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ABSTRACT 

T h i s t h e s i s d e s c r i b e s the o p e r a t i o n of a l e a d - s c i n t i 1 l a t o r 
sandwich 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 used i n the NA-14 p h o t o p r o -
d u c t i o n e x p e r i m e n t a t the CERN SPS. 

A r e v i e w of the p r i n c i p l e s of c a l o r i m e t r y and d e t a i l s of t h e 
per fo rmance of the c a l o r i m e t e r i n a t e s t beam a r e p r e s e n t e d . The 
computer a i d e d o n l i n e m o n i t o r i n g f a c i l i t i e s and the o f f l i n e photon 
r e c o n s t r u c t i o n p r o c e d u r e s a r e d e s c r i b e d . F i n a l l y , p r e l i m i n a r y 
r e s u l t s a r e p r e s e n t e d on the i n c l u s i v e h i g h P-t ( I 1 . 6 5 GeV/c ) 
s p e c t r u m of photoproduced n e u t r a l p i o n s r e c o n s t r u c t e d by the c a l o -
r i m e t e r . 
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Chapter I 

INTRODUCTION 

1.1 Background 

Over the p a s t f e u y e a r s s e v e r a l e x p e r i m e n t s have p r o v i d e d 

e v i d e n c e s u p p o r t i n g the v i e u t h a t the s t r o n g i n t e r a c t i o n s of s u b -

a t o m i c p a r t i c l e s can be d e s c r i b e d u i t h i n the f rameuork of Quantum 

Chromodynamics (QCD). QCD i s an SU3 symmetr i c f i e l d t h e o r y i n 

u h i c h h a d r o n s a r e c o n s t r u c t e d out of a l i m i t e d number of quark 

t y p e s or f l a v o u r s . In a d d i t i o n , each quark f l a v o u r p o s s e s e s the 

quantum number of c o l o u r , an e x t r a degree of freedom t h a t a l l o w s a 

s t a t e c o n s i s t i n g of t h r e e o t h e r w i s e i d e n t i c a l q u a r k s to have an 

o v e r a l l a n t i s y m m e t r i c wave f u n c t i o n . In o r d e r to make t h e SU3 

symmetry of c o l o u r ' l o c a l ' (gauging of the c o l o u r c h a r g e ) i t i s 

n e c e s s a r y to i n t r o d u c e an o c t e t of m a s s l e s s c o l o u r e d v e c t o r 

b o s o n s ; the g l u o n s . 

I n t e r a c t i o n s between c o l o u r e d o b j e c t s ( q u a r k s and g l u o n s ) a r e 

med ia ted by the exchange of g l u o n s i n much the same way a s the 

i n t e r a c t i o n s between e l e c t r i c a l l y c h a r g e d p a r t i c l e s a r e media ted 

by photon exchange i n Quantum E l e c t r o d y n a m i c s (QED) . There i s , 

however , one i m p o r t a n t d i f f e r e n c e ; the g l u o n s t h e m s e l v e s c a r r y 

c o l o u r and can t h u s i n t e r a c t amongst t h e m s e l v e s . A consequence of 

t h i s i s ' a s y m p t o t i c f r e e d o m ' ; the e f f e c t i v e c o u p l i n g between the 

f i e l d s d e c r e a s e s a t s h o r t d i s t a n c e s ( l a r g e momentum t r a n s f e r s ) . A 
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f i e l d t h e o r e t i c a l a n a l y s i s of h a d r o n - h a d r o n i n t e r a c t i o n s i s 

p l a g u e d by s e v e r e ' t e c h n i c a l ' d i f f i c u l t i e s , however , i t h a s been 

c o n j e c t u r e d ( e g . s e e [ E L L ] ) t h a t i t may be p o s s i b l e to e x p l o i t the 

a s y m p t o t i c freedom of QCD and use a p e r t u r b a t i o n t h e o r y approach 

to make p r e d i c t i o n s about l a r g e t r a n s v e r s e momentum f i n a l s t a t e s . 

In t h i s h a r d s c a t t e r i n g model , the i n t e r a c t i o n between h a d r o n s i s 

dominated by the l a r g e a n g l e s c a t t e r i n g of the h a d r o n i c c o n s t i t -

u e n t s a t s u f f i c i e n t l y l a r g e v a l u e s of the c o n s t i t u e n t c e n t r e of 

mass e n e r g y . 

The use of t h i s model h a s e n a b l e d many p r e d i c t i o n s to be made 

on p r o c e s s e s such a s i n c l u s i v e hadron and j e t p r o d u c t i o n i n 

p r o t o n - p r o t o n i n t e r a c t i o n s ( e g . s e e [ F E Y 7 7 ] , [ F E Y 7 8 ] ) and much 

e x p e r i m e n t a l e f f o r t has been d i r e c t e d towards t e s t i n g t h e s e p r e d -

i c t i o n s . These e x p e r i m e n t s have p r o v i d e d a n s w e r s to many q u e s -

t i o n s but much r e m a i n s to be l e a r n e d about the n a t u r e of the 

s t r o n g i n t e r a c t i o n and the s t r u c t u r e of h a d r o n s . 

1 . 2 Photon Hard S c a t t e r i n g 

I n t e r e s t i n the s t u d y of h i g h P\ p r o c e s s e s i n v o l v i n g r e a l 

photons i s due m a i n l y to the f a c t t h a t u n l i k e h a d r o n s , the photon 

can a c t l i k e an e l e m e n t a r y o b j e c t and c o u p l e d i r e c t l y w i t h a quark 

i n a p o i n t - l i k e manner. S i n c e the energy of the photon does not 

have to be s h a r e d amongst c o n s t i t u e n t q u a r k s , i t i s more e f f i c i e n t 

than a hadron i n the p r o d u c t i o n of h i g h P-t s e c o n d a r i e s and i s a 

u s e f u l t o o l f o r prob ing the s t r u c t u r e of the hadron i n o r d e r to 

t e s t the p r e d i c t i o n s of QCD. The l o w e s t o r d e r d iagrams in which 
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the photon c o u p l e s d i r e c t l y to a quark a r e shown i n F i g u r e 1 . 1 a . 

I n t h e QED Compton p r o c e s s , the photon i n t e r a c t s w i t h a quark to 

g i v e a f i n a l s t a t e c o n s i s t i n g of a quark and a photon . The QCD 

Compton p r o c e s s i s i d e n t i c a l e x c e p t t h a t the f i n a l s t a t e photon i s 

r e p l a c e d by a g l u o n . In the p h o t o n - g l u o n f u s i o n p r o c e s s , the 

photon i n t e r a c t s w i t h a g l u o n v i a a q u a r k - a n t i q u a r k p a i r to g i v e a 

f i n a l s t a t e c o n s i s t i n g of a quark and an a n t i q u a r k . The p r e s e n c e 

of the s t r o n g c o u p l i n g c o n s t a n t a s i n t h e second v e r t e x of the 

l a s t two p r o c e s s e s means t h a t they dominate over the QED Compton 

p r o c e s s . 

I n a d d i t i o n to i t s p o i n t l i k e c o u p l i n g , the photon can a l s o 

m a t e r i a l i z e i n t o a q u a r k - a n t i q u a r k p a i r b e f o r e the i n t e r a c t i o n . 

The q u a r k - a n t i q u a r k p a i r can r a d i a t e g l u o n s and t h u s the photon 

can a l s o s e r v e a s a s o u r c e of q u a r k s and g l u o n s . The d i s t r i b u t i o n 

of q u a r k s and g l u o n s w i t h i n the photon i s e x p r e s s e d i n te rms of a 

s t r u c t u r e f u n c t i o n . T h i s component of the photon h a s two d i s t i n c t 

p a r t s [ W I T ] , [ L L E ] : 

1. The p e r t u r b a t i v e (anomalous s t r u c t u r e f u n c t i o n ) p a r t i n 

which the q u a r k - a n t i q u a r k p a i r do not i n t e r a c t w i t h each 

o t h e r b e f o r e t h e i n t e r a c t i o n w i t h the t a r g e t . 

2 . The h a d r o n i c p a r t i n which the q u a r k - a n t i q u a r k p a i r 

i n t e r a c t w i t h each o t h e r v i a m i l t i p l e g l u o n exchange and 

b u i l d up a form f a c t o r . The photon then e s s e n t i a l l y behaves 

a s a s u p e r p o s i t i o n of v e c t o r mesons ( VMD : v e c t o r meson 

dominance) . 
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Figure 1.1 
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The l o w e s t o r d e r d iagrams i n which the photon i n t e r a c t s by 

m a t e r i a l i z i n g i n t o a q u a r k - a n t i q u a r k p a i r b e f o r e i n t e r a c t i n g w i t h 

the t a r g e t a r e shown i n F i g u r e s 1 .1b and 1 . 1 c . 

The p e r t u r b a t i v e p a r t i s e x a c t l y c a l c u l a b l e w i t h i n QCD and 

grows l i k e 1 n [ Q 2 ] a t l a r g e Q2 to l e a d i n g l o g a r i t h m i c o r d e r . I t 

dominates o v e r t h e n o n - p e r t u r b a t i v e or h a d r o n i c p a r t e x c e p t a t 

v e r y s m a l l v a l u e s of x - F i g u r e 1 . 2 . 

A s tudy of the Compton QED and QCD p r o c e s s e s i s i n t e r e s t i n g f o r 

s e v e r a l r e a s o n s . A p a r t from t e s t i n g the QCD p r e d i c t i o n f o r the 

s t r u c t u r e f u n c t i o n of the photon i t would a l s o p r o v i d e v a l u a b l e 

i n f o r m a t i o n on the d i s t r i b u t i o n of q u a r k s and g l u o n s w i t h i n the 

n u c l e o n and, v i a the measurement of an i n c l u s i v e c r o s s s e c t i o n , 

i n f o r m a t i o n on the f r a g m e n t a t i o n f u n c t i o n s of q u a r k s and g l u o n s 

11 GUI , [ IGU801 . 

1. 3 The NA-14 E x p e r i m e n t 

The NA-14 e x p e r i m e n t was s e t up to per form a program of p h o t o -

p r o d u c t i o n s t u d i e s a t the CERN SPS w i t h p a r t i c u l a r emphas i s on the 

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

At f i r s t i t would c o n c e n t r a t e on the QED Compton p r o c e s s by 

t r i g g e r i n g on f i n a l s t a t e s hav ing a photon a t h i g h t r a n s v e r s e 

momentum. Having u n d e r s t o o d the prob lems a s s o c i a t e d w i t h i s o l a t i n g 

t h i s p r o c e s s i t would proceed to s t u d y the k i n e m a t i c a l l y e q u i v a -

l e n t QCD Compton p r o c e s s i n which the f i n a l s t a t e photon of the 

QED p r o c e s s i s r e p l a c e d by a g l u o n . 
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Figure 1.1 

Photon S t r u c t u r e F u n c t i o n [ I G U ] 
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The s t u d y of t h e s e p r o c e s s e s would r e q u i r e a 

h i g h - e n e r g y tagged photon beam and a s p e c t r o m e t e r 

e / y d e t e c t i o n and c h a r g e d p a r t i c l e i d e n t i f i c a t i o n . 

h i g h - i n t e n s i t y 

p r o v i d i n g good 

1 . 3 . 1 A D e s c r i p t i o n of the S p e c t r o m e t e r 

The l a y o u t of the NA-14 s p e c t r o m e t e r i s shown i n F i g u r e 1 . 3 . 

I t has two magnets w i t h a t o t a l i n t e g r a t e d f i e l d s t r e n g t h of 4 Tm. 

The AEG magnet s e r v e s to sweep away the e l e c t r o m a g n e t i c background 

of s o f t ( i 100 MeV) e l e c t r o n p o s i t r o n p a i r s . I t a l s o d e f l e c t s low 

momentum t r a c k s so t h a t t h e i r momentum can be measured . The 

G o l i a t h magnet d e f l e c t s h i g h e r momentum t r a c k s . The t r a j e c t o r i e s 

of the c h a r g e d t r a c k s a r e measured by t h r e e s t a c k s of M u l t i w i r e 

P r o p o r t i o n a l Chambers . These a r e l o c a t e d i n f i e l d f r e e r e g i o n s to 

a v o i d the problem of s p i r a l l i n g s o f t e l e c t r o n s and p o s i t r o n s . The 

l a r g e chambers have a d e s e n s i t i z e d h o r i z o n t a l r e g i o n i n the median 

p l a n e and t h i s r e g i o n i s c o v e r e d by s m a l l f a s t chambers . A hodo-

s c o p i c Cerenkov c o u n t e r p r o v i d e s K/Tr i d e n t i f i c a t i o n . 

Good c o v e r a g e f o r the d e t e c t i o n of e l e c t r o n s and photons i s 

p r o v i d e d by t h r e 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 . The c e n t r a l l e a d -

g l a s s d e t e c t o r (OLGA) c o v e r s an a c c e p t a n c e of ± 80 mrad. L a r g e 

a n g l e ( 1 5 0 - 3 0 0 mrad) c o v e r a g e i s p r o v i d e d by the CROWN l e a d - g l a s s 

c a l o r i m e t e r . The r e g i o n in between i s c o v e r e d by a l e a d - s c i n t i 1 -

l a t o r s a n d w i c h c a l o r i m e t e r , I L S A , the s u b j e c t of t h i s t h e s i s . Each 

of t h e s e c a l o r i m e t e r s i s equ ipped w i t h two d i m e n s i o n a l s c i n t i l -

l a t o r hodoscope a r r a y s used to p r o v i d e p o s i t i o n measurements . 

- 7 -



N A - U 
0 ) 2m 

H H H Hy V VV 

- O E 3 E 3 - M E 3 E 

i l 

JEEE IJ J 

Figure caption: 

H,V tagging hodosccpes F 
M nuon veto q 
A active target I,L 
B AEG vertex magnet K 
C,D,E,J MMPC's N 

"crcwn" lead glass calorimeter 
Goliath Magnet 
Cerenkov Counters 
trigger hodoscopes 
Inperial College Calorimeter 

0 Olga-Penelcpe Calorimeter 
P iron filter 
Q,S p hodoscopes 

Experiment NA 14: Photoproduction at high energy and high intensity 



An i r o n w a l l and s c i n t i l l a t o r hodoscopes l o c a t e d downstream of 

OLGA a l l o w f o r the p o s s i b i l i t y of t r i g g e r i n g on muons. 

1 . 3 . 2 The Tagged Photon Beam 

The h i g h - e n e r g y and h i g h - i n t e n s i t y photon beam used i n the 

e x p e r i m e n t i s produced by what i s known a s the " C l a s s i c a l Two S t e p 

Method". The photon beam i s o b t a i n e d from the b r e m s s t r a h l u n g of a 

beam of e l e c t r o n s . The e l e c t r o n beam i s d e r i v e d from a p r i m a r y 

photon beam produced by the decay of n e u t r a l p i o n s . T h i s method 

p r o d u c e s a photon beam w i t h a v e r y low hadron c o n t a m i n a t i o n 

( - 10~5 ) . The beam l a y o u t i s shown i n F i g u r e 1 .4 and i t s parame-

t e r s a r e summarized i n T a b l e 1 . 1 . Complete d e t a i l s of the beam 

p r o d u c t i o n and the tagg ing s y s t e m have been g i v e n e l s e w h e r e [WIN], 

[COU ] . 

The f i r s t s t a g e i n the p r o c e s s i s to produce a photon beam from 

the decay of n e u t r a l p i o n s . I n c i d e n t h i g h energy (400 GeV) p r o t o n s 

from the SPS i n t e r a c t w i t h a 500 mm long B e r y l l i u m t a r g e t . About 

70% of the p r o t o n s i n t e r a c t i n the t a r g e t . Amongst t h e s e c o n d a r y 

p a r t i c l e s produced i s a l a r g e number of n e u t r a l p i o n s . These 

decay a l m o s t i n s t a n t a n e o u s l y i n t o two p h o t o n s . The l e n g t h and 

c o m p o s i t i o n of the p r o d u c t i o n t a r g e t i s a compromise between e f f i -

c i e n t use of the i n c i d e n t p r o t o n s and the l o s s of photons v i a p a i r 

p r o d u c t i o n b e f o r e they can emerge from the t a r g e t . 

