s a c h a r g e d p a r t i c l e p a s s e s t h r o u g h m a t t e r i t c o n t i n u -

o u s l y l o s e s e n e r g y b y c o l l i s i o n s w i t h t h e s h e l l e l e c t r o n s o f 

t h e a t o m s . T h i s c a u s e s t h e a t o m s t o b e c o m e e x c i t e d o r e v e n 

i o n i z e d . U n d e r t h e a s s u m p t i o n t h a t t h e m a s s o f t h e p a r t i c l e 

M i s v e r y m u c h l a r g e r t h a n t h e m a s s o f t h e e l e c t r o n m e , t h e 

e n e r g y l o s s d u e t o i o n i z a t i o n i s g i v e n b y t h e B e t h e - B l o c h 

e q u a t i o n ( R O S 5 2 ) : 

dE 4 Z z 2 2 m v2
 2 2 

= 4 Tt N e — 5- ( In £ Y 6 ) 
dx. 0 A m_ v I ion e 
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T h i s e n e r g y l o s s i s s h o w n i n F i g . 1 a s f u n c t i o n o f 

P / M c = p Y , w h e r e 

N Q = t h e L o s c h m i d t n u m b e r 

e = t h e e l e c t r o n c h a r g e 

Z = t h e a t o m i c n u m b e r 

A = t h e a t o m i c w e i g h t 

z = t h e p a r t i c l e c h a r g e 

m e = t h e m a s s o f t h e e l e c t r o n 

v = t h e v e l o c i t y o f t h e p a r t i c l e 

I = t h e i o n i z a t i o n p o t e n t i a l 

)S = v / c 

= ( 1 - B 2 ) " 1 / 2 , t h e L o r e n t z f a c t o r . 

T h e e n e r g y l o s s h a s t h e f o l l o w i n g p r o p e r t i e s : 

1 ) I t d e p e n d s o n l y o n t h e p a r t i c l e v e l o c i t y v . 

2 ) A s t h e v e l o c i t y i n c r e a s e s t h e c u r v e i n i t i a l l y f a l l s 

o f f a s 1 / v 2 . 

3 ) A t P / M c = 3 t h e c u r v e h a s a b r o a d m i n i m u m , w h i c h i s 

c a l l e d t h e m i n i m u m i o n i z a t i o n r e g i o n . 

4 ) A s p / M c i n c r e a s e s t h e e n e r g y l o s s i n c r e a s e s i n 

p r o p o r t i o n t o I n ( Y ) . 

I n a d d i t i o n t o t h e e n e r g y l o s s d u e t o i o n i z a t i o n c h a r g e d 

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

f o r e x a m p l e , b r e m s s t r a h l u n g . T h e t o t a l r a d i a t i v e e n e r g y l o s s 

c a l c u l a t e s t o b e 

dE 4 Z 2 r 2 m , 183 
" - = E — * ^ ( _e }2 , „ ( - _ ) . 

dx r a d 137 A M Z 1 / 3 

w h e r e r . = ( e 4 ) / ( m 2 c 4 ) 
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The radiative loss is proportional to the square of the mass 
ratios (M/me). In comparison to the electron (M/me = 1) the 
muon (M/me = 1/2 07) loses hardly any energy due to radiation. 

The energy loss rises with the atomic number of the 
absorber. (-dE/dx is proportional to Z2). 

From this it follows that high-energy electrons can best 
be separated from muons by using an absorber with large Z 
(lead!). Energetic photons can also be filtered out using 
such a material since the can produce e + - e~ pairs, and be 
scattered by the Compton effect. The total ener of the 
particles is completely transferred to the medium. 

The absorption process of a high-energy electron or 
photon is due to a combination of all the processes described 
above. An electromagnetic cascade, a shower, is produced: 
An electron radiates a photon, this photon then produces a 
pair, which again radiates photons, etc. The number of 
electrons and photons in the cascade increases rapidly. This 
avalanche-like effect terminates when the energy of the 
photons is no longer high enough to cause the production of 
e + - e~ pairs. The number of particles then decreases ex-
ponentially. Above 1 GeV the cross sections for pair pro-
duction and bremsstrahlung are almost constant, and it is 
possible to define a mean free path which is called the 
radiation length: 

X Q = 716(A/Z2)In(183 z"1/3) (in g/cm2: 

The radiation length is a measure of the absorption 
capability of a material for electromagnetic processes. 
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T h e r e i s a c r i t i c a l e n e r g y , e , a t w h i c h t h e e n e r g y l o s s d u e 

t o r a d i a t i o n i s e q u a l t o t h a t d u e t o i o n i z a t i o n : 

e = 6 0 0 M e V / Z . 

F a b i a n d e s c r i b e s a p a r a m e t e r i z a t i o n o f t h e s h o w e r ( F A B 8 0 ) : 

1 ) T h e s h o w e r m a x i m u m i s f o u n d a t a d e p t h 

t J n a x = l n ( E Q / e ) - 1 ( r a d i a t i o n l e n g t h s ) . 

2 ) T h e l o n g i t u d i n a l s h o w e r d e p t h D a m o u n t s t o 
D = fcmax + * a t t ( r a d i a t i o n l e n g t h s ) a t t i n d i c a t e s 

h o w s t r o n g l y t h e s h o w e r i s a t t e n u a t e d . ) 

3 ) T h e l o n g i t u d i n a l a n d t r a n s v e r s e s h o w e r s p r e a d s a r e 

c o r r e l a t e d ( B a t h o w e t a l . B A T 7 0 ) . T h e s h a p e i s s c a l e -

i n v a r i a n t . 

F i g . 2 s h o w s t h e p a r t i c l e m u l t i p l i c i t y i n a n e l e c t r o -

m a g n e t i c s h o w e r . 

I n a d d i t i o n a l l c h a r g e d p a r t i c l e s u n d e r g o C o u l o m b s c a t -

t e r i n g a s t h e y t r a v e r s e m a t t e r ; t h i s i s c a u s e d b y e l a s t i c 

s c a t t e r i n g f r o m a t o m s o f t h e m e d i u m . T h i s r e s u l t s i n a m e a n 

s o l i d a n g l e o f s c a t t e r i n g o f ( R 0 S 4 1 ) : 

E s . < X 47T 1 / 2 
< © * > = ( * 7 " W i t h E

s " < — ) "i c 2 - 21 P 6 c X S 2 a e 

2 . 2 ) S e p a r a t i n g M u o n s f r o m H a d r o n s 

A s h a d r o n s p a s s t h r o u g h m a t t e r t h e y i n t e r a c t p r e d o m i -

n a n t l y v i a t h e s t r o n g i n t e r a c t i o n . T h e y m a y e x c i t e n u c l e o n s 

o r c o l l i d e w i t h t h e m i n e l a s t i c a l l y . I n e l a s t i c c o l l i s i o n s 

p r o d u c e f u r t h e r h a d r o n s . T h e m a j o r i t y o f t h e s e a r e p i o n s . 

T h e s e c o n d a r y h a d r o n s t h e n a l s o i n t e r a c t , t h u s c r e a t i n g a 
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h a d r o n i c s h o w e r . S i n c e t h e r e a r e m a n y d i f f e r e n t p r o c e s s e s 

t h a t c o n t r i b u t e t o p a r t i c l e p r o d u c t i o n a n d e a c h o n e i s q u i t e 

c o m p l i c a t e d w h e n c o n s i d e r e d i n d e t a i l , i t i s d i f f i c u l t t o 

f o r m u l a t e a s i m p l e t h e o r y o f h a d r o n i c s h o w e r s . N e v e r t h e l e s s , 

s o m e s t a t e m e n t s c a n b e m a d e : 

1 ) A n u c l e a r a b s o r p t i o n l e n g t h L a b s e x i s t s . B e y o n d t h e 

s h o w e r m a x i m u m , i n t h e f a l l - o f f r e g i o n o f t h e c u r v e , t h e 

d e c a y , w h i c h i s , t o f i r s t a p p r o x i m a t i o n , e x p o n e n t i a l , i s 

c h a r a c t e r i z e d b y L a j ; j S « F o r m e s o n s i n i r o n F a b i a n g i v e s 

a v a l u e o f L a b s = 1 9 cm ( F A B 8 0 ) . 

2 ) I n e v e r y h a d r o n s h o w e r a n e l e c t r o m a g n e t i c c a s c a d e a l s o 

d e v e l o p s , s i n c e t h e c o l l i s i o n s w i t h t h e n u c l e i a l s o 

p r o d u c e n e u t r a l p i o n s w h i c h d e c a y i n t o t w o p h o t o n s . T h e 

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

t h e h a d r o n i c o n e s i n c e t h e r a d i a t i o n l e n g t h X Q i s 

s m a l l e r t h a n t h e a b s o r p t i o n l e n g t h L a l : ) S ( I W A 7 S ) . 

3 ) T h e s h a p e o f t h e h a d r o n s h o w e r h a s b e e n d e t e r m i n e d 

e x p e r i m e n t a l l y a n d p a r a m e t e r i z e d . ( H O L 7 8 , F L 0 7 8 , B 0 0 8 0 ) 

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

d e p t h X i s g i v e n b y 

d E = X a • e x p { X 0 / L a b s } 

w h e r e a , f3, a n d L a b s a r e a l l e n e r g y - d e p e n d e n t . G r a n t 

h a s d e t e r m i n e d t h e e n e r g y d e p e n d e n c e o f t h e a b s o r p t i o n 

l e n g t h . F o r j r ~ - i n d u c e d s h o w e r s i n i r o n i t v a r i e s b e -

t w e e n 1 5 a n d 3 0 cm ( G R A 7 5 ) . 

4 ) T h e l e n g t h o f t h e s h o w e r i s p r o p o r t i o n a l t o l n ( E ) . 

5 ) T h e l a t e r a l e x t e n t o f t h e s h o v ; e r i s a b o u t o n e a b s o r p t i o n 

l e n g t h L a b s . 

T y p i c a l s h o w e r c u r v e s w i l l b e f o u n d i n F i g . 3 . B e c a u s e 

o f i t s v e r y s m a l l a b s o r p t i o n l e n g t h , i r o n i s p a r t i c u l a r l y 

g o o d f o r a b s o r b i n g h a d r o n s . 
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3) The Manor Components of the UAI Detector 

The UAI experiment marked the first time that events 
from ppr collisions with a center-of-mass energy of 2 x 270 
GeV were investigated. Since no experiments of this kind had 
ever been done before in this completely new energy domain, 
it was necessary initially to design the UAI detector to be 
as versatile as possible. For this reason it was given the 
following properties: 
1) Complete detection of the events over the total solid 

angle, 
2) exact momentum measurement of all charged particles, 
3) precise energy measurement of the electromagnetic and 

hadronic particles in calorimeters, and 
4) good muon identification. 

Since it is not possible to combine all these properties 
in a single device, the UAI detector is modularly constructed 
out of various individual detectors; these will now be brief-
ly described. A detailed description of the experiment is 
to be found in (UAI). Figs. 4 and 5 show the detector. 

The central detector is a self-supporting cylinder 6 m 
long and 2.2 m in diameter, which is subdivided into 6 mod-
ules. The individual modules are large drift chambers with 
several wire planes and 18 cm drift separation distances. 
The spatial resolution in the drift direction, in other words 
perpendicular to the anode wires is about 0.25 mm. Along the 
anode wires the track coordinate is determined by comparing 
the pulse heights at the two ends of the wire; in this direc-
tion the attainable resolution is about 2 cm. By means of 
this two-dimensional read-out the points on a particle track 
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c a n b e m e a s u r e d a t i n t e r v a l s o f 1 c m . A l o n g t h e d i r e c t i o n o f 

d r i f t t h e s m a l l e s t d i s t a n c e s e p a r a t i n g t w o j u s t s e p a r a b l e 

p o i n t s i s a b o u t 3 c m . T h e c e n t r a l d e t e c t o r i s p l a c e d i n a 

h o r i z o n t a l h o m o g e n e o u s m a g n e t i c f i e l d o f 0 . 7 T . F r o m t h e 

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

i s p o s s i b l e t o d e t e r m i n e t h e m o m e n t u m . F r o m t h e p u l s e h e i g h t 

m e a s u r e m e n t a l o n g t h e p a r t i c l e t r a c k o n e d e t e r m i n e s t h e 

s p e c i f i c e n e r g y l o s s d E / d x i n t h e g a s . I f t h e m o m e n t u m i s 

k n o w n t h e p a r t i c l e m a s s c a n b e d e t e r m i n e d f r o m t h e m e a s u r e -

m e n t o f t h e e n e r g y l o s s . 