Sweeping magnets j u s t a f t e r the p r o d u c t i o n t a r g e t d e f l e c t a l l 

c h a r g e d s e c o n d a r i e s and the p r i m a r y p r o t o n s t h a t have not i n t e r -

a c t e d i n t o a w a l l of i r o n 4 m t h i c k . The n e u t r a l hadron c o n t a m i n a -
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TABLE 1.1 

NA-14 Beam P a r a m e t e r s 

P r i m a r y p roton beam i n t e n s i t y 
energy 

2 . 0 1 0 1 2 

400 GeV 

E l e c t r o n Beam i n t e n s i t y 
energy range 

mean energy 

10® 
120-250 GeV 
140 GeV 

Tagged Photon Beam I n t e n s i t y w i t h 
a 10% r a d i a t i o n l e n g t h r a d i a t o r 
and photon energy > 65 GeV. 

mean energy 

5 106 

100 GeV. 

Beam s i z e (2o) h o r i z o n t a l 
v e r t i c a l 

± 34 mm 
± 22 mm 

H a d r o n i c c o n t a m i n a t i o n 10-5 

L u m i n o s i t y (10 days + s a f e t y f a c t o r s 
+ 40 mm Be t a r g e t ) 

5 10 3 5 cm"2 

t i o n of the beam a t t h i s s t a g e i s m a i n l y due to n e u t r o n s , kaons 

and lambdas . 

The n e x t s t a g e in the p r o c e s s i s to produce a beam of e l e c t r o n s 

by i n d u c i n g the photons to p a i r p r o d u c e . T h i s i s a c c o m p l i s h e d by 

the c o n v e r t e r which i s a s h e e t of l e a d 4 mm t h i c k p l a c e d 14 m 

downstream of the p r o d u c t i o n t a r g e t . I t s t h i c k n e s s and c o m p o s i t i o n 

i s a compromise between the f l u x and energy s p e c t r u m of the 

produced e l e c t r o n s and the m i n i m i z a t i o n of the p r o b a b i l i t y of a 

n e u t r a l hadron i n t e r a c t i n g w i t h i t to produce a n e g a t i v e l y c h a r g e d 

p a r t i c l e t h a t would c o n t a m i n a t e the e l e c t r o n beam. I n c r e a s i n g i t s 

t h i c k n e s s would r e s u l t i n a h i g h e r f l u x of e l e c t r o n s but t h e i r 

mean energy would d e c r e a s e . About 60% of the photons c o n v e r t i n t o 
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e l e c t r o n - p o s i t r o n p a i r s . The mean energy of the e l e c t r o n s i s 

about 140 GeV. E l e c t r o n s a r e c h o s e n , r a t h e r than p o s i t r o n s , to 

reduce the muon c o n t a m i n a t i o n of the beam. S i n c e the i n c i d e n t 

p r o t o n s a r e p o s i t i v e l y c h a r g e d , the f l u x of ijl+ i s about a f a c t o r 

of two l a r g e r than the f l u x of |i~. 

The e l e c t r o n beam i s p u r i f i e d and i t s momentum range s e l e c t e d 

by d e f l e c t i n g i t through a c h i c a n e w i t h the h e l p of f i v e magnets ; 

Mi to M5. The two q u a d r a p o l e d o u b l e t s Q i , Q2 and Q3, Qt, s e r v e to 

f o c u s the e l e c t r o n beam. P o s i t i v e l y c h a r g e d and n e u t r a l p a r t i c l e s 

a r e dumped i n an i r o n w a l l 4 m t h i c k . The p o s i t i v e p a r t i c l e s a r e 

m a i n l y p o s i t r o n s , p i o n s and p r o t o n s . The p i o n s and p r o t o n s a r e the 

r e s u l t of the d e c a y s K | -+ tt
+

tt", A0 tt'p, A0 -» ir+p. 

The f i n a l s t a g e i s the p r o d u c t i o n of the b r e m s s t r a h l u n g photon 

beam. The e l e c t r o n beam i n t e r a c t s w i t h the r a d i a t o r which i s a 

s h e e t of l e a d 0 . 5 mm t h i c k . T h i s t h i c k n e s s i s chosen to maximize 

the p r o b a b i l i t y of the p r o d u c t i o n of a s i n g l e h igh energy photon 

per e l e c t r o n . An i n c r e a s e i n the t h i c k n e s s of the r a d i a t o r would 

r e s u l t i n a h i g h e r photon f l u x but would a l s o i n c r e a s e the p r o b -

a b i l i t y of m u l t i p l e b r e m s s t r a h l u n g . T h i s would degrade the energy 

r e s o l u t i o n of the t a g g i n g s y s t e m . About 10% of the e l e c t r o n s 

r a d i a t e to produce a s i n g l e h i g h energy b r e m s s t r a h l u n g photon . 

The energy spect rum of the produced p h o t o n s , measured d u r i n g a 

t e s t run i n November 1981, i s shown i n F i g u r e 1 . 5 

The photon beam i s tagged by measur ing the e l e c t r o n energy 

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

measur ing the e l e c t r o n t r a j e c t o r y w i t h s c i n t i l l a t o r hodoscope 
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a r r a y s equ ipped w i t h v e r y f a s t p h o t o m u l t i p l i e r s . The hodoscope 

a r r a y s H1 - Hi, measure the e l e c t r o n momentum b e f o r e b r e m s s t r a h l u n g 

from i t s d e f l e c t i o n in the f i e l d of Mi, and Ms. The v e r t i c a l 

d e f l e c t i o n i n the f i e l d of the t a g g i n g magnets i s measured by t h e 

hodoscope a r r a y s Vi - V . 

A f a s t hardware p r o c e s s o r be ing deve loped a t CERN w i l l use the 

i n f o r m a t i o n from t h e s e hodoscopes to p r o v i d e an o n l i n e c a l c u l a t i o n 

of the photon momentum. I t w i l l g e n e r a t e a t r i g g e r s i g n a l i f the 

momentum e x c e e d s a c e r t a i n t h r e s h o l d . By demanding a c o i n c i d e n c e 

between t h i s s i g n a l and the t r i g g e r from the c a l o r i m e t e r s i t w i l l 

be p o s s i b l e to impose an o n l i n e c u t on the momentum of the i n c i -

dent photon . 
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C h a p t e r I I 

CALORIMETRY 

In the c o n t e x t of High Energy P h y s i c s , a C a l o r i m e t e r i s a t o t a l 

a b s o r p t i o n d e t e c t o r used to p r o v i d e a measure of the energy of a 

p a r t i c l e . Depending on i t s c o n s t r u c t i o n , i t may a l s o p r o v i d e 

s p a t i a l i n f o r m a t i o n and some degree of p a r t i c l e i d e n t i f i c a t i o n . 

C o n c e p t u a l l y , i t c o n s i s t s of a b l o c k of m a t t e r w i t h which the 

p r i m a r y p a r t i c l e i n t e r a c t s and d e p o s i t s i t s energy i n a shower or 

c a s c a d e of i n c r e a s i n g l y lower energy p a r t i c l e s . Most of the 

energy d e p o s i t e d e v e n t u a l l y a p p e a r s i n the form of h e a t . A s m a l l 

f r a c t i o n of i t , p r o p o r t i o n a l to the t o t a l energy of the p a r t i c l e , 

can appear a s s c i n t i l l a t i o n l i g h t , Cerenkov l i g h t or i o n i z a t i o n 

c h a r g e . I t i s t h i s energy t h a t can be measured to p r o v i d e an e s t i -

mate of the energy of the p r i m a r y p a r t i c l e . The u n c e r t a i n t y i n the 

measurement i s g o v e r n e d by s t a t i s t i c a l f l u c t u a t i o n s i n the d e v e l -

opment of t h e c a s c a d e and the r e s o l u t i o n <x/E improves a s 1/Ve w i t h 

i n c r e a s i n g i n c i d e n t p a r t i c l e energy E . 

A p a r t from s t a t i s t i c a l f l u c t u a t i o n s , the n a t u r e and development 

of the shower i s s i g n i f i c a n t l y d i f f e r e n t f o r E l e c t r o m a g n e t i c and 

Hadron ic p r i m a r y p a r t i c l e s . I t i s w o r t h w h i l e c o n s i d e r i n g each of 

them i n some d e t a i l s i n c e t h e s e d i f f e r e n c e s w i l l be e x p l o i t e d to 

d i s t i n g u i s h between the two. 
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2 . 1 E l e c t r o m a g n e t i c Showers 

For e l e c t r o m a g n e t i c p a r t i c l e s , such a s t h e photon or the e l e c -

t r o n , the c a s c a d e d e v e l o p s p r i m a r i l y through the p r o c e s s e s of 

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

t h e s e p r o c e s s e s i s e s s e n t i a l l y energy independent above 1 GeV/c , 

the l o n g i t u d i n a l deve lopment i s d e t e r m i n e d by the c o m p o s i t i o n of 

the m a t e r i a l t r a v e r s e d . T h i s i s p a r a m e t r i z e d by the r a d i a t i o n 

l e n g t h Xo- An e l e c t r o n t h a t t r a v e r s e s one r a d i a t i o n l e n g t h of a 

m a t e r i a l e x p e r i e n c e s an energy l o s s of a f a c t o r of e ( - 2 . 7 1 8 ) 

on a v e r a g e . For a m a t e r i a l of a tomic number Z and mass number A, 

an a p p r o x i m a t i o n to X o , c o r r e c t to w i t h i n 20% f o r 13 < Z < 9 2 , i s 

X0 = 180A/Z2 g/cm2 

In terms of the r a d i a t i o n l e n g t h , the a b s o r p t i o n l e n g t h or mean-

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

X = 9 X 0 / 7 

For e l e c t r o n s of energy E , the e q u i v a l e n t of the a b s o r p t i o n 

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

d e t e c t a b l e energy k m by r a d i a t i o n i s 

A q = X 0 / l n ( E / k M ) 

T h i s d e f i n i t i o n i s i n a p p r o p r i a t e a t low e n e r g i e s s i n c e the energy 

l o s s through i o n i z a t i o n becomes s i g n i f i c a n t . 

An e l e c t r o n or photon e n t e r i n g a m a t e r i a l w i l l , on a v e r a g e , 

i n t e r a c t w i t h an atom a f t e r one m e a n - f r e e - p a t h , to produce more 

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

s e v e r a l t i m e s u n t i l the a v e r a g e energy of the s e c o n d a r i e s i s below 

the c r i t i c a l energy e a f t e r which no f u r t h e r m u l t i p l i c a t i o n t a k e s 
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p l a c e . The c r i t i c a l energy € i s the energy a t which the r a t e of 

energy l o s s by r a d i a t i o n i s e q u a l to the r a t e of energy l o s s by 

c o l l i s i o n . An a p p r o x i m a t i o n to € v a l i d to w i t h i n 102 f o r 

13 < Z < 92 i s 

€ * 550/Z MeV. 

The shower then d i s s i p a t e s s l o w l y , i o n i z a t i o n l o s s and Compton 

s c a t t e r i n g be ing the dominant p r o c e s s e s f o r e l e c t r o n s and photons 

r e s p e c t i v e l y . Hadron i c i n t e r a c t i o n s , t h e i r c r o s s - s e c t i o n s be ing so 

much s m a l l e r , p l a y no s i g n i f i c a n t p a r t i n the energy d e p o s i t i o n . 

A l though the b a s i c s u b - p r o c e s s e s i n v o l v e d a r e f a i r l y w e l l 

u n d e r s t o o d , the p r o c e s s of shower development i s so c o m p l i c a t e d 

t h a t no complete a n a l y t i c d e s c r i p t i o n e x i s t s . In o r d e r to o b t a i n 

a c c u r a t e i n f o r m a t i o n on the development of e l e c t r o m a g n e t i c 

s h o w e r s , one has to a c t u a l l y do an e x p e r i m e n t or r e s o r t to Monte-

C a r l o s i m u l a t i o n s . S e v e r a l s o p h i s t i c a t e d M o n t e - C a r l o programs 

e x i s t ; the most w i d e l y used i s p r o b a b l y EGS ( E l e c t r o n - G a m m a -

Shower) [ F O R I . T y p i c a l l y , t h e s e programs t r a c k i n d i v i d u a l shower 

p a r t i c l e s through the d e t e c t o r geometry u n t i l t h e i r energy i s 

below a c e r t a i n t h r e s h o l d . A l l p o s s i b l e i n t e r a c t i o n p r o c e s s e s a r e 

s t a t i s t i c a l l y sampled f o r each p a r t i c l e . These programs g i v e 

r e s u l t s t h a t a r e i n f a i r agreement w i t h e x p e r i m e n t a l r e s u l t s , 

however, they a r e e x p e n s i v e i n computer t i m e , e s p e c i a l l y f o r l a r g e 

v a l u e s of i n c i d e n t energy and low v a l u e s of the t h r e s h o l d e n e r g y . 

Another way to do the s i m u l a t i o n i s to assume some p a r a m e t r i z a -

t i o n of the shower d i f f e r e n t i a l energy d e p o s i t and to s i m u l a t e 

f l u c t u a t i o n s by: 



1. Randomly v a r y i n g the p o s i t i o n of the f i r s t s i g n i f i c a n t 

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

2 . Smear ing the energy of the i n c i d e n t p a r t i c l e to s i m u l a t e 

the energy r e s o l u t i o n of the c a l o r i m e t e r . 

3 . Randomly v a r y i n g the l e n g t h of the shower by s c a l i n g some 

of the p a r a m e t e r s . 

T h i s method i s of no use i n an a t t e m p t to p r e d i c t the energy 

r e s o l u t i o n of a c a l o r i m e t e r , but i t i s u s e f u l i n the s t u d y of 

p o s i t i o n r e s o l u t i o n and p a t t e r n r e c o g n i t i o n p r o b l e m s , and i s not 

so demanding on computer r e s o u r c e s a s a f u l l M o n t e - C a r l o s i m u l a -

t i o n . 

2 . 1 . 1 A n a l y t i c C a l c u l a t i o n s 

The most u s e f u l s i m p l e a n a l y t i c c a l c u l a t i o n s a r e based on 

R O S S I ' S APPROXIMATION B [ R O S l . In t h i s model the f o l l o w i n g assump-

t i o n s a r e made: 

1. The energy dependence of a l l c r o s s - s e c t i o n s i s n e g l e c t e d 

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

2 . The problem i s r educed to one d i m e n s i o n , m u l t i p l e Coulomb 

s c a t t e r i n g and the f i n i t e p r o d u c t i o n a n g l e s of the p a r t i -

c l e s i s i g n o r e d . 

3. A c o n s t a n t energy l o s s of € per Xo i s assumed f o r a l l 

s e c o n d a r y e l e c t r o n s . 

4 . Compton s c a t t e r i n g i s n e g l e c t e d and e x p l i c i t s o l u t i o n s a r e 

o n l y o b t a i n e d i n the l i m i t E c
 = 0 . The c u t o f f energy E c i s 

the minimum k i n e t i c energy of an e l e c t r o n t h a t can be 

d e t e c t e d in the c a l o r i m e t e r . 
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The r e s u l t s o b t a i n e d u s i n g t h i s a p p r o x i m a t i o n a r e i n f a i r 

agreement w i t h e x p e r i m e n t . As i s to be e x p e c t e d , the p r e d i c t i o n s 

tend to be v a l i d f o r l i g h t m a t e r i a l s o n l y . Low energy p r o c e s s e s 

a r e i g n o r e d and so t h i s model does not c o r r e c t l y d e s c r i b e the low 

energy component of the shower . The r e s u l t s a r e i d e n t i c a l f o r a l l 

s u b s t a n c e s p r o v i d e d t h a t d i s t a n c e s and e n e r g i e s a r e measured i n 

u n i t s of Xo and € r e s p e c t i v e l y . 

The q u a n t i t y used to d e s c r i b e the s p a t i a l deve lopment of the 

shower i s the d i f f e r e n t i a l d i s t r i b u t i o n of T , the t r a c k l e n g t h . 

T i s d e f i n e d to be the sum of the l e n g t h of a l l the charged 

p a r t i c l e t r a c k s i n the shower . I t depends on the c u t o f f energy 

e c , f o r E c = 0 a l l e l e c t r o n s a r e d e t e c t e d and the t o t a l t r a c k 

l e n g t h i n u n i t s of X<> i s g i v e n by E/€ where E i s the energy of the 

i n c i d e n t p a r t i c l e . For i n c r e a s i n g v a l u e s of the c u t o f f e n e r g y , the 

u s e f u l t r a c k l e n g t h d e c r e a s e s . Us ing R o s s i ' s A p p r o x i m a t i o n B, i t 

i s p o s s i b l e to c a l c u l a t e the f r a c t i o n of the t o t a l t r a c k l e n g t h 

seen on a v e r a g e a s a f u n c t i o n of E c and € [ROS] . I t i s g i v e n by 

z
e 

F C z ) = z e z f e " s / s 2 ds 
z 

where z = 2 . 2 9 E c / € and z Q = E/e ; E be ing the energy of the 

p r i m a r y p a r t i c l e . I f E >> E c , then a f t e r i n t e g r a t i n g by p a r t s , the 

above e q u a t i o n can be r e - w r i t t e n a s 

F C z ) = 1 + z e z E i C - z ) 

where E i C - z ) i s the E x p o n e n t i a l I n t e g r a l , d e f i n e d a s 

oo 

E i ( - z ) = - / e ~ s / s ds 
z 
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An a p p r o x i m a t i o n to F ( z ) , v a l i d f o r z < 0 . 3 and E >> Ec i s 

F C z ) « e z [ 1 + z l n ( z / 1 . 5 2 6 ) 1 

which i s c o r r e c t to w i t h i n 10/C i n the s p e c i f i e d r a n g e . F i g u r e 2 . 1 

shows how the a v a i l a b l e t r a c k l e n g t h changes a s a f u n c t i o n of 

E c / € . 