T h e c e n t r a l d e t e c t o r i s s u r r o u n d e d b y t h e e l e c t r o m a g -

n e t i c c a l o r i m e t e r s . H e r e t h e e n e r g i e s o f t h e e l e c t r o n s a n d 

p h o t o n s t h a t h a v e b e e n c r e a t e d a r e m e a s u r e d . O f p a r t i c u l a r 

i n t e r e s t i s t h e m o s t p r e c i s e p o s s i b l e d e t e r m i n a t i o n o f t h e 

e n e r g i e s o f h i g h l y r e l a t i v i s t i c e l e c t r o n s f r o m t h e d e c a y o f 

t h e i n t e r m e d i a t e b o s o n s . T h e a b o v e - n a m e d p a r t i c l e s p r o d u c e 

a n e l e c t r o m a g n e t i c s h o w e r i n t h e c a l o r i m e t e r , w h i c h i s t o -

t a l l y a b s o r b e d i n t h e 2 6 r a d i a t i o n l e n g t h s o f t h e c a l o r i -

m e t e r . O n t h e b a s i s o f t h e c y l i n d r i c a l g e o m e t r y o n e d i s -

t i n g u i s h e s b e t w e e n t h e l a t e r a l s u r f a c e s w h i c h c o v e r a p r o -

d u c t i o n a n g l e o f 2 5 ° < © < 9 0 ° , a n d t h e e n d c a p s f o r t h e 

r a n g e u p t o 5 ° . T h e l a t e r a l s u r f a c e s c o n s i s t o f 4 8 h a l f -

m o o n - s h a p e d s e g m e n t s , t h e s o - c a l l e d " g o n d o l a s , " w i t h a w i d t h 

o f 2 2 . 5 cm e a c h a n d a t h i c k n e s s o f 3 6 c m . T h e a r e m a d e i n 

t h e f o r m o f a l e a d / s c i n t i l l a t o r s a n d w i c h m a d e o f 1 2 0 t i m e s 

1 . 2 mm l e a d a n d 1 . 5 mm p o l y s t y r e n e . T h e e n e r g y r e s o l u t i o n 

a m o u n t s t o A E / E = 16% S i n c e t h e g o n d o l a s a r e r e a d o u t 

a t b o t h e n d s , i t i s p o s s i b l e t o m e a s u r e t h e a z i m u t h a n g l e 

f r o m a p u l s e - h e i g h t c o m p a r i s o n . 

T h e i n n e r d e t e c t o r a n d t h e e l e c t r o m a g n e t i c c a l o r i m e t e r 

a r e l o c a t e d i n s i d e a r e c t a n g u l a r s p o o l w h i c h p r o d u c e s a 
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d i p o l e f i e l d p e r p e n d i c u l a r t o t h e b e a m t u b e o f s t r e n g t h 0 . 7 T 

o v e r a v o l u m e o f 8 0 m 3 . 

O u t s i d e t h e m a g n e t c o i l t h e f l u x o f t h e m a g n e t i c f i e l d 

i s r e t u r n e d t h r o u g h a l a r g e i r o n y o k e w h i c h c o m p l e t e l y e n -

c l o s e s t h e i n n e r c o m p o n e n t s o f t h e d e t e c t o r . T h e l a t e r a l 

d o m a i n , t h a t i s t o s a y 3 0 ° < © < 9 0 ° i s c o v e r e d b y 1 6 C -

s h a p e d e l e m e n t s . T h e s e h a v e a w i d t h o f 9 0 c m a n d a t h i c k n e s s 

o f 9 6 c m . T h e y o k e i s i n t e r r u p t e d i n i t s t h i c k n e s s d i m e n s i o n 

1 6 t i m e s t o a c c o m m o d a t e s c i n t i l l a t o r p l a t e s . T h u s a c a l o r i -

m e t e r i s f o r m e d o f a t o t a l o f a b o u t 5 n u c l e a r a b s o r p t i o n 

l e n g t h s . T h e e n d a r e a s f o r 5 ° < e < 3 0 ° a l s o c o n s i s t o f a n 

i r o n - s c i n t i l l a t o r s a n d w i c h , w h i c h , h o w e v e r , h a s a t h i c k n e s s 

o f 7 a b s o r p t i o n l e n g t h s . T h e e n e r g y r e s o l u t i o n a m o u n t s t o 

A E / E = 8 0 % / JE. T h e h a d r o n c a l o r i m e t e r s a r e s u b d i v i d e d 

i n t o b l o c k s o f a b o u t 9 0 x 9 0 c m 2 ; e a c h b l o c k c o n s i s t s o f a 

f o r w a r d a n d a r e a r s e c t i o n W h i c h a r e r e a d o u t s e p a r a t e l y . 



15 -

4 ) T h e M u o n D e t e c t o r 

W i t h t h e d e s c r i b e d a r r a n g e m e n t o f t h e d e t e c t o r c o m p o -

n e n t s o f t h e U A 1 e x p e r i m e n t o n e w o u l d , i n t h e i d e a l c a s e , 

e x p e c t o n l y m u o n s t o b e l e f t o u t s i d e t h e c a l o r i m e t e r s , w h i c h 

c a n t h e n b e d e t e c t e d i n t h e m u o n d e t e c t o r . T h e c o o r d i n a t e s 

o f s u c h a m u o n t r a c k a r e m e a s u r e d i n d e p e n d e n t l y o f e a c h o t h e r 

w i t h t h e a i d o f d r i f t t u b e s i n t w o p r o j e c t i o n s o r i e n t e d 

p e r p e n d i c u l a r t o o n e a n o t h e r . T h e a n o c l a w i r e p l a c e d i n t h e 

c e n t e r o f t h e d r i f t t u b e s e e s t w o d r i f t s p a c e s o f 7 cm l e n g t h 

e a c h , o n e o n i t s l e f t a n d o n e o n i t s r i g h t . T h i s c r e a t e s a 

l e f t - r i g h t a m b i g u i t y i f o n e w a n t s t o u s e t h e d r i f t t i m e t o 

d e t e r m i n e t h e l o c a t i o n . T h i s a m b i g u i t y i s r e s o l v e d b y u s i n g 

a s e c o n d l a y e r o f d r i f t t u b e s w h i c h a r e c e m e n t e d o n t o t h e 

f i r s t l a y e r d i s p l a c e d b y h a l f a t u b e w i d t h . T h i s a l s o s e r -

v e s , a t t h e s a m e t i m e , t o c o m p e n s a t e f o r t h e i n e f f i c i e n c y 

c a u s e d b y m e c h a n i c a l l y n e c e s s i t a t e d d e a d s p a c e b e t w e e n t h e 

t u b e s . I n o r d e r t o m e a s u r e t h e o t h e r c o o r d i n a t e o f t h e 

t r a c k , a s e c o n d d o u b l e p l a n e o f d r i f t t u b e s i s a d d e d a t 9 0 ° 

t o t h e f i r s t . I n o r d e r t o a c h i e v e g o o d a n g u l a r r e s o l u t i o n o f 

a f e w m i l l i - r a d i a n s a s e c o n d c h a m b e r i s l o c a t e d a t a s e p a -

r a t i o n d i s t a n c e o f 5 8 5 mm. T h i s a n g u l a r r e s o l u t i o n c o r -

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

d e c a y o f t h e i n t e r m e d i a t e b o s o n s . F i g . 6 s h o w s t h e s p a t i a l 

a r r a n g e m e n t . T h e l a r g e l e v e r a r m i s a l s o n e c e s s a r y i n o r d e r 

t o m a k e i t p o s s i b l e t o b e a b l e t o d e c i d e , o n l y a f e w m i c r o -

s e c o n d s a f t e r t h e i n t e r a c t i o n , w h e t h e r t h e m u o n c o m e s f r o m 

t h e i n t e r a c t i o n z o n e . 

S u c h m o d u l e s , c o n s i s t i n g o f t w o c h a m b e r s p l a c e d o n e 

b e h i n d t h e o t h e r , a r e u s e d t o c o v e r t h e f o r w a r d d i r e c t i o n , 

t h e l a t e r a l d i r e c t i o n , u p w a r d d i r e c t i o n o f t h e s l a b - s h a p e d 
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U A l e x p e r i m e n t ( F i g . 4 ) . I n o r d e r t o s i m p l i f y t h e c o n s t r u c -

t i o n i t w a s c o n s i d e r e d d e s i r a b l e t h a t t h e r e b e o n l y t w o 

d i f f e r e n t t y p e s o f c h a m b e r s f o r c o v e r i n g t h e r e g i o n s m e n -

t i o n e d a b o v e . T h e l a r g e c h a m b e r s h a v e t h e f o l l o w i n g d i m e n -

s i o n s : l e n g t h 5 . 5 5 m , w i d t h 3 . 7 5 m . T h e s m a l l c h a m b e r s h a v e 

t h e n a m e l e n g t h , b u t a w i d t h o f 3 . 1 5 m . ( S e e T a b l e 1 . ) 

A s t h e a r r a n g e m e n t o f t h e c h a m b e r s s h o w n i n F i g . 4 m a k e s 

c l « s a r , t h e m o d u l e s a r e o v e r l a p p e d a t t h e e d g e s i n o r d e r t o 

a c h i e v e t h e b e s t p o s s i b l e a c c e p t a n c e . F i g . 8 s h o w s t h e 

d i s t r i b u t i o n o f t h e m o d u l e s , t h e o v e r l a p p i n g o f t w o r e g i o n s 

i s s h o w n i n F i g . 7 . T h e u n c o v e r e d a r e a s i n t h e r e g i o n a r o u n d 

<f> = 9 0 ° a r e n e c e s s a r y i n o r d e r t o b e a b l e t o b r i n g t h e c a b l e s 

a n d o t h e r c o n n e c t i o n s f r o m t h e i n n e r d e t e c t o r s t o t h e o u t -

s i d e . I n t h e f o r w a r d d i r e c t i o n a n a r e a o f 2 x 2 m a r o u n d 

t h e b e a m t u b e w a s l e f t o p e n . I n t h i s r e g i o n t h e i d e n t i f i -

c a t i o n o f m u o n s i s e x t r e m e l y d i f f i c u l t d u e t o t h e h i g h b a c k -

g r o u n d c a u s e d b y b e a m - g a s i n t e r a c t i o n s a n d p u n c h - t h r o u g h , a s 

w e l l a s d e c a y m u o n s . 

I n t h e f l o o r r e g i o n b e l o w t h e U A l e x p e r i m e n t t h e s u p -

p o r t s f o r t h e m a g n e t s a s w e l l a s t h e t r a c k s f o r t h e d e t e c t o r s 

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

F o r t h i s r e a s o n t w o a d d i t i o n a l c h a m b e r t y p e s w e r e t h e r e f o r e 

d e v e l o p e d , t h e l a r g e a n d s m a l l f l o o r c h a m b e r s , w h i c h e x a c t l y 

f i t i n t o t h e s u p p o r t s . T h e y c o n s i s t o f f o u r l a y e r s o f 5 . 5 5 -

m e t e r l o n g d r i f t t u b e s w h i c h a r e o r i e n t e d i n o n l y o n e d i r e c -

t i o n , b u t a r e r e a d o u t a t b o o t h e n d s . T h e m i s s i n g s e c o n d 

c o o r d i n a t e i s d e t e r m i n e d f r o m t h e t r a n s i t t i m e d i f f e r e n c e o f 

t h e p u l s e s a l o n g t h e t u b e s . 

A l l t h e c h a m b e r s t a k e n t o g e t h e r c o v e r a n a r e a o f 6 7 0 m , 

t h e c o v e r e d s o l i d a n g l e a m o u n t s t o 9 5% o f 4 t t . W i t h t h e 
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d e s i r e d s p a t i a l r e s o l u t i o n o f 1 mm i v . i s p o s s i b l e t o a c h i e v e 

a n a n g u l a r r e s o l u t i o n o f 4 m i l l i - r a d i a n s . T h i s i s r / a f f i c i e n t 

f o r m e a s u r i n g t h e c o u l o m b s c a t t e r i n g a n g l e of t h e m u o n s i n 

t h e c a l o r i m e t e r s , a n d t h u s d e t e r m i n e t b c i i m o m e n t a . I f o n e 

d e e » no^: t a k e t h e d r i f t - t i m e i n t o a c c o u n t b u t o n l y t h e o n - o f f 

i n f o r m a t i o n f r o m t h e t u b e s , t h e n w i t i i 1 5 - c m - w i o e t u b e s o n e 

s t i l l a c h i e v e s a n a n g u l a r r e s o l u t i o n o f 1 5 0 j r . i . H i - r a d i a n s , i f 

o n e d e m a n d s t h a t a t l e a s t t h r e e o f t h e f o u r l a y e r s i n o n e 

p r o j e c t i o n m u s t h a v e f i r e d . T h e t - e v a l u e s a r e f o r t h o s e 

r e g i o n s w h e r e t h e m u o n s i m p i n g e u p o n '.:hfe c h a m b e r s a t i n c i -

d e n c e a n g l e s l e s s t h a n 0 ° . 