I t h a s been shown lAMA] t h a t the d a t a f o r d i f f e r e n t m a t e r i a l s 

can be put on an a l m o s t u n i v e r s a l c u r v e i f the v a r i a b l e z i s r e d e -

f i n e d a s 

z = 4 . 5 8 Z E C / A € 

So the t o t a l t r a c k l e n g t h can be w r i t t e n a s 

T = F ( z ) E X 0 / € 

Thus c a l o r i m e t r y i s p o s s i b l e b e c a u s e f o r any g i v e n v a l u e of E c , 

the t o t a l t r a c k l e n g t h i s p r o p o r t i o n a l to E . T a b l e 2 .1 summar i ses 

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

2 . 1 . 2 L o n g i t u d i n a l Development 

The l o n g i t u d i n a l development of e l e c t r o m a g n e t i c showers s c a l e s 

i n u n i t s of the r a d i a t i o n l e n g t h . F i g u r e 2 . 2 shows the energy 

d e p o s i t a s a f u n c t i o n of depth f o r v a r i o u s m a t e r i a l s . The energy 

d e p o s i t i o n i s w e l l p a r a m e t r i z e d [LONl by 

dE = E n b a * ! t a e ~ b * 
dt TCa+1) 

where Eo i s the i n c i d e n t p a r t i c l e e n e r g y , t i s the depth from the 

s t a r t of the shower measured i n u n i t s of Xo and T i s the Gamma 

f u n c t i o n . The p a r a m e t e r s a and b a r e energy dependent w i t h 

b - 0 . 5 ( a t Eo - 0 . 5 GeV) and a r e l a t e d to i t through the p o s i t i o n 
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TABLE 1.1 

P r o p e r t i e s of E l e c t r o m a g n e t i c Shouers 

Genera l p r o p e r t i e s 

M u l t i p l i c a t i o n p r o c e s s P a i r p r o d u c t i o n and 
Bremss t rah lung 

Secondary p a r t i c l e s e + , e " , y . Below the 
c r i t i c a l energy € - 550MeV/Z 
i o n i z a t i o n l o s s o n l y . 
I n e l a s t i c i t y £ = 1 
( a l l energy g i v e n to 
p a r t i c l e p r o d u c t i o n ) 

A b s o r p t i o n l e n g t h 9 X 0 / 7 f o r y ' s 
X 0 / l n ( E / k m ) f o r e ' s 
X0 « 180A/Z2 g/cm2 

k m : Minimum d e t e c t a b l e 
energy l o s s by r a d i a t i o n 

I n e f f i c i e n t l y d e t e c t a b l e 
energy 

Low energy y ' s 

L a r g e s t s o u r c e of 
f l u c t u a t i o n 

Depth of the f i r s t 
i n t e r a c t i o n 

of the shower maximum t m ax = a / b . The median d e p t h , the depth by 

which h a l f of the i n c i d e n t energy i s d e p o s i t e d , i s g i v e n by 

tmed - l n ( E o / € ) + a 

where a = 0 . 4 f o r e l e c t r o n s and 1 .2 f o r photons . 

The decay of the shower a f t e r the maximum can be e x p r e s s e d 

f u n c t i o n a l l y a s e x p ( - t / X a t * ) where X a t t i s the l o n g i t u d i n a l a t t e n -

u a t i o n l e n g t h . E x p e r i m e n t a l l y determined v a l u e s (BAT] , [NEL] f o r 

A a t t s^e t y p i c a l l y of the o rder of 23 g/cm2 - 3 . 6 Xo f o r l e a d . 

T h i s number i s c l o s e to the m e a n - f r e e - p a t h of photons t h a t have a 

minimum a t t e n u a t i o n in a g i v e n m a t e r i a l . Thus the t a i l of the 
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shower c o n s i s t s of an e q u i l i b r i u m p a r t i c l e s p e c t r u m of m a i n l y 

minimum a t t e n u a t i o n photons and t h e i r i n t e r a c t i o n p r o d u c t s . I f 

t h i s i s the c a s e one would e x p e c t the dependance of on the 

p r i m a r y energy to be n e g l i g i b l e and t h i s i s borne out by e x p e r i -

menta l o b s e r v a t i o n s I BAT 1, [NEL l up to e n e r g i e s of 6 GeV/c . I t i s 

however m a t e r i a l dependant . T a b l e 2 . 2 summar i ses the p r i n c i p a l 

f e a t u r e s of the l o n g i t u d i n a l and l a t e r a l development of e l e c t r o -

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

2 . 1 . 3 L a t e r a l Development 

The l a t e r a l s p r e a d of an e l e c t r o m a g n e t i c shower i s m a i n l y due 

to m u l t i p l e Coulomb s c a t t e r i n g of e l e c t r o n s t h a t do not r a d i a t e 

but have enough energy to t r a v e l f a r from the shower a x i s . The 

a n g u l a r s p r e a d c a u s e d by b r e m s s t r a h l u n g and p a i r p r o d u c t i o n be ing 

much s m a l l e r . The l a t e r a l d i s t r i b u t i o n s c a l e s i n u n i t s of the 

M o l i e r e r a d i u s Rm wh ich i s the mean l a t e r a l s p r e a d of an e l e c t r o n 

beam of energy e a f t e r t r a v e r s i n g one Xo. 

Rm = E s X 0 / € 

where E s = 21 MeV, the c o n s t a n t * of m u l t i p l e s c a t t e r i n g t h e o r y 

[ R O S l . Rra may be approx imated by 

Rm * 7A/Z g/cm 2 

* The mean s q u a r e a n g u l a r d e f l e c t i o n of a r e l a t i v i s t i c p a r t i c l e of 
energy E a f t e r t r a v e r s i n g a t h i c k n e s s x of m a t e r i a l i s 

r - 2 

<92> « x E s 

X0 E 

where 
E s = m e j4 iT/a 

me be ing the e l e c t r o n mass and a the F i n e S t r u c t u r e C o n s t a n t 
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TABLE 1.1 

S p a t i a l Development E l e c t r o m a g n e t i c Showers 

Average L o n g i t u d i n a l Shower Dimensions 

Energy d e p o s i t i o n S c a l e s i n Xo 

R i s e Rapid 
t m a x - In E [ G e V ] / € [ M e V ] - a 
a = 1 .0 f o r e ' s 
a = 0 . 5 f o r y ' s 

Peak « In E 
tmed - In E/€ + a 
a = 0 . 4 f o r e ' s 
a = 1 .2 f o r y ' s 

T a i l Slow e x p o n e n t i a l 
A a t t - 3 - 4 X0 

Length - In E 

Depth f o r 95% l o n g i t u d i n a l 
conta inment 

L * t n a x + •08Z + 9 . 6 

Average L a t e r a l Shower Dimens ions 

Energy d e p o s i t i o n S c a l e s i n Rm 

Rm = 7A/Z gm/cm2 

T a i l F a s t e x p o n e n t i a l w i th 
a s m a l l t a i l 

R a d i u s f o r 95% r a d i a l 
conta inment 

R - 2R m 

which i s v a l i d to w i t h i n 10% f o r 13 < Z < 92. 

The p r o f i l e c o n s i s t s of a l a r g e c e n t r a l component, s h a r p l y 

c o l l i m a t e d and a p e r i p h e r a l component decay ing s l o w l y . I t i s w e l l 

approximated by the s u p e r p o s i t i o n of two e x p o n e n t i a l s w i t h d i f f e -

r e n t l a t e r a l a t t e n u a t i o n l e n g t h s , 

Y C y , t ) = C i e x p ( - | y | / X i ( t ) ] + C 2 e x p [ - | y | / X 2 C t ) ] 
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where y i s the d i s t a n c e from the shower a x i s and t i s the depth 

from the f a c e of the c a l o r i m e t e r . The long t a i l i s p r i m a r i l y due 

to the i s o t r o p i c p r o p a g a t i o n of minimum a t t e n u a t i o n p h o t o n s . The 

a t t e n u a t i o n l e n g t h Ai f o r the c e n t r a l component i n c r e a s e s w i t h 

l o n g i t u d i n a l d e p t h , F i g u r e 2 . 3 , and i s much l a r g e r when a l i g h t e r 

m a t e r i a l i s i n s e r t e d i n the shower ( t h e t r a n s i t i o n e f f e c t s e e 

2 . 1 . 4 ) . The a s y m p t o t i c v a l u e of the a v e r a g e a n g l e of the shower 

e l e c t r o n s r e l a t i v e to the shower a x i s , w e l l beyond the shower 

maximum i s g i v e n by <1/cos9> - 1 . 5 l Y U D l , [NAGl . For the n o n - c e n -

t r a l component, the a t t e n u a t i o n l e n g t h i s e x p e r i m e n t a l l y d e t e r -

mined to be A2 - A a t t / V 3 lYUDl where A a t t i s the l o n g i t u d i n a l 

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

c a s e of the l o n g i t u d i n a l deve lopment , the t a i l i s due to the 

i s o t r o p i c p r o p a g a t i o n of minimum a t t e n u a t i o n p h o t o n s . I n c o n t r a s t 

to A i , A2 does not depend much on the depth of the s h o w e r , 

however , i t s r e l a t i v e s i g n i f i c a n c e c h a n g e s . 

I f the l a t e r a l depth i s measured i n u n i t s of M o l i e r e r a d i i , the 

dominance of s c a t t e r i n g e f f e c t s l e a d s to the p r o f i l e f o r the 

c e n t r a l component be ing m a t e r i a l i n d e p e n d e n t . The p e r i p h e r a l p a r t , 

however , v i o l a t e s t h i s s c a l i n g s i n c e the c o e f f i c i e n t f o r minimum 

a t t e n u a t i o n photons has no s i m p l e u n i t of s c a l e independent of the 

c h o i c e of m a t e r i a l . F i g u r e 2 . 4 shows the i n t e g r a t e d l a t e r a l 

p r o f i l e . The r a d i u s needed f o r 95% c o n t a i n m e n t of the l a t e r a l 

component of the shower i s a p p r o x i m a t e l y 

2Rm * 42X 0 /€ 2 14A/Z g/cm 2 
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Measured lateral shower distribution for lead (circles) in comparison with Monte-Carlo results 

(dotted line with error bars) 



Figure 2.4 

Energy deposition integrated over dopth for Pb
t
 Cu and Al. For 

comparison, a histogram of Honta-Carlo results for coppar laahowo. 
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2 . 1 . 4 T r a n s i t i o n E f f e c t s 

The f l u x and energy s p e c t r u m of e l e c t r o n s or photons t r a v e r s i n g 

the boundary between two m a t e r i a l s hav ing d i f f e r e n t c r i t i c a l e n e r -

g i e s undergoes a t r a n s i t i o n . The r e a s o n f o r t h i s i s the d i f f e r -

ence i n the e l e c t r o n i o n i z a t i o n l o s s r a t e and a tomic i n t e r a c t i o n 

c r o s s - s e c t i o n s i n the two m a t e r i a l s . S i n c e the m u l t i p l e s c a t t e r i n g 

r a t e i s a l s o d i f f e r e n t , the energy s p e c t r u m i s d i s t o r t e d by the 

change i n e f f e c t i v e path l e n g t h and b a c k s c a t t e r i n g r a t e . T h i s 

l o c a l r e a d j u s t m e n t of the s h o u e r s p e c t r u m a f t e r such a boundary i s 

c a l l e d the T r a n s i t i o n E f f e c t and s i g n i f i c a n t l y i n f l u e n c e s the low 

energy component of a s h o u e r . 

S i n c e a boundary i s r e q u i r e d , i t i s o n l y of impor tance i n 

Sampl ing C a l o r i m e t e r s where i t i n f l u e n c e s the a b s o l u t e v a l u e of 

the o b s e r v e d d e p o s i t e d e n e r g y . P r o v i d e d the c a l o r i m e t e r i s c a l i -

b r a t e d d i r e c t l y w i t h e l e c t r o n s or p h o t o n s , the t r a n s i t i o n e f f e c t 

i s o n l y of academic i n t e r e s t . I t s e f f e c t i s a p p a r e n t when the 

c a l o r i m e t e r i s c a l i b r a t e d u s i n g p a r t i c l e s of known momentum s u c h 

a s muons moving p e r p e n d i c u l a r l y through i t s a c t i v e and p a s s i v e 

l a y e r s of t h i c k n e s s x a and x p lAMA]. I f P a i s the p u l s e h e i g h t 

measured i n one of the a c t i v e l a y e r s , the "number of e q u i v a l e n t 

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

h e i g h t P s h i s g i v e n by n e q = P s h / P a and the v i s i b l e energy -

E v i s = n e q l x a ( A E / A x a ) + x p ( A E / A x p ) l 
% 

where the a v e r a g e r a t e s of energy l o s s have to be computed u s i n g 

the momentum of the p a r t i c l e s used f o r the c a l i b r a t i o n . The 

e x p e r i m e n t a l l y o b s e r v e d v a l u e f o r E v i s / E where E i s the energy of 

- 29 -



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

i s u s u a l l y a t t r i b u t e d to the t r a n s i t i o n e f f e c t on e n c o u n t e r i n g the 

l i g h t a c t i v e m a t e r i a l ( u s u a l l y p l a s t i c s c i n t i l l a t o r ) . The e l e c -

t r o n c o l l i s i o n l o s s e s i n c r e a s e by a f a c t o r of 

€
a
/€p = Zp/Z

a 

w h i l e the m a t e r i a l i z a t i o n r a t e per r a d i a t i o n l e n g t h f o r photons 

r e m a i n s the same. T h i s d i s t u r b s the y / e e q u i l i b r i u m r e s u l t i n g i n a 

d e c r e a s e of the e l e c t r o n f l u x . 

The magnitude of the e f f e c t can be computed u s i n g A p p r o x i m a t i o n 

B [ P I N ] and has a l s o been measured e x p e r i m e n t a l l y [YUD], [ C R A l . A 

0 . 9 cm t h i c k l a y e r of a c r y l i c s c i n t i l l a t o r p l a c e d a f t e r a s h e e t of 

l e a d r e d u c e s the e l e c t r o n f l u x by about 202. In a s a n d w i c h 

c o u n t e r composed of a l t e r n a t e l a y e r s of dense and l i g h t m a t e r i a l , 

the n e x t a b s o r b e r c o n t r i b u t e s to the energy sampled by the a c t i v e 

l a y e r i n f r o n t by a b a c k s c a t t e r e d component. T h i s can r e c o v e r the 

e l e c t r o n f l u x r e d u c t i o n by up to 102 [ C R A l . 

B e f o r e the shower maximum, the shower c o n t a i n s a few p a r t i c l e s 

each c a r r y i n g a l a r g e f r a c t i o n of the p r i m a r y e n e r g y , so the 

magnitude of the t r a n s i t i o n e f f e c t i s s m a l l . J u s t a f t e r the shower 

maximum however , the m a j o r i t y of shower p a r t i c l e s have e n e r g i e s 

l e s s than the c r i t i c a l energy e a and i t i s a t t h i s s t a g e of the 

shower t h a t the magnitude of the t r a n s i t i o n e f f e c t i s a t a 

maximum. 
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2 . 1 . 5 Energy R e s o l u t i o n 

The i n t r i n s i c energy r e s o l u t i o n * of a c a l o r i m e t e r of i n f i n i t e 

d i m e n s i o n s i s l i m i t e d o n l y by the s t a t i s t i c s of the e l e m e n t a r y 

p r o c e s s e s i n v o l v e d and has been computed to be [LON] 

<x(E) = c ( T ) « 0.7% 
E T -Jz i G e V l 

f o r E c / e = 0 . 5 / 1 1 . 8 = 0 . 0 4 . I n p r a c t i c e , t h e r e a r e s e v e r a l 

e f f e c t s t h a t c o n t r i b u t e to a d e g r a d a t i o n i n the o b t a i n a b l e energy 

r e s o l u t i o n . T a b l e 2 . 3 summar i ses the p r i n c i p a l f a c t o r s l i m i t i n g 

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

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

C o n t a i nment 

I f the shower i s not f u l l y c o n t a i n e d i n the c a l o r i m e t e r , the 

energy measurement i s i n c o r r e c t and i t s d i s t r i b u t i o n f o r monochro-

m a t i c e l e c t r o n s a c q u i r e s a t a i l e x t e n d i n g towards z e r o . The e f f e c t 

on t h e r e s o l u t i o n i s s m a l l i f the l e a k a g e i s not too l a r g e , and 

a ( E ) / E i s p r o p o r t i o n a l to l o g ( E ) [.FAB]. L o n g i t u d i n a l l o s s e s a r e 

much more s e r i o u s than l a t e r a l o n e s . A 5% l a t e r a l l o s s h a s a much 

s m a l l e r e f f e c t on the r e s o l u t i o n than a 2% l o n g i t u d i n a l l o s s 

[FAB I . 