4 . 1 ) c o n s t r u c t i o n 

T o b e g i n w i t h , a l a y e r o f d r i f t t u b e s i s s p r e a d o u t o n a p 
4 x 6 m f l a t a n d v e r y p r e c i s e s t e e l t a b l e , a n d e a c h t u b e i n 

t u r n i s s t r a i g h t e n e d o u t . S i n c e t h e a l u m i n u m t u b e s a r e 

c o n t i n u o u s e x t r u s i o n s , t h e e x h i b i t s m a l l b e n d s o f s e v e r a l mm 

o v e r a l e n g t h o f 5 m . F o r t h i s r e a s o n t h e y a r e f a s t e n e d t o 

t h e t a b l e a l o n g t h e i r l e n g t h b y n u m e r o u s s m a l l w e d g e s w h i c h 

f a s t e n o n t o t h e o u t e r s l o t s i n t h e p r o f i l e . T h e e n d s o f t h e 

t u b e s a r e p o s i t i o n e d b y m e a n s o f b o l t s t h a t f i t i n t o t h e 

c o l l i m a t o r . T h u s i t i s m a d e c e r t a i n t h a t l a t e r t h e p o s i t i o n 

o f t h e a n o d e w i r e s , w h i c h i s d e t e r m i n e d b y t h e e n d s o f t h e 

t u b e s , i s e x a c t l y k n o w n t o w i t h i n 0 . 2 5 mm. T h e s e c o n d l a y e r 

i s t h e n p l a c e d u p o n t h e f i r s t a n d a l s o p o s i t i o n e d e x a c t l y . 

T h e t w o l a y e r s a r e t h e n c e m e n t e d t o g e t h e r w i t h e p o x y r e s i n 

i n t o a d o u b l e p l a n e . A s e c o n d d o u b l e p l a n e i s t h e n c e m e n t e d 

t o t h e f i r s t o n e i n t h e o r t h o g o n a l o r i e n t a t i o n . T h e c h a m b e r s 

a r e c o v e r e d a t t o p a n d b o t t o m w i t h a m e t a l c o v e r s h e e t w h i c h 

h a s a c e l l u l a r s t r u c t u r e . T h i s c e l l u l a r s t r u c t u r e g i v e s t h e 

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

s u p p l y a r e a t t a c h e d . N e x t t o t h e g a s s h a f t s o n t h e u p p e r 

s i d e o f t h e c h a m b e r s a r e c a b l e c h a n n e l s i n w h i c h a l l t h e 

e l e c t r i c a l s u p p l y i s p l a c e d . A t o n e e n d i s t h e h i g h v o l t a g e 

s u p p l y , a t t h e o t h e r e n d a r e t h e p r e a m p l i f i e r s a n d t h e s i g n a l 

c a b l e c o n n e c t o r s . E a c h t u b e i s i n d i v i d u a l l y c o n n e c t e d t o t h e 

h i g h v o l t a g e s u p p l y a n d t o t h e p r e a m p l i f i e r b y w a y o f g a s -

t i g h t f e e d - t h r o u g h s . T h u s i t i s p o s s i b l e a t a n y t i m e t o 

p e r f o r m r e p a i r s o n t h e e l e c t r i c c o m p o n e n t s o f a t u b e . F i g . 9 

s h o w s o n e e n d o f a c h a m b e r . 

T h i s t y p e o f c o n s t r u c t i o n h a s s e v e r a l a d v a n t a g e s : 

D u e t o t h e i r c e l l s t r u c t u r e t h e c h a m b e r s a r e s t a b l e 

e n o u g h t o b e a b l e t o w i t h s t a n d b e i n g e v a c u a t e d . I t t h u s 

b e c o m e s p o s s i b l e t o o u t g a s t h e P V C c o m p o n e n t s i n t h e 3 

t u b e s . W h e n t h e r e i s a g a s c h a n g e a f t e r e v a c u a t i o n , i t 

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

f r e s h g a s . 

T h e t u b e s w i t h a w a l l t h i c k n e s s o f 3 mm a r e w e l l s h i e l d -

e d e l e c t r i c a l l y f r o m e a c h o t h e r . S p i l l - o v e r o f t h e 

s i g n a l s f r o m o n e t u b e t o a n a d j a c e n t o n e w a s o n l y v e r y 

r a r e l y o b s e r v e d . 

S i n c e a l t o g e t h e r o n l y f o u r t y p e s o f c h a m b e r s a r e m a d e , 

t h e c h a m b e r s m a y b e i n t e r c h a n g e d w i t h o n e a n o t h e r s o a s 

t o b e a b l e t o c a r r y o u t r e p a i r s . 

- T h e c h a m b e r s a r e s o r o b u s t t h a t t h e p o s i t i o n s o f t h e 

w i r e s r e l a t i v e t o e a c h o t h e r a n d r e l a t i v e t o r e f e r e n c e 

p o i n t s a t t a c h e d t o t h e e x t e r i o r d o n o t c h a n g e . 
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4 . 2 T h e D r i f t T u b e 

4 . 2 . 1 M o d e o f O p e r a t i o n 

T h e d r i f t t u b e i s a d e t e c t o r d e v i c e w i t h h i g h s p a t i a l 

r e s o l u t i o n f o r i o n i z i n g p a r t i c l e s . W h e n c h a r g e d p a r t i c l e s 

p a s s t h r o u g h a g a s t h e y i o n i z e t h e g a s m o l e c u l e s a l o n g t h e i r 

p a t h . T h e i o n s a n d e l e c t r o n s t h u s c r e a t e d c a n b e s e p a r a t e d 

f r o m e a c h o t h e r b y a n e l e c t r i c f i e l d . T h e y m o v e a l o n g t h e 

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

c a t h o d e . B e c a u s e o f t h e i r , s m a l l e r m a s s '•.he e l e c t r o n s a r r i v e 

a t t h e a n o d e c o n s i d e r a b l y f a s t e r t h a n t h < i o n s t o t h e c a t h o d e - . 

I f t h e a n o d e i s g i v e n t h e f o r m o f a t h i n w i r e , t h e n i n i t s 

v i c i n i t y t h e f i e l d s t ; o n g t h b e c o m e s v e r y l a r g e , a n d i n c r e a s e s 

i n i n v e r s e p r o p o r t i o n t o t h e d i s t a n c e r f r o m t h e a n o d e . A s 

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

m o r e a n d m o r e e n e r g y . T h e y c a n g i v e o f f t h i s e n e r g y t o t h e 

g a s m o l e c u l e s b y c o l l i s i o n s . T h e y m a y e i t h e r e x c i t e t h e 

a t o m s o r i o n i z e t h e m . i f t h e f i e l d s t r e n g t h i s h i g h e n o u g h 

t h e r e s u l t i s a n a v a l a n c h e - l i k e m u l t i p l i c a t i o n o f t h e i o n -

e l e c t r o n p a i r s , w h i c h m a y a t t a i n a m u l t i p l i c a t i o n o f a s m u c h 
7 

a s 1 0 . T h u s a c h a r g e p u l s e i s c r e a t e d o n t h e a n o d e , w h i c h 

c a n t h e n b e f u r t h e r p r o c e s s e d b y a s e n s i t i v e a m p l i f i e r . 

A s i d e f r o m t h e f i e l d s t r e n g t h , t h e d r i f t s p e e d o f t h e 

p r i m a r y e l e c t r o n s i s a l s o d e p e n d e n t o n t h e g a s m i x t u r e u s e d 

i n t h e c h a m b e r . I f o n e i n t e g r a t e s t h e k n o w n d r i f t v e l o c i t y 

V D ( E , G a s ) f r o m t h e t i m e t Q o f t h e p a r t i c l e p a s s a g e t h r o u g h 

t h e c h a m b e r u p t o t h e m e a s u r e d d r i f t t i m e t D , t h e n o n e o b -

t a i n s t h e l o c a t i o n o f t h e p a r t i c l e p a s s a g e x i n t h e d r i f t 

t u b e . 
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T h e a m p l i f i c a t i o n f a c t o r o f t h e d r i f t t u b e i s a d j u s t e d 

b y m e a n s o f t h e a n o d e v o l t a g e . We o p e r a t e o u r t u b e s i n t h e 

s o - c a l l e d p r o p o r t i o n a l r e g i o n i n w h i c h t h e a n o d e s i g n a l i s 

p r o p o r t i o n a l t o t h e n u m b e r o f p r i m a r y e l e c t r o n s p r o d u c e d . 

T h e c h a r g e a v a l a n c h e r e m a i n s s h a r p l y l o c a l i z e d a l o n g t h e 

w i r e . I f t h e a n o d e v o l t a g e i s i n c r e a s e d , o n e l e a v e s t h e 

p r o p o r t i o n a l r e g i o n a n d m o v e s i n t o t h e G e i g e r - M i i l l e r r e g i o n . 

H e r e t h e s i g n a l p u l s e s a r e v e r y l a r g e , b u t n o l o n g e r p r o p o r -

t i o n a l t o t h e p r i m a r y i o n i z a t i o n . F u r t h e r m o r e , b e c a u s e o f 

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

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

w i r e , a n d t h e t u b e b e c o m e s i n s e n s i t i v e f o r s e v e r a l m i c r o -

s e c o n d s , s i n c e t h e s e c o n d a r y e l e c t r o n s c a n n o t b e m o v e d a w a y 

f r o m t h e a n o d e f a s t e n o u g h , a n d t h u s s h i e l d t h e a n o d e . M o r e 

d e t a i l e d d e s c r i p t i o n s o f t h e c o m p l i c a t e d r e l a t i o n s h i p s i n g a s 

a m p l i f i c a t i o n a r e t o b e f o u n d i n S A U 7 7 anc* S A D 8 0 a s w e l l a s 

i n E H L . 

4 . 2 . 2 D e s i g n 

T h e d r i f t t u b e s a r e o p t i m i z e d i n s u c h a w a y t h a t , o n t h e 

o n e h a n d , t h e y a r e m a d e u p o f t h e f e w e s t p o s s i b l e l o w - c o s t 

c o m p o n e n t s , b u t , o n t h e o t h e r h a n d , h a v e h i g h s p a t i a l r e s o -

l u t i o n , e v e n a t l a r g e a n g l e s . T h e g e o m e t r i c d i m e n s i o n s 

r e s u l t e d f r o m t h e r e q u i r e m e n t s t h a t t h e n u m b e r o f t u b e s b e 

k e p t s m a l l , i n o r d e r t o m i n i m i z e c o s t s f o r t h e e l e c t r o n i c s , 

a n d t o k e e p t h e m a x i m u m d r i f t t i m e s o s m a l l t h a t e n o u g h t i m e 

i s a v a i l a b l e u n t i l t h e n e x t ppT b e a m i n t e r s e c t i o n , i n o r d e r t o 

b e a b l e t o u n d e r t a k e a r a p i d a n a l y s i s o f t h e d r i f t t u b e s t h a t 

r e g i s t e r a p a r t i c l e . O n l y t h u s i s i t p o s s i b l e t o b u i l d a 

m u o n t r i g g e r w h i c h i s b a s e d s o l e l y o n t h e d a t a f r o m t h e m u o n 

d e t e c t o r s . T h e o p t i m i z a t i o n o f t h e t u b e s h a p e w a s t r e a t e d i n 
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t h e d i p l o m a - t h e s i s b y T . E h l e r t ( E H L ) . T h e c o n s t r u c t i o n o f a 

f a s t m u o n t r i g g e r , a s w e l l a s t h e f i r s t e x p e r i e n c e o b t a i n e d 

f r o m i t s o p e r a t i o n a r e d e s c r i b e d i n t h e d i p l o m a w o r k b y H . 

L e h m a n n ( L E H ) . 

T h e m u o n d e t e c t o r i s o p e r a t e d , j u s t a s i s t h e c e n t r a l 

d e t e c t o r o f t h e U A 1 , w i t h a g a s m i x t u r e o f 40% a r g o n a n d 60% 

e t h a n e . F o r t h i s g a s , a b o v e a f i e l d s t r e n g t h o f 5 0 0 V / c m , 

o n e e x p e c t s a d r i f t v e l o c i t y o f 5 0 M m / n s , a l m o s t i n d e p e n d e n t 

o f t h e f i e l d s t r e n g t h ( M A R 7 9 , s e e F i g . 1 0 ) . A t s u c h f i e l d 

s t r e n g t h s t h e l o c a t i o n - t i m e r e l a t i o n i s a l m o s t l i n e a r . 

T h e a n o d e w i r e i s h e l d i n t e n s i o n b y a f o r c e o f 3 N o v e r 

a l e n g t h o f 6 m . I t s a g s o n l y 0 . 1 mm a t i t s c e n t e r , a n d 

t h e r e f o r e r e q u i r e s n o o t h e r s u p p o r t i n t h e t u b e . 

F i g . 1 1 s h o w s a c r o s s s e c t i o n t h r o u g h t h e t u b e . T h e 

7 - c m - l o n g d r i f t s p a c e s a r e l o c a t e d l e f t a n d r i g h t o f t h e 

c e n t r a l a n o d e , w h i c h c o n s i s t s o f a s t a i n l e s s s t e e l w i r e 0 . 0 5 

mm t h i c k . A t y p i c a l a n o d e v o l t a g e i s 3 0 0 0 V . I n o r d e r t o 

g u a r a n t e e t h e d e s i r e d f i e l d s t r e n g t h o f 5 0 0 V / c m e v e r y w h e r e , 

i t i s n e c e s s a r y t o u s e c a t h o d e v o l t a g e s o f - 7 0 0 0 V . T w o 

a d d i t i o n a l a u x i l i a r y c a t h o d e s w i t h - 5 0 0 0 V s h a p e t h e f i e l d 

s o t h a t a s f e w f i e l d l i n e s a s p o s s i b l e t h a t c o m e f r o m t h e 

c a t h o d e s e n d o n t h e b o d y o f t h e t u b e , w h i c h i s k e p t a t z e r o 

p o t e n t i a l . A c o l l i m a t o r p l a c e d 1 3 mm i n f r o n t o f t h e a n o d e 

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

f r o m t h e c e n t e r o f t h e s e n s i t i v e v o l u m e . T h e s e f i e l d l i n e s 

a r e n o t w a n t e d b e c a u s e t h e e l e c t r o n s t h a t d r i f t a l o n g t h e m 

a r r i v e a t t h e a n o d e l a t e r t h a n t h o s e t h a t d r i f t i n t h e c e n -

t e r . T h e s e o u t e r e l e c t r o n s m e r e l y s p r e a d o u t t h e p u l s e , b u t 

d o n o t c o n t r i b u t e t o t h e t i m e d e f i n i t i o n . 
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Fig. 12 shows the field shape for one half of the tube. 
By means of the collimator the tube is divided into two 
regions that are simple to treat. Within the collimator a 
radial field exists; outside the dominant field is a largely 
parallel and homogeneous field in the sensitive volume 

4.2.3 Prooertias 

The properties of the tube were determined experimen-
tally in a 10 GeV n~ beam at the 2 8 GeV proton synchrotron 
at CERN (EHL). Fig. 13 shows the geometric arrangement of 
the experiment. The tube was fastened to a solid aluminum 
frame in such a manner that it could be rotated and laterally 
displaced. Ahead of and behind the frame were drift chambers 
with a drift space of 2.5 cm and a spatial resolution of 
0.1 mm were placed, in which the pion beam was defined. In 
addition the beam had to encounter a beam telescope made of 
scintillation counters, which were placed further forward. 
With this apparatus the following results were achieved: 

1) At a working voltage of 3100 V on the anode the drift 
tube is efficient over the entire length of the drift 
space (Fig. 14). 

2) In the voltage range of interest to us the pulse height 
doubles when the anode voltage is increased by 150 V 
(Fig. 15). 

3) Along the drift space the pulse height is proportional 
to the thickness of the sensitive volume, and thus to 
the number of primary electron produced (Fig. 16, com-
pare this to Fig. 12). 

4) Fig. 17 shows the location-time relationship for various 
angles of incidence. For 0° it is linear; at larger 
angles irregularities appear, but these may be explained 
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by the shape of the sensitive volume (see EHL, EGG80, 
BEC75*. The deviation from linearity, even at 60° is 
not more than 5 mm. 

5) At angles up to 20° the spatial resolution is between 
0.25 mm and 0.4 mm. At larger angles it becomes worse; 
at the locations where there are irregularities in the 
location-time relationship it rises to as much as 2 mm 
(Fig. 18) 

6) One can infer the location where the particle passes 
through the tube from the differences in the transit 
time of the pulse to the two ends of the tube, admitted-
ly with considerably poorer precision (Fig. 19). The 
achievable spatial resolution ax amounts to about 60 mm 
in the region around the center of the tube and to about 
130 mm at the ends of the tube. 
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5) Sources of Background in Muon Identification 

The target luminosity of the UAl experiment amounts tv. 
30 —2 —1 . L = 10 cm. s . For a total cross section of 55 mbarn one 

would thus expect 50,000 ppT interactions per second. The 
mean particle multiplicity had already been measured by the 
UAl collaboration, and amounts to n = 3.6 + 0.3 charged 
particles per unit interval of rapidity in the range 
-1.3 < y < 1.3, where y is the rapidity. The primary pro-
duction consists mainly of pions and other hadrons (ARN81). 
Compared to this enormous hadron rate, the number of muons 
produced by the decays of the intermediate bosons: 

pp" -> W + + x , pp -> W~ + X , pp -> Z° + X 
I — + ^ + I—>/x+ + 

is extremely small. At an integrated luminosity of 
J*L dt = 103 3 cm-2 

one muon is expected from the W decay (for -2 < y < 2) while 
Q 

at the same time typically 10 other particles were produced 
(EGG80a). in order to be able to find such rare events with 
certainty it is necessary to know all the other processes 
which would cause particles to be seen in the muon detector, 
which do not stem from W or Z decays. Such background events 
have various sources? the background may be divided into 
muonic and hadronic components: 
1) They may be muons produced promptly in the pp collision 

via the Drell-Yan mechanism, which have enough energy to 
pass through all the absorbers. 

2) Background muons may, however, also result from the 
decay of mesons, for example pion decay or kaon decay. 

3) Other heavy particles can also disintegrate into muons. 
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F i n a l l y , p a r t i c l e s o t h e r t h a n m u o n s m a y a l s o r e a c h t h e m u o n 

c h a m b e r s a n d t h e r e l e a v e a t r a c k t h a t m i m i c s a m u o n . 

4 ) T h e y m a y b e p i o n s w h i c h h a v e m a d e n o i n e l a s t i c i n t e r a c -

t i o n i n t h e e n t i r e a b s o r b e r , o r , o n t h e o t h e r h a n d , 

5 ) t h e y m a y b e h a d r o n s t h a t h a v e c o m e f r o m a h a d r o n s h o w e r 

i n t h e h a d r o n c a l o r i m e t e r a n d h a v e r e a c h e d t h e m u o n 

c h a m b e r s . 

T h e m o s t i m p o r t a n t m u o n i c b a c k g r o u n d c o m e s f r o m t h e 

d e c a y s o f p i o n s a n d k a o n s . F o r t h e s i d e r e g i o n s a n d t h e t o p 

r e g i o n o f t h e m u o n d e t e c t o r o n e c a n e s t i m a t e t h e r a t e o f 

d i s i n t e g r a t i o n s i n t h e c e n t r a l d e t e c t o r w i t h a r a d i u s o f 1 . 3 

m . A f t e r t h e d i s i n t e g r a t i o n t h e m u o n s m u s t a l s o h a v e a 

t r a n s v e r s e m o m e n t u m o f a b o u t 1 . 4 G e V / c i n o r d e r t o b e a b l e t o 

p e n e t r a t e t h e c a l o r i m e t e r s a t t h e l a t e r a l r e g i o n ; f o r t h e t o p 

a n d f l o o r r e g i o n s t h e t r a n s v e r s e m o m e n t u m m u s t b e 1 . 5 G e V / c . 

T h e t r a n s v e r s e m o m e n t u m o f t h e d e c a y i n g p i o n i s t h e n o n t h e 

a v e r a g e 2 0 % l a r g e r ( t h e r e s t o f t h e m o m e n t u m i s c a r r i e d o f f 

b y t h e n e u t r i n o w h i c h h a s a l s o b e e n p r o d u c e d b y t h e d e c a y ) . 

A l p e r h a s m e a s u r e d h o w o f t e n p i o n s w i t h t r a n s v e r s e m o m e n t a P t 

g r e a t e r t h a n a t h r e s h o l d m o m e n t u m P t
c u t a r e p r o d u c e d ( A L P 7 5 ) . 

F i g . 2 0 s h o w s t h i s s p e c t r u m . I f o n e m u l t i p l i e s t h e n u m b e r o f 

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

o n e P t i n t e r v a l , a n d w i t h t h e m e a n d e c a y p r o b a b i l i t y i n t h i s 

i n t e r v a l , t h e n o n e o b t a i n s t h e r a t e f o r t h e b a c k g r o u n d o f 

d e c a y m u o n s . T h e s i d e r e g i o n c o v e r s , l i k e t h e t o p a n d b o t t o m 

r e g i o n s t o g e t h e r , a n a z i m u t h a n g l e o f & $ = i r , a n d a r a p i d i t y 

i n t e r v a l o f - 1 < y < 1 . T a b l e 2 l i s t s t h e r a t e o f t h i s 

b a c k g r o u n d f o r i n d i v i d u a l P t i n t e r v a l s . T h e r e s u l t i s a r a t e 

o f 1 3 . 2 m u o n s p e r s e c o n d i n t h e l a t e r a l r e g i o n , a n d 8 . 4 m u o n s 

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

T _ in30 „ -2 -1 L = i o cm s 
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D i r e c t l y p r o d u c e d m u o n s a n d t h o s e f r o m t h e d e c a y o f 

h e a v y m e s o n s w i l l n o t b e t r e a t e d h e r e . 

T h e y c o n s t i t u t e a n a d d i t i o n a l u n c e r t a i n t y i n t h e b a c k -

g r o u n d e s t i m a t i o n . T h e d e t e r m i n a t i o n o f t h e h a d r o n i c b a c k -

g r o u n d f o r m s t h e s u b j e c t o f t h e n e x t c h a p t e r . 
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6) Measurement of the Background Due to Hadrons that are 
Mistaken for Muons in Muon Identification 

6.1) Logic and Design of the Experiment 

By hadronic background we mean all particles that leave 
the calorimeter after the incomplete absorption of a hadron, 
which may look like a muon. These may be hadrons that have 
not undergone an inelastic collision in the absorber, or they 
may be particles that were produced by the hadron cascade, 
leave the calorimeter, and have a direction similar to that 
of the entering pion. This background is called "punch-
through". It is very difficult to calculate the punch-
through for so complicated an absorber shape as is given in 
the UAI experiment. Furthermore, the punch-through is af-
fected by a very large number of parameters, which in turn 
are energy- and material-dependent. Especially in the end 
part of a shower, which is important for these considera-
tions, the statistical fluctuations in such quantities as 
range, type of particles last produced, average momentum, 
etc. are large, which makes the theoretical calculations 
considerably more difficult. 

We therefore reached the decision to determine the 
punch-through rate experimentally. For this purpose an 
experiment was constructed using prototypes and original 
parts of the UAI detector. With this apparatus it was pos-
sible to measure not only the absolute punch-through rate, 
but also the signatures of the different types of events in 
the individual components of the detector. Particular em-
phasis was put on a good description of the event topology in 
the muon detector. A more detailed examination was made of 
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t h e p o s s i b i l i t y o f d e t e c t i n g i n d i v i d u a l e v e n t s a s b a c k g r o u n d 

w i t h o u t l o s i n g t o o m a n y m u o n c a n d i d a t e s i n t h e p r o c e s s . A 
n ~ b e a m w a s s e l e c t e d f o r s i m u l a t i n g t h e U A I c o n d i t i o n s a n d 

f o r m e a s u r i n g t h e p u n c h - t h r o u g h . S u c h a b e a m h a s t h e d i s -

a d v a n t a g e t h a t i t i s c o n t a m i n a t e d w i t h m u o n s f r o m p i o n d e c a y . 

A l t h o u g h i t i s p o s s i b l e t o r e c o g n i z e m u o n s o n t h e b a s i s o f 

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

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

r a n g e f r o m 2 G e V / c t o 1 0 G e V / c , i n o r d e r t o b e a b l e t o e x t r a -

p o l a t e f r o m t h e c o n d i t i o n s a t h i g h m o m e n t a , w h e r e t h e m u o n i s 

e a s y t o i d e n t i f y , t o t h e r a t e s a t l o w p i o n m o m e n t a . T h e 

e x p e r i m e n t s w e r e c a r r i e d o u t a t e x p e r i m e n t a l p o s i t i o n D 3 1 A o f 

t h e 2 8 G e V p r o t o n s y n c h r o t r o n a t t h e E u r o p e a n N u c l e a r R e -

s e a r c h C e n t e r C E R N . D u r i n g a s l o w e j e c t i o n o f 0 . 3 s p r o t o n s 

a r e p r o j e c t e d a g a i n s t a m e t a l t a r g e t . T h e s e c o n d a r y p a r -

t i c l e s p r o d u c e d t h e r e a r e m o m e n t u m - s e l e c t e d b y a s t r o n g 

m a g n e t i c f i e l d a n d a b e a m c o l l i m a t o r , a n d a r e g u i d e d t o t h e 

a r e a o f t h e e x p e r i m e n t b y a t r a n s p o r t s y s t e m c o n s i s t i n g o f 

d e f l e c t i o n a n d f o c u s s i n g m a g n e t s . By a s u i t a b l e s e l e c t i o n o f 

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

i t i s p o s s i b l e t o p r o d u c e p i o n b e a m s o f k n o w n m o m e n t a b e t w e e n 

2 G e V / c a n d 1 0 G e V / c . 

T h e h a d r o n s p r o d u c e d b y p p i n t e r a c t i o n s h a v e a m e a n 

t r a n s v e r s e m o m e n t u m o f 4 0 0 M e V / c . A s m a y b e s e e n f r o m F i g . 