* The symbol o i s used to r e p r e s e n t the R . M . S r e s o l u t i o n . Where 
the r e s o l u t i o n i s measured by the F u l l Width a t Ha l f Maximum, 
the e x p r e s s i o n cr(FWHM) i s u s e d . 
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TABLE 1.1 

F a c t o r s L i m i t i n g Energy R e s o l u t i o n f o r EM s h o w e r s 

C o n t r i b u t i n g mechanism 
(add i n q u a d r a t u r e ) 

Magnitude of the e f f e c t 

I n t r i n s i c f l u c t u a t i o n s T r a c k l e n g t h f l u c t u a t i o n s 
a / E * 0 . 0 0 7 / V E l G e V ] 

Sampl ing f l u c t u a t i o n s * cx/E « 0.0<KME/E 

I n s t r u m e n t a l e f f e c t s N o i s e and P e d e s t a l w i d t h 
a / E * 1/E 
- d e t e r m i n e s minimum 

d e t e c t a b l e s i g n a l 
- l i m i t s low energy 

per formance 

C a l i b r a t i o n e r r o r s and 
Non u n i f o r m i t i e s 
a / E - c o n s t a n t 
- l i m i t s h igh energy 

per formance 

P h o t o e l e c t r o n s t a t i s t i c s 

I n c o m p l e t e c o n t a i n m e n t 
of the shower 

a / E - log E 
For l e a k a g e > feu % 
N o n - l i n e a r r e s p o n s e and 
N o n - g a u s s i a n t a i l 

* AE = Energy l o s t by a s i n g l e c h a r g e d p a r t i c l e i n one 
sampl ing l a y e r measured in MeV, E = T o t a l energy GeV. 

F l u c t u a t i o n s i n the number of c r o s s i n g s 

I n A p p r o x i m a t i o n B, the shower h a s no l a t e r a l s p r e a d and i f 

E c = 0 , the t o t a l t r a c k l e n g t h i s g i v e n by 

T = E X 0 / € 

Thus i n an i n f i n i t e l y long medium, a s e t of l a y e r s of t h i c k n e s s x 

i n t e r c e p t s a number of t r a c k s g i v e n by T/x independent of the 

- 32 -



l o n g i t u d i n a l d i s t r i b u t i o n of the s h o w e r . So the number of c r o s s -

i n g s 

N = EX 0 /€X = E / S E 

where SE i s the energy l o s t by a minimum i o n i z i n g p a r t i c l e t r a v -

e r s i n g one of the l a y e r s of t h i c k n e s s x . I f one assumes t h a t the 

c r o s s i n g s a r e independent and f o l l o w a normal d i s t r i b u t i o n , the 

r . m . s e r r o r i n the energy measurement due o n l y to s a m p l i n g f l u c t u -

a t i o n s i s g i v e n by [AMA] 

<t(E) a I = J S E a 3.2% J e t 
E VN t / F ( z ) E T/F(Z)E 

where the f a c t o r F ( z ) t a k e s i n t o a c c o u n t the s h o r t e n i n g of the 

t r a c k l e n g t h due to a f i n i t e v a l u e of the c u t o f f energy E c and 

t = x / X o , the t h i c k n e s s of a c a l o r i m e t e r l a y e r e x p r e s s e d i n u n i t s 

of r a d i a t i o n l e n g t h . 

T h i s e s t i m a t e i s based on A p p r o x i m a t i o n B and i s t h u s v a l i d 

o n l y f o r l i g h t m a t e r i a l s . In a heavy m a t e r i a l , one would e x p e c t 

the t r a n s v e r s e d i m e n s i o n s of the shower to be much l a r g e r s i n c e 

the M o l i e r e r a d i u s s c a l e s a s 

F i s h e r ' s M o n t e - C a r l o c a l c u l a t i o n i F I S l shows t h a t a l a r g e f r a c t i o n 

of the low energy e l e c t r o n s form l a r g e a n g l e s w i t h r e s p e c t to the 

shower a x i s F i g u r e s 2 . 5 , 2 . 6 . 

An at tempt to q u a l i t a t i v e l y u n d e r s t a n d the Z dependance of t h i s 

e f f e c t h a s been made IAMA]. For a t r a c k forming an a n g l e 8 w i t h 

the shower a x i s , the s e n s i t i v e l a y e r s appear a t an e f f e c t i v e 

d i s t a n c e of t / c o s 8 so t h a t an a v e r a g e c o r r e c t i o n f a c t o r of 
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Schematic representation of the cross-section of the volume that 

contains, on average, about 90% of the total energy of an electro-

magnetic shower. The units are radiation lengths on both axes. 
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1/V<cos0> has to be a p p l i e d . Using i n p u t from Monte-Car lo they 

e s t i m a t e 

<COS0> - COS(E s /H€ ) 

v a l i d when the c u t o f f energy E c £ 10/€ MeV. The sampl ing r e s o l u -

t i o n then becomes 

q ( E ) = 3.2% Je [MeVl J t 
E Vf(Z)COS(E

s
/tt€) J e [GeVl 

Regarding the above e q u a t i o n , the author [AMA] makes the f o l l o w i n g 

p o i n t s : 

1. The s i m p l e e s t i m a t e from Approximat ion B i s c o r r e c t e d by 

t a k i n g i n t o account the c u t o f f energy E c and the s c a t t e r i n g 

of low energy e l e c t r o n s . The f a c t o r F ( z ) < c o s 0 > i n c l u d e s 

o t h e r e f f e c t s n e g l e c t e d by Approx imat ion B, i n p a r t i c u l a r 

t h a t the assumpt ion of c o n s t a n t a b s o r p t i o n of photons f o r 

h igh Z m a t e r i a l s i s i n c o r r e c t even f o r e n e r g i e s l a r g e r than 

€ . There a r e more e l e c t r o n s and photons than p r e d i c t e d . 

2 . The f a c t t h a t N = EX<>/€x o v e r e s t i m a t e s the number of t r a c k s 

has long been known. The d i s c r e p a n c y has been a t t r i b u t e d to 

the f a c t t h a t e l e c t r o n s and p o s i t r o n s a re a lways c r e a t e d i n 

p a i r s , so t h a t the number of s t a t i s t i c a l l y independant 

c r o s s i n g s i s N/2 and not N. T h i s cannot be the c a s e because 

i t would a l s o ho ld f o r low Z m a t e r i a l s and would cause 

d i sagreement w i t h e x p e r i m e n t . 

3. The e f f e c t of the c u t o f f energy E C on the two c o r r e c t i n g 

f a c t o r s F ( z ) and COS(E
s
/tt€). With i n c r e a s i n g E C the f i r s t 

d e c r e a s e s and the second i n c r e a s e s because the i s o t r o p i c 
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component i s l e s s w e l l s a m p l e d , 

rough compensat ion between the 

v a l i d i t y f o r the e x p r e s s i o n . 

Thus one would e x p e c t a 

two and a l a r g e range of 

Landau F l u c t u a t i o n s 

These a r e more s e r i o u s f o r sampl ing c a l o r i m e t e r s i n which the 

a c t i v e m a t e r i a l has a low d e n s i t y ( e g . g a s ) and o n l y c o n t r i b u t e 

minor c o r r e c t i o n s to the f l u c t u a t i o n s i n s o l i d or l i q u i d d e t e c -

t o r s . 

The d i s t r i b u t i o n of energy e d e p o s i t e d by a minimum i o n i z i n g 

p a r t i c l e t r a v e r s i n g a t h i c k n e s s x of m a t e r i a l i s a s y m m e t r i c and 

has an r . m . s v a l u e of the form [KATl 

<r(e)/e « 2 / l n ( 4 W / E m ) 

where M i s the energy above which on a v e r a g e one S - r a y i s produced 

i n the t h i c k n e s s x . For r e l a t i v i s t i c p a r t i c l e s of u n i t c h a r g e 

WlMeVl « 0 . 1 5 Zx/A g/cm 2 and E m i s the minimum energy of a S - r a y , 

u s u a l l y taken to be - 30 eV. Because of the t a i l of the Landau 

d i s t r i b u t i o n , the c o n t r i b u t i o n to the t o t a l energy r e s o l u t i o n from 

N c r o s s i n g s i s not e x a c t l y p r o p o r t i o n a l to 1/Vn. However, an o r d e r 

of magnitude e s t i m a t e may be o b t a i n e d by u s i n g the above e q u a t i o n 

and s e t t i n g Z/A * 0 . 5 

<x(E) * 1 2 
E Jn lnCIO^x g / c m 2 ) 

T h i s i n c r e a s e s the sampl ing f l u c t u a t i o n s by l e s s than 3/5 f o r a 

d e t e c t o r t h i c k n e s s of 1 g / c m 2 . 
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Path l e n g t h f l u c t u a t i o n s 

A l a r g e f l u c t u a t i o n i n the path l e n g t h t h a t the e l e c t r o n s make 

i n the a c t i v e m a t e r i a l of the c a l o r i m e t e r i s c a u s e d by the wide 

s p r e a d i n the a n g l e s t h a t e l e c t r o n s make w i t h the shower a x i s . 

Aga in the e f f e c t i s more s e r i o u s f o r a g a s b e c a u s e 

1. The c u t o f f energy i s much s m a l l e r so t h a t e l e c t r o n s of low 

energy moving a long a s e n s i t i v e l a y e r d e p o s i t much more 

energy than e l e c t r o n s moving normal to the p l a n e . 

2 . The m u l t i p l e s c a t t e r i n g i n a dense l a y e r i s much l a r g e r 

than i n a g a s so t h a t the e l e c t r o n s tend to be s c a t t e r e d 

out of the dense l a y e r t h u s c a u s i n g a c o r r e s p o n d i n g r e d u c -

t i o n i n path l e n g t h f l u c t u a t i o n s lAMAl. 

2 . 2 Hadron i c Showers 

H a d r o n i c c a s c a d e s a r e of a much more complex n a t u r e than E l e c -

t r o m a g n e t i c c a s c a d e s and no s i m p l e a n a l y t i c t r e a t m e n t s i m i l a r to 

A p p r o x i m a t i o n B e x i s t s to d e s c r i b e them. A v a r i e t y of d i f f e r e n t 

p a r t i c l e s a r e produced in energy dependant ways by d i f f e r e n t 

i n t e r a c t i o n and decay mechanisms . In a d d i t i o n , i n t e r a c t i o n s w i t h 

n u c l e i p l a y an i m p o r t a n t r o l e i n the energy d e p o s i t i o n . The b a s i c 

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

M o n t e - C a r l o programs have been deve loped to s i m u l a t e h a d r o n i c . 

s h o w e r s . T a b l e 2 . 4 summar i ses the p r i n c i p l e f e a t u r e s of hadron 

induced s h o w e r s . 

H a d r o n i c i n t e r a c t i o n s a r e c h a r a c t e r i s e d by t h e i r m u l t i p a r t i c l e 

p r o d u c t i o n w i t h l i m i t e d t r a n s v e r s e momentum <Pt> - 0 . 3 5 GeV/c i n 
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TABLE 2 . 4 

P r o p e r t i e s of Hadronic Showers 

Genera l p r o p e r t i e s 

M u l t i p l i c a t i o n p r o c e s s N u c l e a r m u l t i p a r t i c l e 
p r o d u c t i on 

Secondary p a r t i c l e s F a s t n u c l e o n s , p i o n s ; 
medium energy (100 MeV) 
p ' s , n ' s j l o w energy (10 MeV) 
P , n , y ; n u c l e a r f ragments 
i n e l a s t i c i t y = 0 . 5 

I n e f f i c i e n t l y d e t e c t a b l e 
energy 

Low energy n ' s , y ' s , 
decay n u c l e a r f ragments 

L a r g e s t s o u r c e of 
f l u c t u a t i o n 

Energy g i v e n to TT°'S 
in the f i r s t i n t e r a c t i o n ; 
Depth of the f i r s t 
i n t e r a c t i o n 

Average Shower Dimens ions 

Long, energy d e p o s i t i o n S c a l e s in Ao 

R i s e Rapid 
t m a x U l * 0 . 6 1 n [ E ] - 0 . 2 

Peak - In E 

T a i l Slow e x p o n e n t i a l 
A a t i 1-2 A0 

Depth f o r 95% l o n g i t u d i n a l 
conta inment 

L[ A] « t r a a x + 4E0 '1 5 I GeV ] 

L a t e r a l energy d e p o s i t i o n 
T a i l 

S c a l e s in g/cm2 ( ? ) 
F a s t e x p o n e n t i a l w i th 
long t a i l 

R a d i u s f o r 95% r a d i a l 
conta inment 

R = A0 v « 
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which about h a l f of the i n c i d e n t energy i s consumed. The r e m a i n d e r 

i s c a r r i e d by a f a s t fo rward go ing p a r t i c l e or c l u s t e r of p a r t i -

c l e s hav ing the same quantum numbers a s the i n c i d e n t p a r t i c l e 

: the l e a d i n g p a r t i c l e e f f e c t . The s e c o n d a r i e s a r e m a i n l y p i o n s 

and n u c l e o n s w i t h a m u l t i p l i c i t y c o m p o s i t i o n o n l y weak ly energy 

dependant above the r e s o n a n c e r e g i o n (E I 1 GeV) . The a v e r a g e 

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

a v a i l a b l e energy ( - l n [ s ] ) but w i t h a l a r g e energy i n d e p e n d a n t 

d i s p e r s i o n ( - 50% on a v e r a g e ) . 

E x c e p t f o r a m u l t i p l i c a t i o n f a c t o r p a r a m e t r i z e d i n powers of 

the mass number A, the i n t e r a c t i o n s w i t h n u c l e i a r e s i m i l a r to 

t h o s e w i t h i s o l a t e d n u c l e o n s , s i n c e q u a s i - f r e e c o l l i s i o n s on bound 

n u c l e i dominate a t h i g h e n e r g i e s . The i n e l a s t i c c r o s s - s e c t i o n s a r e 

known to v a r y a p p r o x i m a t e l y a s A0 '6 7 and A°'7 5 f o r p r i m a r y n u c l e o n s 

and mesons r e s p e c t i v e l y [ IMA] . The a v e r a g e p a r t i c l e m u l t i p l i c i t y 

a l s o i n c r e a s e s a s l n [ s ] and depends weak ly on the t a r g e t m a t e r i a l . 

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

<v> = A a i ( N ) 
ffi (A) 

which can be i n t e r p r e t e d a s the a v e r a g e number of a b s o r p t i o n 

m e a n - f r e e - p a t h s e n c o u n t e r e d by the i n c i d e n t p a r t i c l e i n go ing 

through a n u c l e u s . E x p e r i m e n t a l l y , the o v e r a l l m u l t i p l i c a t i o n of 

p a r t i c l e s i n a n u c l e u s , r e l a t i v e to t h a t on a n u c l e o n , i n c r e a s e s 

i n p r o p o r t i o n to <v>. T h i s s low i n c r e a s e of the m u l t i p l i c i t y w i t h 

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

w h i l e the number of s e c o n d a r i e s from beam f r a g m e n t a t i o n does not 

change w i t h A [ IMA] . 
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A n o t h e r s o u r c e of p a r t i c l e e m i s s i o n , a p a r t from f a s t p a r t i c l e s , 

i s the n u c l e a r d i s i n t e g r a t i o n of an e x c i t e d n u c l e u s . The energy 

s p e c t r u m of each of the e m i t t e d p a r t i c l e s i s d e t e r m i n e d by the 

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

a r e e m i t t e d , but t h e i r abundance r a p i d l y d e c r e a s e s w i t h t h e i r mass 

number. The most abundant a r e n e u t r o n s which a r e not e f f e c t e d by 

the Coulomb b a r r i e r . A s u b s t a n t i a l amount of energy i s used to 

overcome n u c l e a r b i n d i n g ( - 8 MeV per n u c l e o n T h i s r e p r e s e n t s 

a l o s s of energy i n the s e n s e t h a t the t o t a l k i n e t i c energy of the 

e m i t t e d p a r t i c l e s i s l e s s than the i n c i d e n t e x c i t a t i o n e n e r g y . 