2 0 , t h e m o m e n t u m s p e c t r u m d e c r e a s e s v e r y r a p i d l y a s t h e 

t r a n s v e r s e m o m e n t u m i n c r e a s e s . F o r t h i s r e a s o n t h e l a r g e s t 

b a c k g r o u n d d u e t o m i s - i d e n t i f i e d p a r t i c l e s i n t h e U A I e x p e r i -

m e n t i s e x p e c t e d t o b e b e t w e e n 2 G e V / c a n d 3 G e V / c , b a r e l y 

a b o v e t h e m i n i m u m m o m e n t u m t h a t a p a r t i c l e n e e d s t o b e a b l e 

t o p a s s t h r o u g h t h e c a l o r i m e t e r s c o m p l e t e l y ( P m i n = 1 - 5 t o 2 

G e V / c ) . 
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6 . 2 ) T h e E x p e r i m e n t a l S e t - U p 

F i g s . 2 1 a n d 2 2 s h o w t w o v i e w s o f t h e e x p e r i m e n t a l s e t -

u p . 

The incident particle is defined in a beam telescope that 
consists of the scintillation counters SO - S3 and B. SO - S3 

2 2 are 110 x 110 m in size, S4 is 40 x 40 mm in size, and B is a 
ring-shaped counter with 300 mm outer diameter and 70 mm inner 
diameter. The S counters are connected in coincidence logic, 
while the B counter is in anti-coincidence with them. This sup-
presses events that are accompanied by associated particles. 
Since the beam is focused by quadrupole magnets it has a spatial 
divergence that increases with decreading momentum. The B 
counter makes sure that only the inner part of the beam, the 
part that is parallel to the beam axis, is used for the 
trigger. 

A s o - c a l l e d " g o n d o l a " f r o m t h e U A l e x p e r i m e n t w a s u s e d 

a s e l e c t r o m a g n e t i c c a l o r i m e t e r ; t h e s t r u c t u r e o f t h i s " g o n -

d o l a " h a s a l r e a d y b e e n d e s c r i b e d a b o v e ( C h a p t e r 3 ) . T h e 

i n c o m i n g p a r t i c l e i s i n c i d e n t o n i t n e a r o n e e n d , s o t h a t t h e 

s i g n a l s i n t h e l i g h t p i p e s a r e a t t e n u a t e d a s l i t t l e a s p o s -

s i b l e b e f o r e t h e y r e a c h t h e p h o t o m u l t i p l i e r s . T h e h a d r o n 

c a l o r i m e t e r c o n s i s t s o f a p r o t o t y p e w i t h t h e s a m e s t r u c t u r e 
2 

a s a U A 1 - C m o d u l e w i t h a f r o n t s u r f a c e o f 9 9 x 9 2 cm . 4 5 cm 
2 

b e h i n d t h i s i r o n c a l o r i m e t e r t h e r e s t o o d a 2 x 2 m p r o t o t y p e 

o f t h e m u o n c h a m b e r s w h i c h h a d e x a c t l y t h e s a m e s t r u c t u r e a s 

t h e f i n a l c h a m b e r s . 2 2 c m f u r t h e r b a c k s t o o d a 2 0 - c m - t h i c k 

i r o n w a l l a n d 1 4 cm f u r t h e r b e h i n d t h a t a n o t h e r 4 0 cm o f 

i r o n . T o g e t h e r w i t h t h e c a l o r i m e t e r s p l a c e d i n f r o n t o f i t , 

t h i s i r o n i s u s e d f o r m u o n i d e n t i f i c a t i o n . F o r s i m u l a t i n g 
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s t i l l g r e a t e r a b s o r b e r t h i c k n e s s e s , s u c h a s t h o s e t h a t o c c u r 

i n t h e f o r w a r d d i r e c t i o n o f t h e U A I e x p e r i m e n t , i t i s p o s -

s i b l e t o i n s e r t a d d i t i o n a l h a d r o n c a l o r i m e t e r s i n t o t h e b e a m . 

S i n c e w e h a d n o a d d i t i o n a l e l e c t r o m a g n e t i c c a l o r i m e t e r s 

a v a i l a b l e , w e p l a c e d a 2 . 5 c m - t h i c k l e a d p l a t e i n f r o n t o f 

t h e g o n d o l a t o b r i n g t h e s y s t e m e v e n w i t h e a c h a d d i t i o n a l 

h a d r o n c a l o r i m e t e r . T h e m o s t i m p o r t a n t d a t a c o n c e r n i n g t h e 

d e t e c t o r s u s e d a r e t o b e f o u n d i n T a b l e 3 . 

M u o n s t h a t s t e m f r o m p i o n d e c a y i n t h e l a s t p a r t o f t h e 

b e a m a r e i d e n t i f i e d i n s c i n t i l l a t i o n d e t e c t o r s M l a n d M 2 , 

w h i c h h a v e a r e a s o f 1 . 1 x 1 . 1 m , a n d w h i c h a r e p l a c e d b e h i n d 

t h e l a s t i r o n w a l l s . U s i n g t r i g g e r c o u n t e r s T 1 a n d T 2 i t i s 

p o s s i b l e t o t r i g g e r o n a l l e v e n t s i n w h i c h a t l e a s t o n e 

p a r t i c l e h a s l e f t t h e c a l o r i m e t e r s t o w a r d s t h e b a c k d i r e c -

t i o n . T 1 c o n s i s t s o f a c o i n c i d e n c e o f t w o c o u n t e r s w i t h a n 

a r e a o f 4 7 x 4 7 c m 2 . T 2 c o n s i s t s o f t h r e e h o r i z o n t a l a n d 

t h r e e v e r t i c a l c o u n t e r s w h i c h a r e r e a d o u t i n d i v i d u a l l y a n d 
2 

a r e s w i t c h e d i n c o i n c i d e n c e . T 2 c o v e r s a n a r e a o f 1 x 1 m . 

T 1 i s l o c a t e d 5 cm b e h i n d t h e i r o n c a l o r i m e t e r a n d t h u s 

i n c l u d e s l a r g e r e x i t a n g l e s t h a n d o e s T 2 , w h i c h i s p l a c e d 1 0 

cm b e h i n d t h e m u o n c h a m b e r . 

6 . 3 ) T h e T r i g g e r 

T h e s i m p l e s t t r i g g e r t r i g g e r s t h e d e t e c t o r r e a d - o u t 

w h e n e v e r a n i n c i d e n t p a r t i c l e i s o b s e r v e d i n t h e b e a m t e l e -

s c o p e . T h i s m i n i m a l t r i g g e r w i l l b e d e s i g n a t e d a s S i n w h a t 

f o l l o w s : 

S = SO X S I X S2 X S3 X S4 X B 

("B s u p p r e s s e s h a l o p a r t i c l e s t h a t f l y a l o n g w i t h t h e b e a m 

p a r t i c l e . ) M u o n s a r e t r i g g e r e d f o r i f o n e a d d i t i o n a l l y 
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requires a coincidence from Ml and M2, since, in contrast to 
the hadrons, the muons are capable of penetrating clear 
through the additional 60 cm of iron behind the calorimeters. 
For mean momenta less than 4 GeV/c M2 is taken out of the 
coincidence circuit since not all the muons will have enough 
energy to get as far as M2. 

The muon trigger is designated as M: 
M = S x (Ml x M2) for P > 4 GeV/c 
M = S x Ml for P < 4 GeV/c 

The decay length for pions amounts to 22 m from the last 
deflection magnet to the calorimeter. Fig. 2 3 shows the 
expected and measured muon rates from pion decay. The dif-
ference between the measured and expected rates has a number 
of causes: 

First of all, not all muons are detected by the beam 
telescope. In pion decay the muons are emitted into an angle 

relative to the flight path of the pion. Different angles 
will occur for different muon momenta. Muons that are emit-
ted in the forward direction in the center-of-mass system 
carry approximately the momentum of the decaying pion. Muons 
emitted in the backward direction carry about half the pion 
momentum. The correlation between the muon momentum and the 
angle of emission is shown for three pion momenta in Fig. 
24. For a given acceptance angle of the telescope the 
fraction of detected muons is dependent on the muon momentum. 
Whereas for large pion momenta nearly all the muons are seen, 
the situation for small momenta is such that only those muons 
coming from pions emitted forward or backwards fall within 
the acceptance cone of the telescope. Additional muons are 
lost because at small pion momenta the muons emitted back-
wards no longer have enough energy to get as far as M2. In 
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addition, the muons are deflected on their path through the 
iron due to Coulomb scattering. The amount of deflection 
increases as the momentum becomes smaller, so that for beam 
momenta more and more muons fall outside the spatial accep-
tance of the muon counters Ml ans M2, and thus are lost to 
the trigger. [Translator's note: The sentence above is trans-
lated as given in the manuscript. It appears however that a 
word is probably missing. It would seem that the sentence 
should read ... so that for (decreasing) beam momenta...] 

In addition the muon trigger becomes contaminated at 
high energy due to punch-through events in which shower 
particles have gone as far as the counter M2. The points on 
Fig. 23 have been corrected for these perturbations using the 
values from Chapter 7. 

For us the most important trigger is the anti-muon 
trigger AM for which at least one particle has left the 
calorimeter in the rearward direction, but where the muon 
counters have not registered. This means that one of the 
trigger counters TI or T2 has registered, without at the same 
time both muon counters having seen a particle. Below 4 
GeV/c M2 has again been taken out of the trigger here: 

This trigger is used to determine the rate of hadronic 
punch-through. Unfortunately at low momenta the AM trigger 
xs contaminated by muons which were, indeed, accepted by the 
beam telescope, but which do not have enough energy to get as 
far as to M2. If one assumes that these muons, which were 
emitted backwards in the pion decay, carry about 60% of the 

AM = S X (TI + T2) x (Ml x M2) 
AM = S X (TI + T2) X MT 

for P > 4 GeV/c 
for P < E GeV/c 
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pion momentum, then one would expect a muon contamination of 
the anti-muon trigger for the various absorber thicknesses at 
beam momenta which are smaller than the following momenta: 

D1 (Gondola, C module) : 2.9 GeV/c 
D2 (Gondola, C module, 1 addl. calorim.) : 4.5 GeV/c 
D3 (Gondola, C module, 2 addl. Calorims.) : 5.1 GeV/c 
These numbers were calculated using range tables (J0S69) 

and Table 4. For thicknesses D2 and D3 the range to counter 
M2 was used to determine the limiting momentum. For thick-
ness D1 the calculation was extended only to counter Ml, 
since the start of contamination lies below 3 GeV/c. For 
these momenta M2 had been taken out of the trigger. 

6.4 Data Acquisition 

The electromagnetic calorimeter is subdivided into four 
compartments with different thicknesses. These compartments 
are 3.25, 6.5, 9.75, and again 6.5 radiation lengths thick, 
and are observed at each end of the gondola by photo-multi-
pliers, which are each connected to two different amplifiers. 
The hadron calorimeter consists of a front and a rear part, 
which are both of the same thickness, and each of which is 
read out by two photo-multipliers. The additional calori-
meters are also connected to two phototubes each. All calo-
rimeter signals are individually passed onto 8-bit analog-to-
digital converters. 

A total of 2 6 different individual count rates or com-
bined rates are collected in a dead-time-free manner. In 
addition it is determined for each event which of the scin-
tillators has registered. The muon chambers are recorded 
using drift-time recorders (DTR) with a time resolution of 
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4 ns. This system has the advantage, as compared to simple 
time-digital converters (TDC), that more pulses can be 
recorded in the individual channels. For each channel (each 
drift tube) a push register (FIFO) is available, into which 
hits are read in continuously. If an event is to be 
recorded, then after the maximum drift time of 1.5 /is a stop 
pulse is given and the state of the push registers is frozen. 
After being read out by the computer the inputs to the push 
registers are reopened. 

A block circuit diagram of the electronics of the 
experiment is shown in Fig. 25. During the ejection the 
proton synchrotron delivers a signal which is 0.5 s long, the 
so-called spill gate. "nly during the spill are events with 
the triggers described above accepted. Since the master 
signal thus created consists of an overlap coincidence with 
many inputs, the event time TQ is defined afterwards by means 
of the signal from a beam telescope counter (retiming). This 
signal sets a flip-flop which in turn controls the input 
buffer for the ADCs and counters and generates the stop 
signal for the DTRs. After a 100 us delay, which is required 
for digitalization, the computer read-out of the event is 
initialized. Once the HP 2100 computer has processed the 
event the flip-flop is reset, and the detector is ready for 
the next event. In order to check the zero-points of the 
ADCs it is possible to produce additional master signals, 
outside the spill (pedestal measurement). 

The DTRs, ADCs, and counters are read out via a data bus 
and a standard CAMAC interface by an HP2100 computer, and 
written out onto mag °tic tape (Fig. 26). It is possible to 
produce simple hist«- j^ams and graphic representations of 
events on-line (Fig. 27). A branching unit (Spy) is built 
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into the data bus, which is controlled by a CAVIAR computer. 
With this device it is possible to copy out results from the 
data stream asynchronously to the HP computer. This makes it 
possible to make random-sample error searches in the elec-
tronics and the read-outs. Fig. 28 shows an image from this 
control monitor. Measurements for the following beam momenta 
were carried out for three different absorber thicknesses 
each: 2, 3, 4, 5, 8, and 10 GeV/c. For each momentum three 
sets of data were obtained with the minimal trigger, with 
30,000 events in each, one data set with muon trigger with 
10,000 events, and one data set with anti-muon trigger with 
as many events as possible, nut a maximum of 20,000 events. 
With the minimal trigger as many as 300 events per second 
could be recorded. The rate of incident particles (S) 
amounted to 300/spill at small momenta, and as much as 
15,000/spill at a beam momentum of 10 GeV/c. 



36 

7) Results of the Measurements in the Test Beam 

7.1) The Measured Exit Probability for Hadrons 

The hadronic punch-through is measured by determining 
the exit probability for hadrons from the calorimeters. For 
this purpose the rate of anti-muon triggers AM is divided by 
the number of incident particles, defined as S. The proba-
bility W^, per incident particle, then becomes: 

Wh = AM / S 
This Wh, that is to say, the acceptance of the anti-muon 
trigger, is plotted as function of the beam momentum in Fig. 
29. For momenta smaller than 4 GeV/c M2 is removed from the 
trigger. Since in the AM trigger it is required that at 
least one of the trigger counters TI or T2 has registered, it 
is possible to subdivide Wh further, by using the AM trigger 
only with counter TI ahead of the muon chamber for one case, 
and for the other cases uses only trigger T2 behind the 
chamber. Thus one obtains two probabilities W^Tl and W^T2, 
which give the probabilities for punch-through directly 
behind the calorimeters, and for punch-through as far as 
behind the muon chambers. 

WhTl = S X TI X (Ml X M2), WhT2 = S x T2 x (Ml X M2) 
These are plotted as function of beam momentum in Fig. 30. 
On the average WhTl is 1.5 times as large as WhT2, since TI 
is located directly behind the calorimeters, and thus sees a 
considerably larger solid angle, as seen from the calori-
meter, than does T2. In Fig. 30 initially only those beam 
energies were used for which the data are not contaminated by 
muons (for Dl, 3 to 10 GeV, for D2, 5 to 10 GeV, for D3, 8 to 
10 GeV). 

I 
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For small momenta the rate is in error; in Fig. 29 one 
finds that there the rates lie systematically too high. 
There the AM trigger also includes muons that did not get as 
far as M2. However, in determining W^Tl and WhT2 it is 
possible to gain two additional points (for D2 at 4 Gev/c and 
for D3 at 5 GeV/c) if one includes the measured rat.as of muon 
counter Ml. 

With a pure anti-muon trigger not contaminated by muons 
it is possible to determine how strongly a hadron shower is 
damped by the 20 cm of iron that lie between the counters T2 
and Ml. To this end one divides the partial number of AM 
events for which the Ml counter has registered, by the total 
number of all events. Of course one may only take into 
consideration those events in which T2 has registered. Tl is 
no longer taken into consideration, since the solid angles 
covered by Tl and T2 are too different, whereas T2 and Ml 
cover similar angles. For a measure of the shower damping, 
d, that is, the decrease of the particle density in the end 
of the shower, one may define: 

d = [S x T2 x Ml X M2]/[S X T2 X (Ml x M2)] 
= exp{(-20 cm)/Ld) 

Here Ld is the damping length for a hadron shower in iron. 
The damping of the shower at the end may also be determined 
in another way: By inserting the additional calorimeters it 
is possible to increase the absorber thickness. By dividing 
the anti-muon trigger rates by the various absorber thick-
nesses one again obtains d, although, in thais case, for an 
equivalent iron thickness of 24.3 cm: 

d = {[S x T2 x (Ml x M2)] for D2 (or D3)}/ 
{[S x T2 X (Ml x M2)] for D1 (or D2)} 

= exp{-(24 cm)/Ld) 
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Both methods result in approximately the same damping 
lengths. They are plotted in Fig. 31. 

To correct the points at 4 GeV/c and 5 GeV/c, all the 
numbers which follow refer to the shower damping in the 20 cm 
of iron between T2 and Ml. A correction can be carried out 
by making the following assumptions: 
1) The damping length for hadron showers amounts to 22.5 cm 

(dh = 0.41 in 20 cm of iron). 
2) The measured rate S x T2 x (Ml x M2) is composed of a 

mixture of particles containing both hadrons and muons 
which enter into the rate with respective weights of R^ 
and R^ (Rh + R^ =1). 

3) All xnuons succeed in reaching at least counter Ml, in 
other words, are not lost (d,, = 1) . 

With these assumptions it is possible to calculate the 
true hadron rate at both points. If d is determined there 
from the rates, the results are d = 0.74 and 0.79, respec-
tively, which are much higher values than would be expected 
for pure hadron events. This increase is caused by muons 
which, although they manage to just reach Ml, do not make it 
to M2, and thus contaminate the trigger. A pure muon beam 
that reaches Ml but not M2 would produce a value of D = 1, 
while a decaying hadron shower produces d = 0.41. In other 
words, at both the points in Fig. 3 0 at which corrections are 
to be made, d is composed of d = 1 and dh = 0.41. If one 
weights d^ with the relative muon fraction, the muon conta-
mination, and weights dh with the hadron component in the 
data sample and adds these weighted components, the measured 
value of d must result. 

d = % R
M
 + dh Rh 
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where R^ + Rh = l, d = l, and dh = 0.41. From these values 
one may then determine the hadron fraction in the total data 
sample for these points: 

Rh = (1 - d)/(l - dh) 
By multiplying Rh by the measured anti-muon rate 

S x T2 x (Ml x M2) 
one finds the true hadronic punch-through rate for the points 
in question. It is plotted in Fig. 30 with larger symbols. 
W^T2, the punch-through probability to a location behind the 
muon chambers is parameterized to be: 

WhT2 = a (1.07 ± 0.12) x 10"3 x P ^ 1 * 6 2 ± °'04) 
(Ptt is in GeV/c, a(Dl) = 1, a(D2) = 1/3, a(d3) = 1/9) 

where a is a measure of the damping achieved by the insertion 
of additional calorimeters equivalent to 24.3 cm of iron, a 
factor of 1/3 per added calorimeter. 

The same adjustment may also be used for WhTl, if W^T2 
is multiplied by 1.5. At the measured points the relative 
errors are about 1% and are of statistical nature. The 
punch-through correction up to M2 changes the points by at 
most an amount that lies within the size of the plotted 
symbols. 

From this measurement it is possible to calculate the 
expected background rate for punch-through in the UAI experi-
ment. The values will be found for the individual Pt inter-
vals in Table 5. 
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7.2) The Energy Deposited in the Caloriinel-.ers in Punch-
Through Events 

Muons and hadrons differ in the amounts of eneryy they 
deposit in the calorimeters. We are interested in this 
deposited energy for two reasons: First, with this informa-
tion it is possible to calculate the free energy behind the 
calorimeters, which enters the muon chamber in the case of 
punch-through events. Secondly, with this information it is 
possible to state at what energies punch-through events may 
be suppressed by an energy cut. This would be possible only 
if the energy spectrum of the punch-through is distinctly 
different from the muon spectrum. 

For the energy measurement each of the calorimeter 
sections were first calibrated using muons. Since it is 
known how much energy a high-energy muon deposits in one 
section, one obtains an unambiguous energy scale by comparing 
the measured signals from the ADC channels with the expected 
amount of energy. For each event all the calorimeter signals 
are then weighted by their energy scale and added together to 
make Et o t, the total energy. Since all the calorimeter sig-
nals are added together, E t o t will be larger for greater 
absorber thicknesses than for small thicknesses. Figs. 32, 
33, and 34 show the energy spectra for muons and punch-
through events. Fig. 3 2 shows the muon spectrum and the 
reference spectrum used for calibration. Fig. 33 shows the 
punch-through spectrum for the same beam momentum. It is 
distinctly different from the muon signal. In the left part 
of the spectrum one sees a peak which is due to pions that 
have not undergone a strong interaction in any of the calori-
meter sections, in other words, which have deposited only the 
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energy from a minimally-ionizing particle. The number of 
non-interacting particles may be estimated from the distri-
bution, it depends on the cut-value in the distribution. 
This, in turn, allows the calculation of the interaction 
length in iron, since the absorber thickness is known. the 
interaction length determined from the punch-through spectra 
turns out to be between 18.5 and 21 cm, depending on the 
energy cut. This length is consistent with values given in 
the literature. 

In Fig. 35 E t o t is plotted for the three absorber thick-
nesses. If the entire beam energy were deposited these 
points would lie on a straight line. They deviate from a 
straight line, since a part of the energy leaves the calori-
meters towards the rear (it was, to be sure, just such events 
for which we triggered). The dashed lines show the energy 
which a particle at minimum ionization would leave behind. 
At the large momenta only about 50% of the beam energy was 
deposited, the rest of the energy reaches the muon chambers. 
At low energies the amount of energy deposited is practically 
no longer distinguishable from that deposited by a particle 
at minimum ionization (see also Fig. 34). For us this means 
that exactly at those energies of interest for us we can not 
reduce the background due to punch-through by means of a cut 
in E t o t; in other words, we must search for ways of reducing 
the background within the muon chamber itself. 

7.3) Appearance of the Events in the Muon Chamber 

In the muon chamber we expect different signatures for 
muon and punch-through events. In the case of 100-percent 
detection probability muons yield exactly one track in both 



- 42 

projections. Aside from the hits produced by muons, however, 
one also expects hits from d-electrons along the muon track. 
In contrast, hadronic punch-through yields a totally dif-
ferent signature. Depending on the trigger, one sees here 
the end of a hadron shower in the chamber. The principal 
result is a larger number of particles. These particles have 
lower energies than the incident pion, since a part of the 
shower energy has already been used up in the calorimeters, 
and the remaining energy is distributed over a number of 
particles. The particles that still remain may stop in the 
chamber, undergo an interaction in the chamber, or be scat-
tered out of the chamber. In the latter case they have a 
large Coulomb scattering angle because of their low momenta. 
In order to understand the different signatures better we set 
up a track-identification and track-reconstruction program 
(MU081). 

This program recognizes tracks in the two orthogonal 
projections of the muon chamber. A track is considered to be 
identified when at least three points from the four indi-
vidual planes of a given projection can be combined to a 
single straight line. This limitation to three hits is neces-
sary since between the drift tubes of a given plane there are 
dead-spaces of 1 cm width, which are due to the method of 
construction, and the tubes themselves are not 100 percent 
efficient. Finding the track points is achieved as follows: 

First the raw drift times are transformed into space 
coordinates using the linear relationship 

X = V D T D r i f t with VD = 52 mm/ns. 
Within one double plane all the points from the one plane are 
combined with all the points of the next plane, and straight 
lines calculated from these. All straight lines that form an 
angle of more than 60° with the main incidence direction are 
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discarded, along with the coordinate points that generated 
them. The remaining two-hit straight lines are then cor-
rected. Since the place-vs-time relationship of our drift 
tubes is not linear at large angles, angle corrections are 
carried out using the straight-line slopes that were found, 
and the raw drift times are corrected as to the angle of 
incidence.1^ The slope of the straight line is then re-
calculated from the new coordinates. This procedure is 
repeated for the other double plane. 

Then a check is made as to whether there are two 
straight-line segments in the two double planes whose slopes 
are similar, and that point to each other. Four such points 
are then combined into one four-hit track. The remaining 
straight-line candidates are tested to determine whether in 
the other double plane for each instance a hit is found 
within a band 1 cm wide about the extrapolated position. 
If that is the case, then these hits are fitted together to 
form a three-hit track. The same procedure is repeated in 
the other projection. Only when in both projections exactly 
one track is found is it possible to continue with making a 
reconstruction in space. 

The efficiency of the program can be measured with a 
muon trigger at a beam momentum of 3 GeV/c and absorber 
thickness Dl, since for this case it is still possible to 
make a muon identification, and the punch-through to the muon 
counters is minimal. In 0.9% of all triggers the program 
finds no track in either projection, in 97% of all triggers 
it finds a track in at least one projection, and in 82% it 

' Fig. 36 shows the drift tube calibration that was 
used. 
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finds exactly one track in each of the two projections. 2% 
of all events have more than one track in one of the projec-
tions. At 10 GeV/c 2.2% of all muon triggers show no track. 
Since the angle of incidence into the chamber is 90°, and the 
Coulomb scattering angle becomes small at high momenta, more 
tracks now pass through the two dead spaces. This causes 
two-hit tracks, which are discarded by the program. 

After the events have passed the track program they can 
be displayed graphically. Figures 3 7 through 4 0 show some 
event types. 