The m u l t i p l i c a t i o n p r o c e s s f o r h a d r o n s i s p a r a m e t r i z e d by the 

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

A0 = A 
Nav P 

where N a v i s Avogadros number and o i the i n e l a s t i c c r o s s - s e c t i o n , 

f o r a m a t e r i a l w i t h mass number A and d e n s i t y p . The r a t e a t 

which a n u c l e a r i n t e r a c t i o n t a k e s p l a c e a t a depth t i s g i v e n by 

dn = e x p ( - t / A o ) / A o dt 

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

above the r e s o n a n c e r e g i o n and i s a l m o s t the same f o r both the 

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

The f i r s t s i g n i f i c a n t i n t e r a c t i o n o c c u r s on a v e r a g e a f t e r one 

Ao b e f o r e which a c h a r g e d hadron o n l y l o s e s energy through i o n i z a -

t i o n . I n the f i r s t i n t e r a c t i o n , about h a l f the i n c i d e n t energy i s 

consumed i n the p r o d u c t i o n of a l e a d i n g p a r t i c l e , about h a l f i n 

the p r o d u c t i o n of p i o n s and a s m a l l f r a c t i o n by n u c l e a r e x c i t a t i o n 
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and the r e c o i l n u c l e u s . F a s t c h a r g e d s e c o n d a r i e s go on r e p e a t i n g 

s i m i l a r i n t e r a c t i o n s on d i f f e r e n t n u c l e i a s long a s t h e i r energy 

i s h i g h enough. A p a r t from n e u t r o n s , which t r a v e l long d i s t a n c e s 

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

energy n e a r the i n t e r a c t i o n p o i n t . About one t h i r d of the produced 

p i o n s a r e n e u t r a l and decay a l m o s t i n s t a n t a n e o u s l y i n t o two 

photons r e s u l t i n g i n e l e c t r o m a g n e t i c s h o w e r s t h a t d i e out i n r e l a -

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

p i o n s to decay i n t o muons and n e u t r i n o s . The muons l o s e t h e i r 

energy o n l y through i o n i z a t i o n , w h i l e the n e u t r i n o s p a s s through 

the c a l o r i m e t e r w i t h o u t any i n t e r a c t i o n . T h u s , i n a marked 

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

up and d e c a y s i n somewhat v i o l e n t s t e p s by a s u c c e s s i o n of 

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

2 . 3 P o s i t i o n Measurements in 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 

I f the c a l o r i m e t e r i s p r e c e d e d by a t r a c k d e t e c t o r such a s a 

chamber , then s p a t i a l i n f o r m a t i o n on charged t r a c k s i s e a s i l y 

o b t a i n a b l e . For n e u t r a l p a r t i c l e s , the chamber can be p l a c e d a f t e r 

an a c t i v e or p a s s i v e c o n v e r t e r . I f the c a l o r i m e t e r i s l a t e r a l l y 

segmented, the c o o r d i n a t e s of the i n c i d e n t p a r t i c l e can be deduced 

from the p u l s e h e i g h t s o b s e r v e d i n c o n s e c u t i v e s e g m e n t s . The 

a c c u r a c y o b t a i n a b l e by t h i s method i s l i m i t e d by the s i z e of the 
% 

% 

segments and f i n e s e g m e n t a t i o n i s v e r y e x p e n s i v e . A l t e r n a t i v e l y , 

the c a l o r i m e t e r segments can be f a i r l y l a r g e and s p a t i a l i n f o r m a -

t i o n can be o b t a i n e d by hodoscope a r r a y s t h a t sample the l a t e r a l 

energy d e p o s i t . 
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The i n t r i n s i c r e s o l u t i o n of a p o s i t i o n measurement i s v e r y h i g h 

and the l i m i t a t i o n s a r e of a p r a c t i c a l n a t u r e hav ing to do w i t h 

the l o n g i t u d i n a l g r a n u l a r i t y and t r a n s v e r s e s i z e of the c a l o r i m -

e t e r s e g m e n t s . P o s i t i o n r e s o l u t i o n o b t a i n e d by r e c o r d i n g the 

shower p r o f i l e i s s u b j e c t to c o n s i d e r a b l e f l u c t u a t i o n s i n the 

shower development w i t h r e s p e c t to the d i r e c t i o n of t h e p r i m a r y 

p a r t i c l e . 

I f the c a l o r i m e t e r has t r a n s v e r s e segments of w i d t h 26 , an 

e s t i m a t e of the p o s i t i o n of the shower i s o b t a i n e d by measur ing 

the c e n t r e of g r a v i t y of the l a t e r a l energy d e p o s i t i o n . 

x c = 26 Z i A i 
I A? 

where A, i s the p u l s e h e i g h t measured by the i ' t h segment . I f an 

e x p o n e n t i a l p r o f i l e i s assumed f o r the energy d i s t r i b u t i o n r e l a -

t i v e to the shower a x i s , the t r u e shower p o s i t i o n x<> i s r e l a t e d to 

the c e n t r e of g r a v i t y x c by iBUSl 

xq = b s i n h ' M ( x c / A ) s i n h ( S ) 1 

where | x o | £ 6 , S = A/b and b r e p r e s e n t s the c h a r a c t e r i s t i c 

shower w i d t h , e q u i v a l e n t to the a v e r a g e l a t e r a l a t t e n u a t i o n 

l e n g t h . T y p i c a l l y b - 5 . 0 mm f o r l e a d . The c o r r e c t i o n f a c t o r i s 

a l m o s t i d e n t i c a l i n the c a s e where the shower p r o f i l e i s r e p r e -

s e n t e d by the s u p e r p o s i t i o n of two e x p o n e n t i a l s i f b i s r e p l a c e d 

by the we ighted sum of the i n d i v i d u a l a v e r a g e l a t e r a l a t t e n u a t i o n 

l e n g t h s b<\ and b 2 [AKOl . 

Thus the a c c u r a c y of the c e n t r e of g r a v i t y measurement depends 

on 8 which i s the c o u n t e r s i z e r e l a t i v e to the shower w i d t h . At 
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l a r g e v a l u e s of 8 , the c e n t r e of g r a v i t y d i f f e r s c o n s i d e r a b l y from 

the t r u e p o s i t i o n of the shower . F i g u r e 2 . 7 shows the r e l a t i o n s h i p 

between the t r u e shower p o s i t i o n and the c a l c u l a t e d c e n t r e of 

g r a v i t y f o r d i f f e r e n t v a l u e s of S . The maximum d e v i a t i o n o c c u r s 

when the shower h i t s the c e n t r e of a h a l f segment [ B U S ] . 

For 8 < 3 , 

So the c o r r e c t i o n f a c t o r i n v o l v e d i n c r e a s e s r a p i d l y w i t h 

i n c r e a s i n g 8 . Good s p a t i a l r e s o l u t i o n i s o b t a i n e d when 8 - 1 i e . 

when the w idth of a segment i s c l o s e to the shower w i d t h . The 

a v e r a g e shower w i d t h , r e p r e s e n t e d by b depends on the m a t e r i a l and 

a l s o the depth i n the shower where the measurement i s made. I t 

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

2 . 4 P a r t i c l e I d e n t i f i c a t i o n 

For an 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 , the p r i n c i p a l r e q u i r e m e n t 

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

e l e c t r o m a g n e t i c and h a d r o n i c s h o w e r s . The showers c a u s e d by the 

two t y p e s of p a r t i c l e s d i f f e r i n 

1. L o n g i t u d i n a l s i z e and p r o f i l e . 

2 . L a t e r a l s i z e . 

3 . V i s i b l e f r a c t i o n of p r i m a r y e n e r g y . 

4 . T y p i c a l v e l o c i t y of the shower p a r t i c l e s . 

r 

CXo-X
c
)max

 2

 £££ 
16 

S£ 
20 
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For p a r t i c l e s of known momentum, hadrons can be e f f i c i e n t l y 

r e j e c t e d by a p p l y i n g a c u t on the r a t i o of the measured energy to 

the momentum. T y p i c a l l y , r e j e c t i o n f a c t o r s of about 500 a r e 

p o s s i b l e [ IWAJ. Hadron r e j e c t i o n c a p a b i l i t y i s u l t i m a t e l y l i m i t e d 

by the s m a l l ( few % ) f r a c t i o n of showers where most of the i n c i -

dent energy i s consumed i n the p r o d u c t i o n of n e u t r a l p i o n s . These 

e v e n t s w i l l e f f e c t i v e l y s i m u l a t e an e l e c t r o m a g n e t i c shower . Some 

r e j e c t i o n a g a i n s t t h i s can be made [ H I T ] i f the energy d e p o s i t i n 

the f r o n t p a r t of the c a l o r i m e t e r can be measured ( i d e a l l y u s i n g 

m a t e r i a l s hav ing a l a r g e Ao/Xo r a t i o ) 

A r e j e c t i o n f a c t o r of about 2 - 3 a g a i n s t h a d r o n s can be a c h i e v e d 

by examin ing the l a t e r a l shower p r o f i l e . A p a s s i v e ( or a c t i v e ) 

c o n v e r t e r of a few Xo f o l l o w e d by s c i n t i l l a t o r i n the f r o n t p a r t 

of the c a l o r i m e t e r can a l s o a i d hadron r e j e c t i o n . A f a c t o r of 

about 5 -10 i n hadron r e j e c t i o n can be a c h i e v e d by demanding a 

minimum p u l s e h e i g h t i n the s c i n t i l l a t o r e q u i v a l e n t to s e v e r a l 

minimum i o n i z i n g p a r t i c l e s . S i n c e the c o n v e r t e r a c c e l e r a t e s the 

shower ing of e l e c t r o n s u h i l e hav ing l i t t l e e f f e c t on h a d r o n s , i t 

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

v i s i b l e e n e r g y . U n l e s s an a c t i v e c o n v e r t e r i s u s e d , however , i t s 

t h i c k n e s s i s l i m i t e d s i n c e i t d e g r a d e s the energy r e s o l u t i o n . 
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C h a p t e r I I I 

ILSA-THE IMPERIAL COLLEGE LEAD SCINTILLATOR ARRAY 

ILSA i s a l e a d - s c i n t i 1 l a t o r s a n d w i c h sampl ing c a l o r i m e t e r . I t 

i s one of the t h r e e c a l o r i m e t e r s i n the NA-14 e x p e r i m e n t used to 

p r o v i d e a t r i g g e r on h i g h t r a n s v e r s e momentum p h o t o n s . 

I t i s modular i n s t r u c t u r e , u s i n g two d i f f e r e n t t y p e s of 

modules t h a t d i f f e r p r i n c i p a l l y i n the amounts of l e a d and s c i n -

t i l l a t o r . F i g u r e 3 . 1 shows the i n t e r n a l s t r u c t u r e of the modules . 

The A and B modules a r e i d e n t i c a l and a r e made of a l t e r n a t e l a y e r s 

of l e a d and s c i n t i l l a t o r . Each c o n t a i n s 6 p l a t e s of P l e x i p o p s c i n -

t i l l a t o r of s i z e 1080 x 245 x 5 mm3. The l i g h t from each p l a t e i s 

c o u p l e d to the p h o t o m u l t i p l i e r (PM) v i a a f i s h t a i l shaped l i g h t 

g u i d e . The PMs used a r e RCA type 8575. C l o s e to the PM i s a b l o c k 

of s c i n t i l l a t o r used f o r PM g a i n e q u a l i z a t i o n . Each module h a s 

embedded i n i t s l i g h t g u i d e a L i g h t E m i t t i n g Diode (LED) t h a t i s 

used to mon i tor the PM g a i n . The whole assembly i s e n c l o s e d i n a 

l i g h t t i g h t s h e e t i r o n box. The C and D modules a r e i d e n t i c a l 

e x c e p t t h a t they have 9 l a y e r s of s c i n t i l l a t o r . 

These modules were p r e v i o u s l y be ing used i n the WA-11 e x p e r i -

ment a t CERN. W i t h i n the c o n s t r a i n t s of t ime and f i n a n c i a l 

r e s o u r c e s , they had to be m o d i f i e d and supplemented i n whatever 

way p o s s i b l e to meet the r e q u i r e m e n t s of NA-14. "The p r i m a r y 

c o n s i d e r a t i o n s m o t i v a t i n g the m o d i f i c a t i o n s were 

- 47 -



oo 

Plexipop 

Perspex 

CD 
IQ 
C 
T 
no 

CO 

Cal ibrat ion, 
Sc int i l la tor 

LED 



1. Improving the energy r e s o l u t i o n ( p r e v i o u s l y o(fwhm)/e = 

47%/Je) and l i n e a r i t y i n d e t e c t i n g photons of e n e r g i e s up 

to 40 GeV. 

2 . P r o v i d i n g good s p a t i a l r e s o l u t i o n to e n a b l e the s e p a r a t i o n 

of e n e r g e t i c TT°'S from s i n g l e y ' s . 

3 . y / h a d r o n s e p a r a t i o n a t the t r i g g e r l e v e l . 

I n the WA-11 e x p e r i m e n t , the c a l o r i m e t e r was made of two l a y e r s 

of m o d u l e s , one of type A and the o t h e r of type C. The A type 

modules had 7 l a y e r s of l e a d each 3 mm t h i c k and the C type 

modules had 10 l a y e r s of l e a d each 6 mm t h i c k . I t s r e l a t i v e l y 

poor r e s o l u t i o n was due to the f a c t t h a t t h e main p o r t i o n of the 

shower was b a d l y s a m p l e d . In o r d e r to improve the energy r e s o l u -

t i o n i t was d e c i d e d to double the number of samples by d e c r e a s i n g 

the t h i c k n e s s of the l e a d s h e e t s and h a v i n g two l a y e r s of type A 

f o l l o w e d by two l a y e r s of type C. Doubl ing the number of s a m p l e s 

s h o u l d t h e o r e t i c a l l y -improve the energy r e s o l u t i o n by a f a c t o r of 

V 2 , p r o v i d e d t h a t showers t r a v e r s e a l l of the modu les , and t h a t 

the f r a c t i o n of energy t h a t l e a k s out i s s m a l l . 

I n o r d e r to p r o v i d e s p a t i a l i n f o r m a t i o n , a two d i m e n s i o n a l 

s c i n t i l l a t o r hodoscope a r r a y was c o n s t r u c t e d a t I m p e r i a l C o l l e g e . 

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

modules to sample the l a t e r a l energy d e p o s i t i o n of the shower . 

F i g u r e 3 . 2 shows the s t r u c t u r e of an A r i a d n e module. 

Each f i n g e r of A r i a d n e i s a s t r i p of NE110 type s c i n t i l l a t o r of 

d i m e n s i o n s 1470 x 15 x 10 mm3. L i g h t c o u p l i n g w i t h the PM i s v i a a 

t w i s t e d per spex l i g h t - g u i d e 475 mm l o n g . The PMs a r e Hamamatsu 
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type 931B. They a r e compact 9 s t a g e PMs w i t h a s i d e window. A 

group of 12 f i n g e r s , each i n d i v i d u a l l y wrapped i n f o i l and t a p e , 

a r e h e l d t o g e t h e r i n a box of s h e e t a lumin ium 1 mm t h i c k . A f i b r e 

o p t i c c a b l e i s imbedded in each s t r i p a t the j u n c t i o n between the 

l i g h t - g u i d e and the s c i n t i l l a t o r . T h i s f i b r e i s used to feed l i g h t 

i n t o the s t r i p to e n a b l e m o n i t o r i n g of the PM g a i n . 

3 .1 The H5 T e s t s 

I n o r d e r to s t u d y the per fo rmance of v a r i o u s c o n f i g u r a t i o n s of 

the modu les , e x p e r i m e n t s were c a r r i e d out a t the H5 beaml ine of 

the CERN SPS. The r e s p o n s e of the c a l o r i m e t e r and t h e p o s i t i o n 

d e t e c t o r was s t u d i e d f o r i n c i d e n t e l e c t r o n s and h a d r o n s of momenta 

2 , 6 , 10, 20 , 30 , 40 , 60 and 80 GeV/c . 

3 . 1 . 1 E x p e r i m e n t a l Layout 

The e x p e r i m e n t a l l a y o u t i s shown i n F i g u r e 3 . 3 . The two t h r e s -

h o l d Cerenkov c o u n t e r s p r o v i d e e l e c t r o n / h a d r o n s e p a r a t i o n . They 

a r e f o l l o w e d by s e v e r a l beam d e f i n i t i o n c o u n t e r s t h a t l o c a l i z e the 

beam to a c r o s s - s e c t i o n of about 1 x 1 mm2. F i n a l l y , four- c a l o r i m -

e t e r modules and two modules of the p o s i t i o n d e t e c t o r mounted on a 

movable t r o l l e y . 