Fig. 37 shows the signature of a muon at a beam momentum 
of 10 G^V/c. in each drift tube that has registered a pulse 
one initially sees two points, since the right-left ambiguity 
has not yet been resolved. The track calculated from this is 
also plotted. in each projection all four planes have regis-
tered. In Fig. 38 one sees a punch-through event at 10 GeV/c 
beam momentum. One particle has left the calorimeter rear-
ward, and passes through the muon chambers with low momentum, 
and therefore large scattering angle. Fig. 3 9 shows a 
punch-through event with high track multiplicity and many 
hits, as well as large scattering angles 
(P ir = 10 GeV/c) . The event in Fig. 40 also has high hit 
multiplicity; however only one track is found, which in 
addition exhibits a large angle. One sees very well how the 
hit multiplicity decreases towards the rear in the chamber. 
Evidently a very large number of low-energy particles are 
produced that remain stuck in the chamber, or are scattered 
out of it. Here also the momentum of the incident pion was 
10 GeV/c. 



45 

7.4) The Behavior of the Chamber 
Using the track program it is immediately possible to 

determine the efficiency of the muon chamber. For this 
purpose one extrapolates a track via three hits in three 
planes into the fourth plane, the one to be tested, and there 
checks to see whether the track has caused a hit or not. The 
efficiency may then be defined 

ti = (Number of tracks with a hit in the test plane)/ 
(Total number of test tracks) 

Fig. 41 shows n for the third plane of the Z projection as 
function of the spatial location in the plane. The muon 
trigger at 3 GeV/c was chosen to be the event trigger. With 
this trigger the chamber is illuminated best. The measured 
points reproduce the arrangement of the drift tubes. Every 
15 cm the degree of efficiency drops when the test track 
points to a dead space or in its vicinity, otherwise n lies 
al close to 100%. The errors shown are of statistical 
nature. The other planes exhibit the same behavior. 

The smallest distance between two points that can just 
be resolved by the electronics used amounts to 2.5 mm; this 
corresponds to 50 ns as the smallest drift time difference. 
After this amount of time has elapsed the electronics is 
ready again to record additional pulses. It is now possible 
to use the track program to investigate whether the tube 
post-pulses electronically, or whether additional pulses are 
caused by additional particles such as <5-electrons. The 
time differences A t between a hit at time tQ, which is 
associated with a track, and all other hits measured in the 
same tube are measured and plotted. If the tube post-pulses, 
then the distribution of time differences on the positive 
side would be distinctly different from that on the negative 
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side. However the measured distribution (Fig. 42) exhibits 
good symmetry? this means that the tube does not post-pulse, 
and the additional hits may be taken to be real. The hole in 
the center of the distribution stems from the electronically 
caused dead-time of 50 ns. 

From the time difference distribution it is also pos-
sible to conclude that the probability of producing an ad-
ditional pulse is the same everywhere in the tube. In this 
connection, consider, for example, the right side of the 
distribution (see Fig. 43 here, with larger statistics). 
After a hit has occurred the differential probability dW2p, 
of finding an additional pulse after time t in the time 
interval dt, decreases proportionately with the probability 
W2p(t): 

dW2p(t) = -c W2p(t) ( c : proportionality factor) 
where W2p(t) is the probability that another pulse has al-
ready been found up to time t. (It should be noted that t is 
always measured only from one hit to its nearest neighbor.) 
If dW2p(t) is integrated with respect to dt one finds 

W2p(t) = exp{-ct} 

If one plots the count rates for double pulses in the time 
interval At instead of the probability W2p(t), then one 
expects the same exponential fall-off. It will be seen from 
Fig. 43 that to first approximation the count-rate does 
decrease exponentially towards larger A t; hence the proba-
bility of finding additional pulses in the tube is nearly 
constant over the entire drift time. 

We shall now describe how the chamber reacts to the 
various types of events. To begin with, we shall present the 
mean hit multiplicity <nHit> for the four double planes. For 
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a 10 GeV/c muon trigger, with an absorber thickness D3, in 
other words,. at the lowest possible hadron contamination, 
one finds an average multiplicity of 2.8 hits per double 
plane; however, in the last plane it amounts to only 2.3, 
since one drift tube was defective in this plane. With an 
anti-muon trigger or a hadron trigger the values lie higher. 
They are plotted in Fig. 4 4 for the absorber thicknesses 
against the beam momentum. The figure also shows up to which 
multiplicity 90% of all events are represented (this limit is 
shown by the ends of the "flags" that extend from the mean 
multiplicities). Whereas the mean hit multiplicities in-
crease only slowly with the beam momentum, the 9 0% limit 
increases more steeply. The muon contamination for small 
momenta is clearly to be seen. Here the values lie close to 
those expected for muons. For the large thickness D3 one 
also sees that for very low momenta not all the particles 
reach the end of the chamber any more, because they have been 
stopped or scattered before then. For clear hadron events, 
in other words, large momenta, both the mean multiplicity and 
also the 90% limit decrease by a factor of 0.5 to 0.8 from 
the first to the last double plane. 

The track multiplicities do not exhibit such a clear 
picture. In Fig. 45 the mean number of tracks found in both 
the projections is plotted against beam momentum. The Y-
projection (o), which is the first to be impacted by the 
beam, sees just a few more tracks than does the Z-projection 
( •). The steep fall-off at thickness D3 and towards smaller 
momenta is clearly visible. 
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8) Reduction of Punch-Through Background in Muon 
Identification 

In this chapter we shall examine how well the annoying 
background due to punch-through can be reduced. The calori-
meters are of help here only at high momenta where the punch-
through energy spectrum is distinctly different from the muon 
energy spectrum. At low energies,, typically less that 5 GeV 
it is not possible to reduce the background by means of a cut 
in the energy spectrum, because just in these events a large 
part of the energy of the incident pions is not released 
until after passage through the calorimeter. For this reason 
they also record only small amounts of deposited energy. 
Exactly at those low pion energies that are so interesting 
for us, the calorimeters fail completely as an aid to back-
ground reduction. The energy spectrum can then no longer be 
distinguished from that of a minimum-ionization spectrum. 
Thus it is only in the muon chamber itself that we can hope 
to find possibilities for reducing the background. 

In principle only those events get in the way for which 
exactly one track is seen in the chamber; specifically, a 
track which can be mistaken for a muon track. As the multi-
plicity distributions show, it is precisely at small energies 
that there preferably occur slow particles which stop in the 
chamber or leave through its sides. While we expect the 
largest punch-through background in the UAl experiment at 
small energies, nevertheless, these events should be the ones 
easiest to suppress. It is more difficult to reduce the 
hadron background with one or more tracks in the chamber. 
Nevertheless, such a reduction is also possible. 
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While a 4 0 GeV/c muon stemming from the decay of a Z-
boson is deflected by about 3 milli-radians as it makes its 
way through the calorimeters, a muon or a non-interacting 
pion with a momentum of 1.5 GeV undergoes a Coulomb scat-
tering of 90 milli-radians. The slower reaction products 
that are created in a hadron shower are scattered even more 
strongly. One must therefore divide the angular distribu-
tions of the tracks reconstructed in the muon chamber in 
order to separate the interfering, slow particles from the 
fast ones. However, one must not lose too many high-energy 
particles at the same time. Most effective is a cut in the 
straight line slope G, which is defined as follows: 

Let G • and G„ + be the slopes of the reconstructed y j. z j 
straight lines in the two projections, respectively, then we 
shall seek out the smallest slope in each projection. G is 
then set equal to the larger one of these two slopes: 

G = Max (Min(Gyi), Min(Gzj)). 
Thus this definition demands that exactly one track has 

been found in each of the two projections. A suitable cut in 
G does not reject many of the high-energy muons, since for 
these events exactly one track is practically always produced 
in each projection, which additionally also remains within 
the angle cut-off. On the other hand, hadrons with large 
scattering angles are strongly suppressed. If a high-energy 
muon is accompanied by slow hadrons, the event will pass 
despite the cut, since the muon will then exhibit the smal-
lest angle in both of the projections. 

Fig. 46 shows the reduction factor F r e d by which the 
punch-through events produced with the anti-muon trigger can 
be suppressed by a cut in G. The largest beam momentum we 
had available was 10 GeV/c. The value of the cut was then 
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selected in such a way that 90% of the muons at 10 GeV/c fall 
within the angle cut. For D1 the cut angle is 4 5 milli-
radians, for D2 it is 50 milli-radians, and for D3 it is 
55 milli-radians. One sees that the angle cut reduces the 
punch-through by a factor of 20 at the large beam momenta, 
and a factor of 50 for the small momenta. The relative 
errors in the measured data are statistical and lie at about 
10 to 20%. It should also be noted that F r e d was determined 
from the data set obtained with the anti-muon trigger. For 
small momenta the trigger is strongly contaminated by muons, 
so that in practical terms, what was measured here was the 
reduction of low-energy muons. Thus the reduction factor 
Fred h e r e a t best yields an upper limit. For a data set not 
contaminated with muons, at small momenta, Fre(j would surely 
be expected to be smaller; thus pure hadron events are more 
strongly suppressed by the angle cut in G at small momenta. 
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9) Summary 

2 
A 2 x 2 m -sized prototype of the muon detector for the 

UAI experiment at the pp storage ring of the European Nuclear 
Research Center CERN was tested in a negative pion beam with 
10 GeV/c momentum. The muon detector consists of drift tubes 
with an optimized, simple electric field configuration. The 
spatial resolution of the drift tubes lies between 0.2 and 
0.3 mm for perpendicular particle incidence, and decreases up 
to l mm for an incidence angle of 60°. Non-linearities in 
the location-time relation are explainable from the shape of 
the electric field. 

The hadronic punch-through was studied in connection 
with the calorimeters of the UAI experiment. This punch-
through forms a strong source of background in muon identi-
fication. In the momentum range from 2 GeV/c to 10 GeV/c and 
an equivalent calorimeter thickness of 102 cm of iron the 
probability for hadronic punch-through Wh is described by 

Wh = (1.62 ± 0.012) x 10~3 x p ^ 1 - 6 2 ± 0-04) 
with Pn in units of GeV/c. W^ is taken with respect to an 
incident pion. By inserting additional calorimeters, each 
equivalent to 24.3 cm of iron, the punch-through is reduced 
by a factor of 1/3. Only at high particle momenta above 5 
GeV/c does the information from the calorimeters make punch-
through suppression possible. At lower momenta in the range 
of 2 to 3 GeV/c an angle cut for the tracks in the muon 
detector as reconstructed in two projections is very effec-
tive. This suppresses the punch-through by a factor of 2 0 to 
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50, without losing more than 5% of the muons with a momentum 
greater than 10 GeV/c. 
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Chamber Length 
Type (m) 

Width Number Number 
(m) of Short of Long 

Tubes Tubes 
Number of 

Tubes in the 
Individual 

Layers 

Total 
Number of 
Chambers 

5. 55 3.75 73 49 25, 24, 36, 37 28 

5.55 3.15 73 41 21, 20, 36, 37 12 

ttom, 5.55 
large 

3.60 74 24, 23, 23, 24 

Bottom, 5.55 
Small 

1.05 26 7, 6, 6, 7 8 

Table 1 
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[In the columns of numbers, commas should be read as 
decimal points] 
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The Detectors Used 

1) Gondola (Electromagnetic Calorimeter): 

Sandwich of 120 x (1.2 mm Pb + 1.5 mm Polystyrene) 
Total 144 mm Pb + 180 mm Polystyrene 
2 6 Radiation lengths or 1 absorption length 

2) C Module (Hadron Calorimeter): 

Sandwich of 16 x (50 mm Fe + io mm Plexiglas) 
Total 800 mm Fe + 150 mm Plexiglas 
4 5 Radiation Lengths or 5 Absorption lengths2) 

3) Muon Chamber: 

8 Planes of 12 and 13 drift tubes each with 
2 x 7.5 cm drift space 
Total 100 drift tubes 

4) Additional Hadron Calorimeters 

Sandwich of 5 x (40 mm Fe + 15 mm Plexiglas) 
Total 200 mm Fe + 60 mm Plexiglas 

11.4 Radiation lengths or 1.3 Absorption lengths2^ 

+ 25 mm Pb = 4.5 Radiation Lengths 

Table 3 

2) Lgbs of iron taken to be 17.0 cm. 
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Material depths at various counter positions for the three 
absorber thicknesses Dl, D2, and D3, as well as the lowest 
kinetic energy of a muon needed to reach these counters. 

Absorber Thickness 

Dl D2 D3 

T2 102 ,0 126 ,2 150 ,5 cm Fe 
c o 1,35 1 ,65 1,95 GeV •w •p •H W o Ml . 1 2 4 , 2 148,5 172 ,8 cm Fe 
ft 
k a) 

1 ,60 1 ,90 2 , 2 5 GeV 

c 
o u 

M2 1 6 4 , 2 
2 , 1 3 

1 8 8 , 5 
2 ,50 

2 1 2 , 8 
2 ,80 

cm Fe 
GeV 

[commas should be read as decimal pointsj 

The absorber thicknesses of the various materials were 
transformed into equivalent thicknesses of iron, using the 
energy loss of a minimum-ionizing particle. 

The muon ranges are taken from J0S69. 

Table 4 
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[Commas should be read as decimal points] 
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Figure Captions 

Fig. 1 Energy Loss for Particles heavier than electrons, 
in air (From ROS52). 

Fig. 2 Number of Electrons in a Shower, Caused by Elec-
trons of Energy E for Various E/e Ratios (From 
R0S41). 

Fig. 3 Development of a Hadron Shower in an Iron Absorber 
(From FL078). 

Fig. 4 View of the UAI Detector. The magnet is only 
partially covered with muon chambers. 

Fig. 5 Side View of the UAI Detector. 
Fig. 6 Spatial Arrangement of the Drift Tubes in a Module 

(in Principle). 
Fig. 7 Overlapping of the various Regions of the Muon 

Detector and the Hadron Calorimeters. 
Fig. 8 Coverage of the Regions by the Muon Chambers. The 

dashed line shows the edge of the small chamber 
lying under the large chamber. 

Fig. 9 Construction Drawing of the End of a Chamber with 
Gas Shaft. 

Fig. 10. Electron Drift Velocity in a Gas Mixture of 40% 
Argon and 60% Ethane as Function of the Electric 
Field Strength (From MAR79). 

Fig. 11 View of the Drift Tube Profile. The wall thickness 
is 3 mm, the total width 150 mm, the height 45 mm. 

Fig. 12 Dependence of the Electric Field Strength on the 
Distance from the Anode, at the Center of the Tube 
as well as at a Distance of 4 mm from the Center 
(Top). Shape of the sensitive volume at the stan-
dard voltages on the electrodes (Bottom) (From 
EGG80). 

Fig. 13 Experimental Arrangement for the Calibration of the 
Location-Time Relationship. The drift tube may be 
rotated as well as translated. The particle beam 
is defined by the three drift chambers. 
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Fig. 14 Dependence of the Detection Probability of the 
Drift Tube on the Distance from the Anode. 

Fig. 15 Dependence of the Mean Pulse Height (Solid Line) 
and the Width of the Pulse Height Distribution 
(Full width at half height, dashed line) on the 
Anode Voltage. The pulse height is proportional to 
the thickness of the sensitive volume. 

Fig. 16 {Translator's Note: This Fig. caption is missing in 
the manuscript} 

Fig. 17 Place-Time Relationship of the Drift Tube for 
Various Angles of Incidence. For clarity the four 
relations are each displaced upwards by 10 mm. 

Fig. 18 Dependence of the Spatial Resolution on the Drift 
Time for Various Angles of Incidence. 

Fig. 19 Longitudinal Transit Time Difference Between Two 
Pulses. One point in time is defined by a particle 
passage at the center of the tube; the second point 
in time by a pulse at a specified distance from the 
center of the tube. In addition the achievable 
spatial resolution in the longitudinal direction is 
shown. 

Fig. 20 P̂ . Spectrum of the Primary Pions Produced by the pp 
Collisions (From ALP75). 

Fig. 21 Side View of the Experiment for Determining the 
Hadronic Background in Muon Identification. 

Fig. 2 2 Top View of the Same Experiment. 
Fig. 23 Acceptance of the Muon Trigger as Function of the 

Pion Momentum. The dashed line shows the expected 
rate for a decay space 22 m in length and without 
beam telescope. 

Fig. 24 Correlation Between the Muon Momentum and the Angle 
of Emission relative to the Flight Path of the 
Pions in the Decay of Pions, for Various Momenta. 

Fig. 25 Block Circuit Diagram of the Trigger. 
Fig. 26 Block Circuit Diagram of the Measured-Date Acquisi-

tion and the Connection to the Monitor. 
Fig. 27 Picture of a Hadron Event from the On-Line Display. 
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Fig. 28 Polaroid Picture of the Monitor Display Screen. 
Fig. 29 Acceptance of the Anti-Muon Trigger as Function of 

Beam Momentum. 
Fig. 30 Exit Probability for Hadrons from the Hadron Ca-

lorimeter, Measured in Front of and Behind the Muon 
Chamber, as Function of the Beam Momentum. 

Fig. 31 Measured Damping Lengths for Decaying Hadron Show-
ers in Iron. 

Fig. 3 2 The Muon Energy Spectrum. The total energy, the 
sum of the energies deposited in all the calori-
meters is shown. 

Fig. 33 Energy Spectrum of a Punch-Through Event for the 
Same Momentum as in Fig. 32. 

Fig. 34 Energy Spectrum of a Punch-Through Event. This time 
the momentum is 5 GeV/c and the thickness is D3. 

Fig. 35 Total Energy Deposited in all the Calorimeters, 
Collected with the Anti-Muon Trigger, Plus the 
Energies of the Minimum-Ionization Particles 
(dashed line). The solid line designates the 
expected energy for total absorption in the calori-
meter. 

Fig. 36 The Calibration Used for- the Drift Tubes. 
Fig. 37 Display of a 10 GeV/c Muon. The particle beam is 

incident from the bottom in all the display images. 
Fig. 38 Punch-Through Event at 10 GeV/c. 
Fig. 39 Like 38. 
Fig. 40 Like 38 
Fig. 41 Efficiency of the Muon Chamber as Function of a 

Relative Chamber Coordinate. 
Fig. 42 Time Difference Spectrum dN/d(A t). The Difference 

is formed between a point on the track and the next 
hit in the drift tube. 

Fig. 43 One Side of the Time Difference Spectrum with an 
Exponential Fit. 

Fig. 44 Average Hit Multiplicities and the 90% Limit of the 
Individual Distributions as Function of the Beam 
Momentum for Three Different Absorber Thicknesses. 
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Fig. 45 Average Track Multiplicities as Function of the 
Beam Momentum. 

Fig. 46 Reduction Factor F r e d of the Hadronic Background by 
an Angle Cut in G. 
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Energy Loss for Particles Heavier than Electrons, in Air 
(From ROS52). 

Fig. 1 
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Number of Electrons in a Shower, Caused by Electrons of 
Energy E for Various E/e Ratios (From R0S41). 

Fig. 26 
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Fig. 4 
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Spatial Arrangement of the Drift Tubes in a Module (in Prin-
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S I D E 

Coverage of the Regions by the Muon Chambers. The dashed 
line shows the edge of the small chamber lying under the 
large chamber. 

Fig. 10 
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Gas shaft 

Construction Drawing of the End of a Chamber with Gas Shaft. 

Fig. 26 
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Electron Drift Velocity in a Gas Mixture of 40% Argon and 60% 
Ethane as Function of the Electric Field Strength (From 
MAR79). 

Fig. 10 
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View of the Drift Tube Profile. The wall thickness is 3 mm, 
the total width 150 mm, the height 45 mm. 

Fig. 24 
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Relative Fraction' R of all Pions with a transverse Momentum p, which is 
larger than a transverse momentum pl>cul. 
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Correlation Between the Muon Momentum and the Angle of 
Emission relative to the Flight Path of the Pions in the 
Decay of Pions, for Various Momenta. 

Fig. 24 
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Block Circuit Diagram of the Trigger. 

Fig. 23 
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Block Circuit Diagram of the Measured-Date Acquisition and 
the Connection to the Monitor. 

Fig. 26 



- 91 -

On-line display of a hadron event 
with trigger counters activated 
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Total Energy Deposited in all the Calorimeters, Collected 
with the Anti-Muon Trigger, Plus the Energies of the Minimum-
Ionization Particles (dashed line). The solid line desig-
nates the expected energy for total absorption in the 
calorimeter. 



E a 

, 70 
(SO 

" — ' 

50 
o o 40 

20 
en 20 INl 
a 10 
< 0 
'A ."0 
< 

70 •5 2 60 60 
50 

a o 40 7 30 < 30 tr 
~> 20 fsl 
O 10 z < 0 
to 
s 

70 3 3 60 60 
50 

a o 40 
7" 30 < 30 
cc ~> 20 rsj 
O 10 

0 
CD «. 

70 2 2 60 
* — ' 

60 
50 UJ Q O 40 
30 

cc 20 M 
a 10 
I 0 
i/i m < 

104 

, 2 . 

1 _L 
0.4 0 .8 

Drift time 
1 .2 

(mu-s) 

< 1.25 

1/1 0.75 
0.5 
0.25 
0 

F II .min»i,p44iii4<iiiiiiili...lllfitt* .MUIW'vivvTTvn 'rT^wiwHff* 

0. 0.4 
Drift 

0 . S 1 .2 

time (mu-s) 

0.4 0 .8 
Drift time 

0.4 o.a 
Drift time 

1.2 
( m u - s ) 

0.4 0.8 
Drift time 

0.4 o.a 
Drift time 

20 

40 

— 
+ + 

+ / 60° 
jp̂ "4* 

+ 
i. jijfc* If?* + 

i I i t i i i 
1.2 

(mu-s) 

Calibration of the Drift Tube Used for 
Incidence Angles of o°, 20°, 40°, and 60° 
The Place-Time relation and Spatial Resolution are shown for each case 

The Calibration Used for the Drift Tubes. 
Fig. 36 



Display of a 10 GeV/c Muon. The particle beam is incident 
from the bottom in all the display images. 

Fig. 37 
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Fig. 40 



o 0 , 4 c 0) •H o 

fe 0,2 

- 105 

Efficiency of the Drift Chamber 

1,0 H 

.5 °'8 
A 

o H 
u <u a 

0 , 6 H 

• CC23 IO ' ffY , f H 

0,6 0,7 0,8 0,9 1,0 1,1 1,2 

Relative Chamber Coordinate 

h - Y 
1,3 1,4 (m) 

Efficiency of the Muon Chamber as Function of a Relative 
Chamber Coordinate. 

Fig. 41 



- 106 -

t/i 
c 

1 i 
I 

< 
' 1 

5s1 

1 — 1 ' 

i l l 
• P 

r J - 1 

r 
o 
o 
CM 

— o 

o o CO 

o o 

o o 
I 

o 0 CO 1 

o o 
CM 

/a c o 

E-< X 

o CM o o o 
OO 

o 
ID 

o 
CM 

Count Rate per 40 v s Bin 

Time Difference Spectrum dN/d( At). The Difference is formed 
between a point on the track and the next hit in the drift 
tube. 

Fig. 42 



107 

200 400 600 800 1000 1 2 0 0 ( n s ) 

Time Difference Between a Track Point and an 
Additional Hit in the Same Drift Tube > 

One Side of the Time Difference Spectrum with an Exponential 
Fit. 

Fig. 43 



- 108 
> <u o 

1 r1 

r> Q 

(FL (A 0) C X o •H JZ 
E - i 

— co 

CM Q 

Ul Ul 0! C M O •H 
a 

~r 
CO 

~ r 
o CO 

h 1 1 1 r 
VO T CM 

Multiplicity > <u o 

- CO 

_ UJ 

I 
o 00 i£> 

Multiplicity 

1 1 1 r J" 
CM 

I 

- co 

<o 

9 
£ a> 
S s 
0 <0 Q) 
ca 

04 

= 9 4J 
C <D § 
s 
9 a) 03 

t= p« 

I •p 
c Q» 
o X g 
(0 0) OQ 

Average Hit Multiplicities and the 90% Limit of the In-
dividual Distributions as Function of the Beam Momentum for 
Three Different Absorber Thicknesses. 

Fig. 44 



Thickness: Dl 
1 i r 
2 4 6 
Beam Momentum 

I 
10 ( G e V / c ) 

Thickness: D3 

2 4 6 d 10 (GeV/c) 
Beam Momentum 

>i •w •H 0 •H rH a •H +J 
•H 
3 
£ 

o • 
o a o u 

o • 

Thickness: D2 

4 6 

Beam Momentum 

l r 
8 (GeV/c) 

o VO 

Mean Track Multiplicities in 
Projection Y ° 
Projection Z ° 



- 106 -

Reduction Factor Fred Due to an Angle Cut in G 

(• D1,T D2 ,• D3 ) 

8' 10 (GeV/c) 

Reduction Factor F r e d of the Hadronic Background by an Angle 
Cut in G. 

Fig. 46 



Ill 

 
Biography 

 

 
 

1962-1966 Attended Evangelical Public School in 
Wuppertal-Elberfeld. 

1966-1974 Attended State Natural Sciences Gymna-
sium, Wuppertal-Elberfeld 

6/10/1974 

WS 1974/75 

Baccalaaureate Examination (Reifeprufung) 

Enrolled in the RWTH Aachen, 
major in Physics 

4/25/1977 Physics-Diplomate Preliminary Examination 

July 1979 -
September 1979 

Stipend as summer student at the European 
Nuclear Research center CERN 

September 1979 
December 1981 

Stay at CERN to build the muon detector 
for the UAl Experiment in the pp Project 

July 1981 -
October 1982 

Preparation of the Diploma Thesis in the 
Third Physical Institute und the Direc-
tion of Priv. Doz. Dr. K. Eggert: 
"Messung des hadronischen Untergrundes 
bei der Identifizierung von Myonen" 
(Measurement of the Hadronic Background 
in the Identification of Muons) 