The s i g n a l s from a l l the PMs were fed i n t o L e c r o y 2249 10 b i t 

c h a r g e i n t e g r a t i n g ana log to d i g i t a l c o n v e r t e r s ( A D C s ) . The 

amount of l e a d i n the c a l o r i m e t e r modules was v a r i e d to i n v e s t i -

g a t e i t s e f f e c t on energy r e s o l u t i o n and l i n e a r i t y . For most of 

t h i s d i s c u s s i o n I w i l l r e f e r to r e s u l t s o b t a i n e d u s i n g the f i n a l l y 
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adopted s e t u p . The A and B modules c o n t a i n e d 7 s h e e t s of l e a d each 

of t h i c k n e s s 3 mm and the C and D modules 10 s h e e t s of l e a d e a c h 3 

mm t h i c k . In terms of r a d i a t i o n l e n g t h s , t h i s c o r r e s p o n d s to 

about 3 . 5 X0 f o r the A and B, and 5 Xo f o r the C and D. 

3 . 1 . 2 Data A c q u i s i t i o n 

Data a c q u i s i t i o n was per formed by a H e w l e t t - P a c k a r d HP-21 

s e r i e s computer running a s o f t w a r e s y s t e m w r i t t e n by the Data 

Handl ing d i v i s i o n of CERN. The u s e r i n t e r f a c e f o r the s y s t e m was 

w r i t t e n by C. W i l l i a m s and D. P i t t u c k of the I m p e r i a l C o l l e g e 

g r o u p . The computer per formed the f o l l o w i n g t a s k s 

1. Readout of the ADC's and P a t t e r n u n i t s and w r i t i n g of 

e v e n t s to magnet i c t a p e . 

2 . M o n i t o r i n g the g a i n s of t h e c a l o r i m e t e r p h o t o m u l t i p l i e r s . 

3. M o n i t o r i n g of the High V o l t a g e s u p p l y . 

4 . O n l i n e b o o k i n g , f i l l i n g and d i s p l a y of h i s t o g r a m s of u s e r 

s e l e c t a b l e ADC c h a n n e l s . 

3 . 1 . 3 C a l i b r a t i o n and M o n i t o r i n g 

The g a i n s of a l l the p h o t o m u l t i p l i e r s were e q u a l i z e d u s i n g -

r e l a t i v i s t i c muons. For A r i a d n e , the h igh v o l t a g e was a d j u s t e d so 

t h a t a r e l a t i v i s t i c muon produced a s i g n a l of about 15 ADC c h a n -

n e l s . Us ing the c a l i b r a t i o n s c i n t i l l a t o r b l o c k , the g a i n s of the 

c a l o r i m e t e r module PMs were s e t so t h a t the p a s s a g e of a r e l a t i v -

i s t i c muon through t h i s b l o c k produced a s i g n a l of about 200 ADC 

c h a n n e l s . 
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During p e r i o d s of d a t a t a k i n g , the g a i n s of the A r i a d n e p h o t o -

m u l t i p l i e r s were mon i tored by means of l i g h t from a K r y t r o n p u l s e r 

t h a t was fed v i a the o p t i c a l f i b r e s to each of the s c i n t i l l a t o r 

f i n g e r s . The c a l o r i m e t e r module PM g a i n s were mon i tored u s i n g the 

l i g h t o u t p u t from LEDs t h a t were f l a s h e d a t r e g u l a r i n t e r v a l s . The 

f l a s h i n g was done d u r i n g the beam s p i l l to a l l o w f o r the p o s s i -

b i l i t y of compensat ing f o r PM g a i n sag t h a t might be c a u s e d by the 

f l u x of p a r t i c l e s . Muon c a l i b r a t i o n r u n s were per formed a t 

f r e q u e n t i n t e r v a l s to c o r r e c t f o r any d r i f t i n the l i g h t o u t p u t 

from the K r y t r o n p u l s e r or the LEDs . 

3 . 1 . 4 L i n e a r i t y and Energy R e s o l u t i o n of ILSA 

The p u l s e h e i g h t d i s t r i b u t i o n s i n each of the c a l o r i m e t e r 

modules f o r 6 GeV e l e c t r o n s i s shown i n F i g u r e 3 . 4 . For each e v e n t 

a t a p a r t i c u l a r beam momentum, the sum 

E , = A , + a B i •*• OC, + yO; 

i s a measure of the energy of the i n c i d e n t p a r t i c l e . A i , B i , C i , 

Di a r e the o b s e r v e d s i g n a l s f o r the i ' t h e v e n t i n the r e s p e c t i v e 

c a l o r i m e t e r modules . The c o n s t a n t s a , B , 7 r e p r e s e n t the r e l a t i v e 

g a i n s of each of the modules and were o b t a i n e d by m i n i m i z i n g the 

v a r i a t i o n i n E,-. T h i s a n a l y s i s showed t h a t the v a l u e s of a , B and 

7 were c l o s e to u n i t y . One would e x p e c t them to be e x a c t l y one i f 

the g a i n s of the PMs were e q u a l i z e d , the r a t i o of sampl ing t h i c k -

n e s s to t o t a l t h i c k n e s s i s the same f o r each module and none of 

the p h o t o m u l t i p l i e r s s a t u r a t e . 
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Setting a, B, y to unity, the energy resolution is given by the 

width of the distribution of A; • B; + Cj • D,. Figure 3.5 shows 

such a distribution for 6 GeV electrons. A gaussian is fitted to 

the distribution to give its a and the above analysis is repeated 

for each value of beam momentum. The results are summarized in 

Table 3.1 and Figure 3.6 shows the fractional energy resolution as 

a function of energy. 

One would expect the fractional energy resolution <x/E to be 

proportional to 1/Je. a good fit to the data up to 40 GeV is 

obtained with the relation 

g(FWHM) = 1 + 35% 

e ve 

where E is measured in GeV. This function is plotted as the solid 

line in Figure 3.6. 

The improvement in resolution, over the WA-11 configuration, is 

close to the naively expected factor of ^ 2 . When the C and 0 

modules had lead sheets of 6 mm thickness, the resolution degraded 

(except for low energies) and the results for this configuration 

are also shown in Figure 3.6(solid squares). 

It is interesting to compare the measured resolution with that 

predicted by the Amaldi formula (section 2.1.5). Substituting the 

relevant parameters into the equation it predicts a value of about 

25%/Ve for the fractional error (FWHM) in the energy measurement 

due only to sampling fluctuations. The cutoff energy E
c
 was taken 

to be 1 MeV and the fractional useful track length for this value 

of E
c
 was estimated from Figure 2.1. 
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F i g u r e 3.10 
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Figure 3.6 
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TABLE 3.1 

ILSA Energy Resolution and Linearity 

Momentum 

GeV/c 

Peak 

ADC Counts 
FWHM 

ADC Counts 

Resolution 
% 

2 71.9 17.9 24.9 

6 236.0 35.4 15.0 

10 390.0 44.3 11.4 

20 816.0 74.3 9.1 

30 1240.0 95.2 7.1 

40 1600.0 103.0 6.5 

60 2450.0 157.0 6.4 

80 3180.0 170.0 5.4 

If the response of the calorimeter is linear, one would expect 

the peak value of the distribution of Aj + Bi + Cj + Dj to be 

directly proportional to the incident energy. Figure 3.7 shows 

this relationship. The response is fairly linear upto an incident 

momentum of 80 GeV/c. 

3.1.5 Linearity of Ariadne 

Ariadne samples the shower after 3.5 Xo and provides a measure 

of the number of particles and their lateral distribution at this 
% 

depth in the shower. Figure 3.8 shows the average shower profile 

expressed in terms of the number of equivalent minimum ionizing 

particles at various values of the incident energy. The lateral 
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Figure 3.7 
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profile should be exponential and Figure 3.9 shous the result of 

fitting a function of the form 

Y = C
1
exp[-|x-<x>|/b

1
 ] + c

2
e x p [ - | x - < x > | / b

2
] 

to the lateral profile for 20 GeV electrons. In the above expres-

sion, <x> is the calculated centre of gravity of the shower. The 

lateral attenuation parameters, bi and b
2
, are determined to be 

6.5 and 35.6 mm respectively. They are only weakly dependant on 

the incident energy. 

The total number of particles in the shower should depend on 

the incident energy, Figure 3.10 shows this dependance. As can be 

seen from this figure, the measurement made by Ariadne agrees 

fairly well, apart from an overall normalization, with the Univ-

ersal Shower curve [ABS] up to incident energies of 40 GeV. 

3.1.6 Position Resolution 

The position of the incident electron was calculated from the 

centre of gravity of the lateral energy deposition as measured by 

Ariadne. The distribution of calculated centre of gravity for 6 

GeV electrons is shown in Figure 3.11. A gaussian fit to this 

distribution gives a value for the FWHM. The dependance of FWHM on 

incident energy is shown in Table 3.2. The relatively poor reso-

lution at 2 GeV of incident energy is due to statistics; the 

number of relativistic particles in the shower is small (about 16; 

see Figure 3.10) and the fluctuations are large. 

As discussed in the chapter on Calorimetry, the centre of 

gravity does not represent the true position of the incident 
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Figure 3.10 
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TABLE 3.2 

Ariadne Position Resolution 

Momentum 

GeV/c 
FWHM 
mm 

2 15.6 

6 6.3 

10 5.2 

20 4.0 

30 3.6 

40 3.1 

60 3.0 

particle, but the correction factor is calculable. To investigate 

this effect, the whole detector was moved up in steps of 3 m m . The 

results, for 20 GeV electrons, are summarized in Table 3.3. The 

maximum discrepancy is about 3 mm. Since the value of S is small, 

the theoretical maximum discrepancy is also small and only about 2 

m m , in good agreement with the measured value given the uncer-

tainty in the 3 mm step ( ± 1 mm ) by which the detector was 

raised. Recall that 8 = A/b where A is the half width of a strip 

and b is the characteristic shower width. 

When the beam is aligned with the gap between two fingers, one 

would expect the position- resolution to degrade because part of 

the shouer escapes detection. In this case the observed resolution 

for 20 GeV electrons is o(FWHM) = 7.8 mm. A similar effect should 
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TABLE 3.1 

Centre of Gravity vs. True Shouer Position 

Ari adne 
moved by 

mm 

Centre of 
Gravi ty 

mm 

C. of G. 
moved by 

mm 

0 114.3 0 

3 112.9 1.4 

6 111.4 2.9 

9 107.1 7.2 

12 101.6 12.7 

15 98.9 15.4 

occur when the beam is aligned at the junction between two Ariadne 

modules and the resolution in this case is cr(FUHM) = 8.0 mm, at 

the same energy. 

3.1.7 Attenuation Corrections 

In order to calculate the energy of an incident particle, a 

correction must be made to the observed signal to compensate for 

the attenuation of light in the scintillator of the calorimeter 

modules. The attenuation as a function of distance from the PM is 

not a simple exponential as one would expect. This is caused by 

» 

the fishtail shape of the light guide that tends to reflect light 

away from the PM for certain angles of incidence. The attenuation 

curve has a turnover point about 180 mm from the PM [MYLl. For 

- 67 -



Figure 3.10 

- 6 8 -



simplicity, however, the attenuation is approximated by a function 

of the form 

S(x) = S
0
 exp[ ax + b ] 

The constants a and b are determined for each module. 

The attenuation curve for Ariadne is shown in Figure 3.12. It 

is well approximated by a function of the form 

S(x) = So exp[ ax + b x
2

 1 

Because of the large number of strips it is impractical to use 

different parameters for each strip. The parameters are global to 

all strips. Since the variation in attenuation from one strip to 

another is not large, this generalisation introduces no serious 

errors. 

3.1.8 Electron-Hadron Separation 

The most efficient rejection procedure is to make a cut on the 

fractional visible energy deposited in the calorimeter. This can 

be done if the energy of the incident particle is known. Figure 

3.13 shows the distribution of energy deposited for electrons and 

hadrons of energy 6 GeV. The overlap between the two is small and 

a large fraction of the hadrons can be rejected. 

In general, however, the energy of the incident particle is 

unknown. The trigger requirement in NA-14 is only that the Pt of 

the incident photon should exceed a certain threshold. Thus to be 

able to reject hadrons at the trigger level it is necessary not 

only to use the above cut but also to make use of the fact that 

the longitudinal energy deposition is different for electron and 
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hadron cascades. The sum of the signal observed in the A and C 

modules is plotted against the sum in the B and D modules for 

electrons and hadrons of 6 GeV in Figures 3.14, 3.15 respectively. 

For electrons about half the energy is deposited in A+C and the 

other half in B+D (in fact at this value of incident energy about 

half the energy is deposited in B alone since the signal in the D 

module is only about 5% of the total, see Figure 3.4). The situa-

tion is quite different for incident hadrons. There are large 

fluctuations and no obvious correlation between the signal in A+C 

and in B+D. Thus by requiring that the energy deposit in A+C and 

the energy deposit in B+D both exceed a certain threshold, a 

significant fraction of incident hadrons can be rejected. The 

actual value of the rejection factor will depend on what the 

threshold is and on the energy distribution of the hadrons. This 

is because a . high energy hadron could be confused with a low 

energy electron. 

The geometrical position of ILSA in NA-14 is such that a Pt cut 

of 0.8 GeV/c corresponds to an incident energy of at least 5.5 to 

9.0 GeV, depending on lateral position. In order to estimate the 

achievable hadron rejection, the thresholds are selected so that a 

large fraction of electrons having energies greater than 6 GeV are 

accepted. Then one can look at the fraction of hadrons of diffe-

rent energies that are accepted. Table 3.4 shows the fraction of 

hadrons rejected as a function of their energy and also the frac-

tion of electrons accepted. For this analysis, the threshold on 

A+C and on B+D was set to be 55 ADC counts. This condition can be 
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TABLE 3.1 

Hadron Rejection (%) as a Function of Energy 

Energy 

GeV 
Hadrons 

rejected 

Hadrons 
rejected 

Ariadne cut 

Electrons 
accepted 

Electrons 
accepted 

Ariadne cut 

2 99.5 99.9 < 0.1 < 0.1 

6 95.2 97.5 98.7 97.9 

10 81.4 90.5 99.0 98.8 

20 65.3 79.0 . 99.6 99.5 

30 60.1 75.8 99.6 . 99.5 

40 59.1 75.9 99.5 99.5 

fairly easily implemented in hardware and serve as a photon 

trigger (see section 3.3). 

A further rejection is possible if information from Ariadne is 

used as well (Table 3.4). By requiring that at least two consecu-

tive strips each have a pulse height corresponding to at least 1/5 

of a minimum ionizing particle and that the sum of the pulse 

heights is at least equivalent to 3 minimum ionizing particles, 

the rejection improves by a factor of about 1.5-2. This cut 

however is not easy to implement in hardware and is best done in 

the offline analysis. 
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3.1.9 Conclusions 

The H5 tests showed that a modified version of the calorimeter 

should be able to provide an adequate photon trigger for NA-14. 

These tests used incident electrons, in NA14 however, ILSA is used 

to detect photons. The response of a calorimeter is different for 

photons and electrons. Experimental observations and Monte-Carlo 

calculations show that the values of t
m a x

 and t
m e
d are about 

0.5-1.0 X
0
 larger for photons. 

To compensate for this effect and thus reduce fluctuations in 

the energy deposited in the A module it is necessary to introduce 

a passive converter of about one Xo before the first module of 

ILSA. Its response to photons should then be similar to the 

measured response to electrons. In addition, it is necessary to 

incorporate a charged particle veto to reject electrons. 

3.2 ILSA at NA-14 

In the NA-14 experiment, ILSA is composed of four separate but 

essentially identical quadrants placed symmetrically about the 

beam direction. The front face of each quadrant is located about 

13 m downstream of the experimental target. The quadrants each 

have a sensitive area of 1 x 1 m
2

 and are separated in the hori-

zontal and vertical directions by 2.2 m and 0.4 m respectively. 

Figure 3.16 shows a homothetic projection of the positions of the 

three electromagnetic calorimeters in NA-14. 
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3.2.1 Layout 

The layout of one quadrant of ILSA is shown in Figure 3.17. 

The first set of counters are charged particle vetos. They are 

made of slightly overlapping squares of scintillator of dimensions 

260 x 260 x 10 m m
3

. Each square is viewed by a separate PM. The 

crossings are aligned with the crossings of the calorimeter 

modules. 

Following the veto and about 100mm downstream of it is a sheet 

of lead about one Xo thick. It is a passive converter, necessary 

for the use of the calorimeter with photons as explained earlier. 

The gap between the veto and the lead sheet is there to reduce the 

possibility of self-vetoing that could be caused by soft electrons 

backscattered by the calorimeter. After the sheet of lead are 4 

layers of calorimeter modules A, B, C, D. Each layer contains 4 

modules and the layers are alternately aligned horizontally and 

vertically, the first layer being horizontal. In between the A 

and B layers are two planes of Ariadne modules one horizontal and 

the other vertical. Each plane contains 6 modules giving a total 

of 72 strips in each projection. In between Ariadne and the B 

layer is a set of 4 vertical S counters each of dimensions 1000 x 

250 x 10 m m
3

. The horizontal T counters are similar to the S 

counters and lie between the C and B planes. The S and T counters 

are used in the hardware photon trigger (see section 3.3). 



Figure 3.10 

• 
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3.2.2 Electronics 

The PM signals from the calorimeter modules and the S, T and V 

counters are split. Part of the signal is fed to the trigger elec-

tronics, the rest is digitized by ADC's. The signals from Ariadne 

are directly fed into ADC's. 

The LECROY 2280 ADC system is used. Each 2282A module provides 

48 channels of charge integrating ADC with 12 bit resolution. 

Upto 21 modules can be accommodated in a single Camac crate 

providing a high-density ADC system. The modules are controlled by 

a 2280 processor. All Camac commands and timing signals are 

addressed to the processor. The processor must be enabled by 

software, this causes it to reset the analog and digital front 

ends of each ADC channel in the system. When it receives a gate, 

the processor fans it out to the 2282A modules and initiates the 

conversion process. When the digitizing is completed, data from 

each module is serially transferred to a memory in the processor 

where it is stored ready to be read out. 

The operation of the processor can be controlled by setting 

bits in its Control Word by software. Each bit enables or disables 

a particular, function. Apart from providing raw ADC information, 

the 2280 offers several other useful features. These include 

pedestal subtraction, data compression and clusterization. 

The processor contains a pedestal memory that can be loaded by 
% 

software and stores a pedestal value for each channel in the 

system. If pedestal subtraction is enabled, the processor 

subtracts the pedestal values before asserting that the data is 

ready to be read out. 
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If data compression is enabled, then the data from only those 

channels that exceed a digital threshold (set by software and 

global to all channels) are stored in the memory. The data in the 

memory is in the form of a channel address followed by one or more 

data words followed by another address and more data. The Cluster 

Edge Size is another parameter (also set by software) that 

controls the data compression. It can vary from 0 to 15. If its 

value is N, then the data from N channels on either side of a 

channel exceeding the digital threshold are also available for 

readout. This preprocessing considerably reduces the number of 

data words per event and the amount of offline processing 

required. 

3.2.3 The High Voltage System 

High voltage for all the PMs in the system (apart from auxil-

liary Dynode supplies) is provided by one Danfysik model 150 

system. It is a high density multichannel system that can be 

linked to a computer. 

The system is controlled by a central controller designed 

around a microprocessor. Each high voltage channel is a DC to DC 

converter and two channels fit on one printed circuit card. There 

are 12 cards to a block. A pair of blocks is controlled by a local 

controller that provides the analog and digital signals required 

to operate the cards. 

The voltage for a channel is selected by specifying a coarse 

and fine value. The coarse value is common to all the channels in 
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a block and has a resolution of 20 volts. The fine value applies 

to each channel and can be changed in steps of 2 volts. The 

maximum fine value is 510 volts so two channels within the same 

block cannot have voltages that differ by more than 510 volts. 

Communication with the computer (see chapter IV) is via a 20 mA 

current loop interface. This is converted to RS232-C format to 

enable the computer to address the system as if it were a VDU (the 

computer was equipped with terminal interface hardware that used 

the RS232-C format). The basic functions provided are 

1. Select a block by specifying its number. All subsequent 

commands apply to this block. 

2. Writing coarse and fine values for the selected block into 

the memory of the main controller. 

3. Reading the coarse and fine memory values for a block. 

These numbers indicate the desired voltage and are not 

derived from the actual output voltage. 

4. Reading of status information for a channel. This informa-

tion is derived from the high voltage cards and indicates 

conditions such as open circuit, short circuit, out of 

regulation etc. It is, however, not very reliable. 

3. 3 The Photon Trigger 

The high P\ photon trigger for a quadrant works by demanding 

the following : 

1. The linear sum of the pulse heights in a pair of A and C 

counters must exceed a certain threshold. The pulse height 
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in at least one B counter must also exceed a threshold (the 

sum B+D uas not used because the signal in the D counter is 

usually very small). 

2. There must be a signal in the corresponding S and T coun-

ters equivalent to the passage of a few minimum ionizing 

particles. 

3. The signal in the corresponding veto crossing must be less 

than one half of the signal produced by a single minimum 

ionizing particle. 

The trigger condition can be represented logically by the 

Boolean expression 

I Ti.(A i + Ci).Sj.Bj.Vi j 

i J 

where the indicies i, j run from 1 to 4 for a quadrant. The 

represents a linear sum and the I represents a logical sum (an OR 

function). 

The linear sum Ai+C? is formed using a linear fan-in. This is 

then fed into a LECROY type 4416 ECL discriminator. The signals 

from B, S, T, V are fed directly into similar discriminators. 

Each discriminator contains 16 channels in a single width Camac 

module. The threshold can be set under computer control and is 

common to all 16 channels. In addition, the output from any 

channel can be masked off or pulsed. 

The actual trigger logic function is performed by special Camac 

modules designed and built at Imperial College. One module is 

required per quadrant. It receives as input the appropriate 

- 82 -



signals and produces an output signal if the trigger condition is 

satisfied. In addition, it has 16 output lines that indicate which 

crossing(s) (4i + j) produced the trigger. These signals are fed 

into pattern units that are read out along with the rest of the 

event data. Under computer control, these modules can also be 

instructed to remove any set of signals (eg. the veto) from the 

trigger requirement. 

Since the discriminator threshold is common to all channels in 

a module, the gains of all the PMs must be roughly equalized. 

This was done at the start of every 10 day SPS period. The 

voltage on the S and T counters was raised so that they could be. 

used to trigger on single relativistic particles. Data was 

collected and written to tape on the monitoring computer (see 

chapter IV) using only E Sj.Tj as the trigger. Rough equalization 

was done by examining histograms of the pulse height distribu-

tions. The high voltage was adjusted so that the peak corres-

ponding to the passage of a single relativistic particle fell in 

roughly the same place for each set of counters. In order to 

obtain accurate relative calibration constants for each calorim-

eter counter and Ariadne, the data tape was analysed offline. 

These constants were then used by the offline event reconstruction 

program. 

Since the trigger threshold is on the P-t of the photon and not 

its energy, the necessary discriminator tfireshold is a function of 

the position of the corresponding counter. In order to compensate 

for this and ensure that the Pt threshold is more or less flat 
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across the face of the calorimeter, the signals were attenuated by 

the correct amount before feeding them into the discriminators. 

The attenuation of light in the scintillator also contributes to 

an equalization since all the PMs are located away from the beam. 

The final trigger is obtained by putting the photon trigger 

into coincidence with the experiments pretrigger. This is done 

individually for each of the three calorimeters and the results 

from the three are then OR'ed. The pre-trigger condition is 

selective to events in which the beam photon has interacted 

hadronically. 
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Chapter IV 

DATA ACQUISITION AND ONLINE MONITORING 

The successful operation of such a large number of channels 

requires semi-automatic methods of monitoring to perform simple 

checks and provide a warning of a failure in any part of the 

apparatus. At this stage of the experiment, my involvement with 

it was largly concerned with the setting up of adequate data 

acquisition and online monitoring facilities for ILSA. These will 

be described in some detail. 

4.1 The Monitoring Computer 

The data acquisition for NA-14 is performed by a PDP-11/45 

computer. In addition to it there are two monitoring computers, a 

PDP-11/34 and a PDP-11/60". The 11/34 functioned as the monitoring 

computer for ILSA. It ran the RSX-11M operating system supplied by 

Digital Equipment Corporation and Data Acquisition software 

written by the Data Handling division of CERN. The hardware 

configuration of the 11/34 is shown in Figure 4.1. 

The 11/34 would have to operate in two distinct modes. During 

periods of testing and calibration it would have control of all 

the electronics associated with ILSA and serve as a data acquisi-

tion computer. During periods of "real" data taking the 11/45 

would perform the data acquisition for the whole experiment and 
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the 11/34 (and 11/60) would receive events from it for monitoring. 

The system had to be set up in such a way as to allow an easy 

switchover from one mode to the other. In particular, at the level 

of the monitoring programs, the change should be transparent. 

4.2 The Data Acquisition System 

A detailed description of the CERN data acquisition system is 

not appropriate here. I shall only describe the general features 

of the system with emphasis on what had to be done to perform the 

data acquisition for ILSA. A detailed description of the system 

can be found in the Online Manual [ONLl. 

4.2.1 Triggers 

The system would have to handle at least the following types of 

triggers 

1. Muon calibration triggers. 

2. Calorimeter LED monitoring triggers. 

3. Ariadne Xenon pulser monitoring triggers. 

4. Monitoring event triggers provided by the 11/45. 

In general, any combination of the above trigger types can be 

active concurrently. All the triggers are ORed to provide a single 

computer interrupt. The actual trigger pattern is latched in a 

pattern unit and this bit pattern is used to decide what has to be 

done for this event. It also appears in the event header so that 

monitoring programs can tell what sort of event it is. 
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The trigger hardware layout is shown in Figure 4.2. The 

computer is interrupted using the front panel demand inputs of a 

LAM grader. There are three different types of interrupt. The SOB 

and EOB interrupts mark the Start of Burst and End of Burst 

respectively, the third is the event interrupt. The hardware is 

set up so that the different trigger types can be enabled or disa-

bled under software control. This is done using a Camac output 

register. The different trigger signals are ANDed with the levels 

from the output register before being ORed to provide the event 

interrupt. Once an event interrupt has occured, all further inter-

rupts are disabled by using a timing unit that functions as a 

flip-flop. The computer resets the timing unit uhen it has 

finished processing an event. 

Access to events from the 11/45 is provided by means of a Camac 

memory. This memory is located in a Camac crate that can be 

accessed by all three computers by means of Camac branch mixer 

units. Synchronisation of the readout is achieved by means of a 

pattern unit and an output register located in the same crate. At 

the start of a burst the 11/34 (and/or the 11/60) clears the 

pattern unit. When the 11/45 has an event ready for distribution 

it reads the pattern unit. If the pattern unit is clear, the event 

is written into the Camac memory and a bit is set in the pattern 

unit by means of the output register. The 11/45 then generates a 

signal via another output register to provide an event interrupt 

for the 11/34 or the 11/60. In order to share the events, each 

machine recieves this signal every alternate burst. When the 11/34 

- 88 -



TRIGGERS 

FLIP-

FLOP 
EVENT 

INTERRUPT 

R 



(or 11/60) has finished reading the memory it clears the pattern 

unit and the cycle repeats until the end of a burst. 

4.2.2 Event Readout 

Data acquisition is essentially an interrupt driven Input/ 

Output (I/O) process. In RSX, I/O with any peripheral device is 

controlled by the appropriate "driver". A driver for a particular 

device is a piece of software that is closly linked with the oper-

ating system Executive* and provides an interface between it and 

the device. All I/O requests are passed on to the appropriate 

driver via the Executive by issuing a Queue Input Output (QIO) 

system request. 

Camac I/O operations are handled by a CERN written Camac 

driver. It can execute a QIO request to perform Camac read/write 

operations and also provides facilities for handling LAMs and 

Direct Memory Access (DMA) transfers. The overheads involved in 

executing a QIO are substantial and the system would operate 

rather slowly and inefficiently if a separate QIO had to be issued 

for each Camac operation to be performed. In order to circumvent 

this problem, the Camac driver can be directed to execute a whole 

list of Camac operations with a single QIO request. It is this 

feature of the Camac driver thrat is used to perform the event 

readout. 

* Executive is the RSX name for the kernel of the operating 
system. 
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The electronics to be read out is divided into "logical pieces 

of equipment" identified by an equipment number that can lie in 

the range 1 - 32. The list of Camac commands required to perform 

the readout is specified for each piece of equipment. Each list 

has a mask associated with it. This mask is ANDed with the 

trigger bit pattern to decide if the list should be executed or 

not. Separate lists are provided to define the sequence of opera-

tions to be performed upon recieving the SOB and EOB interrupts. 

There may be up to 16 different SOB and EOB lists each with an 

associated mask. This mask is ANDed with the bit pattern of 

enabled triggers to determine if it is to be executed or not. 

These Camac lists have to be written in a language called CAM and 

a compiler translates the source into machine code. 

There are two pieces of equipment for ILSA; the 2280 ADCs and 

the Camac memory. The pattern units that flag the ILSA crossing 

that produced the trigger are read out along with the ADCs. The 

mask associated with the Camac memory readout list ensures that it 

is only executed if the trigger came from the 11/45. For all 

other trigger types the 2280 ADC readout list is executed. If the 

11/45 trigger is enabled, a special start of burst list is 

executed to clear the handshake pattern unit. At the end of a 

burst, scalers are read and cleared and the 2280 processor is 

reset. The flow of operations is shown in Figure 4.3. 

The data acquisition is controlled by a program called .DAT. 

Upon receiving the SOB interrupt, .DAT issues the Camac list QIO. 

From this point the readout is controlled by the Camac driver. It 
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signals completion of the QIO and returns control to .DAT if there 

is a fatal error in the readout or when it has finished executing 

the EOB lists. 

The events are stored in a buffer and written to tape when the 

buffer is full (if tape writing has been requested for the run). 

Outside the burst, .DAT controls the distribution of events to the 

various monitoring programs. 

4.2.3 Start of Run Operations 

The starting and stopping of runs is controlled by a program 

called .RUN. Options for a run such as requesting tape writing are 

also controlled by it. Provision is made for incorporating experi-

ment dependent start of run operations. 

For ILSA, routines uere written to setup the parameters of the 

2280 processor and the option of loading its pedestal memory. If 

pedestal loading is requested, the computer generates 50 software 

triggers outside the beam spill, reads all the ADCs and calculates 

an average for each channel. These averages are then loaded into 

the 2280 pedestal memory. Then, pedestal subtraction is enabled on 

the 2280 processor and a further 50 software triggers are gener-

ated. The average for each channel should be close to zero if the 

pedestal table is correct. Should the average for a channel differ 

from zero by more than three counts, a warning message is printed 

on the console, along with the corresponding channel number. The 

pedestal table and the Danfysik high voltage values are then 

written to tape if tape writing has been enabled for the run. 
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4.3 Monitoring Tasks 

In the jargon of RSX, a task is an executable program. Since 

RSX is a multi-tasking system, it is more practical and efficent 

to have all the monitoring functions that have to be performed 

shared amongst several independent tasks that can execute concur-

rently. 

In order to ensure that each task gets a fair share of events, 

the software priorities of all the monitoring tasks are under the 

control of a program called .SCHED. The currently executing task 

is given a certain priority and all other tasks waiting to be 

scheduled are given consecutively lower priorities. Each task has 

a time slice or an event allocation. When the highest priority 

task exhausts its allocation, its priority is reduced below that 

of all other tasks and then all processing tasks have their prior-

ities increased by one. A task in its communicating phase (inter-

acting with the user) is given a high priority. When, it finishes 

communicating it is added to this round-robin scheme at the 

highest priority, prematurely terminating the current tasks slice. 

Over a period of time, the above scheme ensures an even distri-

bution of events to all the active monitoring tasks and minimizes 

system overheads due to checkpointing (swapping a task out of core 

and on to disk). 

In general, monitoring tasks can be classified according to 

their function and include: 

1. Those that process events, accumulating statistics and 

histograms. 

- 94 -



2. Tasks that are concerned with the control and checking of a 

piece of equipment such as the high voltage system. 

3. Gain monitoring tasks that process calibration events and 

check for PM gain drifts. 

For ILSA, three programs were written that fall into the first 

category. One of them, rather general in function, allowed the 

user to accumulate histogrammed pulse height distributions for a 

selectable range of ADC channels. The histogram information was 

periodically written to a disk file in a standard format. They 

could then be displayed on a TEKTRONIX storage display using a 

CERN written program. 

The second task maintained histograms in which each bin count 

represented the number of times a particular ADC channel count 

exceeded a user defined threshold. This provided a useful check 

that all the channels were operating. The profile of the histogram 

reflects the distribution of particles in the experiment. It also 

histogrammed the spatial distribution of the photon triggers and 

thus provided a quick rough indication that the trigger logic was 

functioning correctly. 

The third task in this category processed scaler counts. 

Trigger and beam rates were counted by 32 bit scalers that were 

read out at the end of each burst. This task computed the mean 

value of the scaler counts and printed out their normalized 

values. The interval between printouts and the scaler number with 

respect to which the normalization was done are user defined 

options. 
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Three tasks fell into the second category. One of them cont-

rolled the Danfysik high voltage system. It maintained two disk 

files that held the coarse and fine values for all channels in the 

system. One of these files was updated whenever a voltage change 

was made. The other was only updated under user request. Either 

of these files could be loaded into the Danfysik memory at any 

time. The high voltage for any channel (specified either by its 

number or by an alphanumeric mnemonic) could be changed from a 

terminal. In addition, it periodically read the status informa-

tion for a block of channels and warned of any abnormalities via a 

message printed on the system console. It cycled through all 

blocks in the system over a period of about 20 minutes. This task 

was also capable of receiving instructions to change the voltage 

for a channel from another task in the system. 

In order to control and test the trigger electronics two tasks 

were written. One allowed the user to change thresholds and masks 

on any of the discriminators. It also controlled the trigger logic 

units allowing any set of signals to be removed from the trigger 

requirement. Thus it was easy to change the P* threshold and the 

trigger conditions during a run. 

The other program checked that the trigger electronics was 

functioning correctly. It made use of the test facilities of the 

4416 discriminators. By selecting the appropriate mask, any combi-

nation of outputs can be pulsed. To perform an exhaustive test of 

all possible combinations would require an enormous amount of 

time. Instead, the program selected random masks for each of the 
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discriminators. It instructed the trigger units to remove a 

random set of signals from the trigger and then calculates if this 

combination should have produced a trigger and if so, from which 

crossing. This result is compared with the output from the trigger 

logic. If there is a difference, the program pauses and prints out 

each of the masks along with the expected and actual result. 

Finally, a gain monitoring task that warned of possible gain 

changes in any of the PMs in the detector. It analysed calibration 

events, LED pulses for the calorimeter and Xenon lamp pulses for 

the position detector. For each channel it calculated a mean and 

a standard deviation. After it had processed a sufficient number 

of events, it compared the means with a disk file of reference 

values and printed out a message if either the percentage drift or 

the standard deviation was above a user defined threshold. It also 

has the code required to compute the approximate voltage change 

necessary to compensate for the drift and send a message to tire 

high voltage control program to make the change. This feature was 

tested while the program was being developed but was never actu-

ally used. It was feared that it would get into a positive feed-

back loop and destroy PMs. 

All the above programs were written in FORTRAN, except for some 

assembler routines. These were written in MACRO-11 and performed 

array, string and bit manipulations. Because of the limited 

virtual address space of the PDP-11 (32k words) and the limited 

physical memory (124k words) some of the tasks were overlaid. 

Although none of them actually did require more than 32k words, 
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the resulting decrease in the task image size allowed the system 

to function more efficiently. 
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Chapter V 

PHOTON RECONSTRUCTION 

The offline analysis program for NA-14 is still in its develop-

ment stage. As far as the photon reconstruction is concerned, it 

is done separately for each of the calorimeters because of their 

different nature. So far, no serious attempt has been made to 

combine the data from the calorimeters. This will be done when 

each of them is fairly well understood and their respective recon-

struction programs have stabilized. 

The photon reconstruction program for ILSA was originally 

written by E.J.W West. It has since been modified and improved 

mainly by P. Gregory and myself. I shall describe the reconstruc-

tion process for ILSA and discuss some of the outstanding prob-

lems. 

Because of the lack of modularity in the calorimeter, the 

obvious starting point for the photon reconstruction is Ariadne. 

This has the added advantage that it would also provide some 

degree of hadron rejection as indicated by the H5 test results. 

Working on a quadrant basis, the general flow of operations is 

1. Find clusters in each projection of Ariadne and calculate 

their centres of gravity. 

2. Apply cuts on these clusters. 

3. Associate the clusters to give impact coordinates. 
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4. Partition the energy in the calorimeter amongst the 

impacts, correcting for attenuation and using an energy 

sharing procedure when more than one impact falls in the 

same calorimeter module. 

5. 1 Ariadne Clusterization 

This is the first non-trivial step in the reconstruction chain. 

The ADC counts for Ariadne are corrected by the appropriate cali-

bration factor so that they are in units of the number of equiva-

lent relativistic muons. The cluster finding routine scans the 

fingers in a plane until it encounters one that has a signal equi-

valent to at least 1/5 th of a relativistic muon. This marks the 

start of a cluster. The scan is continued until a strip is found 

that has less than 1/5 th of the signal produced by a relativistic 

muon. This marks the end of a cluster. The above procedure is 

repeated until all clusters in all p l a n e s h a v e been found. For 

each cluster, its centre of gravity and its standard deviation are 

calculated. 

The above criteria are rather generous. Many of the clusters 

found will not be genuine in the sense that they are not typical 

of those caused by photon showers. It is necessary to reject most 

of them because they do not satisfy certain cuts. The parameters 

for these cuts are determined from a study of the H5 data. 

Genuine clusters are those that possess the following characteris-

tics: 

1. They must be at least 2 strips wide. 
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2. The sum of the pulse heights in all strips of the cluster 

must exceed that produced by the passage of 3 relativistic 

muons. 

3. The energy deposit in the A+C (B+D) modules corresponding 

to this Z (Y) plane cluster must be at least 0.5 Gev. If 

the cluster centre of gravity lies within 40 mm of the edge 

of a module, the energy deposit in the adjacent module is 

also taken into account before applying this cut. If an 

adjacent module does not exist, the value of the cut is 

reduced to 0.25 GeV. This cut effectively imposes a lower 

limit of about 1.0 GeV on the energy of the reconstructed 

photon. 

4. All strips of the cluster must lie within the sensitive 

area of the calorimeter. This cut is necessary because the 

sensitive area of Ariadne is greater than that of the calo-

rimeter. 

The centre of gravity of the surviving clusters is not 

corrected to compensate for the discreet sampling. As discussed 

earlier, the maximum correction factor is small. 

5.2 Cluster Association and Energy Sharing 

Having found the clusters and their centres of gravity, it is 

now necessary to associate them to give an impact coordinate. The 

assignment of unambiguous space points is impossible when informa-

tion on only two orthogonal projections is available and more than 

one cluster is present per projection. The calorimeter is of no 
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help because the information it provides is again in the same two 

projections and even if it were not, it is not sufficiently 

modular. The only other information available is the total signal 

associated with each cluster. The clusters in each plane are 

sorted in descending order of the signal in each. They are then 

paired off. 

Two problems have been ignored. The treatment of cases where 

the number of clusters in each plane is different and the fact 

that no correction for attenuation has been made. These problems 

are discussed in more detail later. 

The assignment of an energy to an impact coordinate is also 

done in projections. The energy for a cluster in the Z (Y) plane 

is obtained from the signal in the corresponding A+C (B+D) 

modules. For each module, the clusters associated with it fall 

into three classes : 

1. Those that are fully contained within the module. 

2. Those that have their centre of gravity lying in the module 

but which have a tail that overlaps with an adjacent 

module. 

3. Those that have their centre of gravity lying jn an adja-

cent module but overspill into this module. 

The energy in the module is divided amongst all the clusters 

that fall into the above classes. The division is done in propor-

tion to the cluster signal that lies in the module. The program 

cannot handle cases where more than three clusters overlap with a 

single module. 

- 102 -



This algorithm will certainly uork if all the clusters belonged 

to the first class. Its validity for the other classes is not 

clear because the correlation between the cluster signal that 

overlaps with a module and the fraction of energy that is depo-

sited in it is unknown. However, it is the best that can be done 

with the information available. Since the impact coordinates are 

known, the calorimeter signal can be corrected for attenuation and 

an impact 4-vector computed. 

The data for the following analysis is part of the data 

collected during a 10 day run in April 1982. It was the first set 

of data for which most of ILSA was operating satisfactorily. The 

incident proton intensity varied between 2.0 1 0
t 2

 and 4.0 1 0
1 2 

protons per pulse. For ILSA, the P\ threshold was set at 800 

MeV/c. Because of an uncertainty in the relative gains of the veto 

counters, they were excluded from the hardware trigger. Since the 

digitized veto signals are available for each event, their effect 

could be studied offline. Only those events for uhich the hard-

ware trigger came from ILSA are analysed. The energy and Pt 

spectrum of the reconstructed trigger photon is shown in Figures 

5.1 and 5.2 respectively. The effect of the trigger threshold at 

800 MeV/c is clearly visible. 
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Figure 3.7 
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Figure 3.10 
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5.3 The Pizero 

An obvious test of the performance of a photon calorimeter is 

its ability to reconstruct the TT° through its dominant two photon 

decay mode. The square of the effective mass of a pair of photons 

is given by the expression 

M
2

 = Z E ^ d - c o s S ) 

where Ei and E
2
 are the energies of the two photons and 8 the 

opening angle between them. The distribution of effective mass 

combinations for events that have at least two reconstructed 

photons in ILSA is shown in Figure 5.3. The TT° signal is clearly 

visible. 

There is no sign of an enhancement at the 7? mass (549 MeV). The 

reason for this is that the acceptance is very small. Except for 

energetic 7)'s ( > 12 GeV ), the photons from an 7) decay cannot 

both lie in the same ILSA quadrant and the probability of them 

lying in different quadrants is small. Monte-Carlo calculations 

performed by P. Gregory indicate that the number of 7)'s in the 

sample of events shown in Figure 5.3 is only about 60. 

The energy and P± spectrum of the n°'s is shown in Figures 5.4 

and 5.5 respectively. Any pair of photons that have an effective 

mass lying in the range 135 ± 35 MeV/c
2

 are assumed to come from 

the decay of a n
0

. Thus the background in this sample of events is 

about 302. 

The width of the it
0

 signal should reflect the energy and posi-

tion resolution of ILSA and the relative calibration of the calo-

rimeter modules. Assuming no correlation between the quantities 

- 106 -



Figure 3.10 
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Ei, E2 and 0; the square of the fractional error in the effective 

mass is given by the expression 

2 2 2 p 1 
AM = J. AE! AE» + 4EiE» - 1 (A0)

2 

M 4 E1 Ez M
2 

A naive estimate of the expected width can be obtained from the 

above expression. Taking the mean n° energy to be 12 GeV ( Figure 

5.4 ) and the case of a symmetric decay, we have 

E1 = E
2
 = 6.0 GeV. The fractional energy resolution ( FWHM ) for 

photons of this energy ( based on the H5 measurements ) is about 

15%. The corresponding position resolution of Ariadne is about 6 

mm. Since ILSA is situated about 13 m downstream of the target, 

this corresponds to an angular resolution A8CFWHM) = 0.7 mrad. 

Substituting these values into the above expression yields a value 

of 15 MeV for the expected FWHM of the tt° signal. The observed 

width is of the order of 30 MeV. 

There are several factors contributing to this discrepancy. 

1. Poor relative calibration of the calorimeter modules and 

drifts in gain. 

2. Asymmetric decays of the tt°. The P* trigger threshold tends 

to select asymmetric decays since, for a given tt° energy, 

an asymmetric decay is more likely to produce at least one 

photon that satisfies the trigger requirement. Since the 

fractional energy resolution rapidly degrades with 

decreasing photon energy, the observed width is a function 

of the asymmetry of the decay. 
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Figure 3.10 
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Figure 3.10 
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3. The energy sharing procedure used when more than one 

cluster overlaps uith a single calorimeter module. 

The relative gains of the calorimeter modules are obtained from 

muon calibration runs at the start of an SPS period. Using this 

procedure, the relative gains can only be estimated to within 

about 1055. At present, no correction is made for drifts in gain 

that are known to occur over the 10 day period. In some cases the 

drift can be as large as 30/5. Using information from the LED 

calibration events that are available on tape it should be 

possible to compensate for these gain drifts. 

An estimate of the effect of asymmetric decays on the width of 

the IT
0

 signal can be made if the mean asymmetry is known. Figure 

5.6 shows the distribution of the asymmetry e defined as 

€ = Et 

EI+E
2 

where Ei is the energy of the higher energy photon. It peaks at 

about 0.8. Assuming that all the photons from the decay of TT°'S 

have this value of asymmetry, we have Ei = 9 . 6 GeV and 

Zz
 =

 2.4 GeV. Using these values, the expected width becomes 

about 19 MeV. The estimate obtained -from a Monte-Carlo is about 20 

MeV. 

The effect of incorrect energy sharing can be estimated by 

looking at the width of the TT° signal for those events that have 

only one cluster per module. For these "clean" TT°'S, the width is 

about 27 MeV. 
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Figure 3.10 
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It would appear that a large contribution to the width of the 

TT° signal comes from poor calibration and gain drifts. In prin-

ciple, both of these effects can be corrected for and should 

result in an improvement. 

5.4 Pattern Recognition Inefficiencies 

There are two problems connected with the cluster association 

procedure; unequal numbers of clusters in the two projections and 

the lack of any attenuation corrections. 

An unequal number of clusters could be caused by statistical 

fluctuations or inefficient/dead channels. The contribution from 

these is small. The dominant effect comes from cluster merging. If 

two impacts have a separation that is small in one projection, 

then the clusters in that projection will merge. The separation 

in one projection plotted against the separation in the other 

projection for events that have only two reconstructed clusters in 

each projection is shown in Figure 5.7. The effect of cluster 

merging begins to occur at separations of about 100 mm. 

The cluster cuts require a minimum width of two strips. If two 

clusters are to. be separated by at least one strip, this cut 

imposes a minimum separation of about 45 m m . In general, however, 

the clusters are more than two strips wide; the mean value for 6 

GeV photons is about five strips. Clusters of this width will 

begin to merge if they are separated by less than about 90 mm, in 

agreement with the effect observed in Figure 5.7. 
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Figure 3.10 
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The effect of cluster merging on the TT° reconstruction effi-

ciency is quite large. A Monte-Carlo calculation indicates that 

about 25% of the neutral pions will decay into two photons that 

will be separated by less than 100 mm in at least one projection 

when they hit ILSA. The azimuthal angle of the tt° decay photons 

is shown in Figure 5.8. This distribution should be flat and the 

observed fall near 9 = 0 and 9 = ± tt/2 is due to cluster merging. 

Assuming a flat distribution, an estimate of the number of unde-

tected ir°s can be obtained. It is about 26%, in fair agreement 

with the Monte-Carlo prediction. 

If the overlap is not too large, it should be possible to 

recognize the presence of two distinct peaks and thus split the 

cluster. A cluster splitting algorithm was developed to deal with 

unusually wide clusters. In order to test the algorithm, events 

were selected in which at least one quadrant had only one cluster 

in one projection and more than one cluster in the other projec-

tion and no quadrant had more than one reconstructed impact. The 

algorithm was applied to this sample of events and attempted to 

split any cluster that was more than 5 strips wide. In addition, 

after the split, each of the two new clusters had to have a signal 

equivalent to at least 5 relativistic muons. It success was 

limited by the large number of "false" splittings that it 

produced. Most of these were the result of statistical fluctua-

tions and calibration non-uniformities that caused single clusters 

to appear as two merged clusters. A small fraction of the merged 

clusters can be recovered and a tt° reconstructed from them. The 
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false splittings appear as low effective mass combinations. This 

is shown in Figure 5.9. The small number of T T
0 ,

S that are recon-

structed without using the splitting algorithm are due to decays 

in which the photons lie in different quadrants. Clearly, more 

work will have to be done to resolve this problem. 

The second pattern recognition problem arises from the cluster 

association algorithm. As stated earlier, the clusters are associ-

ated according to pulse heights that have not been corrected for 

attenuation. The reason for this is that the correction cannot be 

made until the coordinate in the other projection is known (ie. it 

can only be done after the association has been made). As a 

result, the association could be incorrect. This is of importance 

when the veto is imposed offline. An incorrect association would 

mean that the wrong veto crossing would be examined to see if it 

had fired. 

The magnitude of the effect is estimated from a Monte-Carlo 

that puts in the measured Ariadne attenuation and simulates the 

association procedure. Assuming that Ariadne is perfectly cali-

brated, it predicts that about 15% of the associations will be 

incorrect. 

A possible solution to this problem would be to adopt an itera-

tive procedure. The clusters are associated as at present and the 

discrepancy between the signals in the Y and Z plane clusters is 

noted. The signals are then corrected for attenuation. If the 

initial association was incorrect, the discrepancy between the Y 

and Z plane signals will increase and a different association can 

be tried. This procedure has not yet been tested. 
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5. 5 Reconstruction Efficiency 

Vital to the success of the experiment in its attempt to study 

the Compton QED process is its ability to distinguish between 

single photons and those that are the product of ir° decays. Thus 

the question of TT° reconstruction efficiency is an important one. 

In order to estimate the number of TT°'S that should be seen by 

ILSA, Monte-Carlo simulations were written by myself and several 

other members of the collaboration. These programs generated TT°'S 

with various parametrizations of energy and P-t distributions. It 

was found that the ratio R = N
p
/ N t was relatively model indepen-

dent. N
p
 is the number of events in which both the photons hit 

ILSA, at least one having a Pt greater than 1 GeV/c and the other 

having an energy of at least 2.0 GeV ( to be well above the cut 

imposed by the reconstruction procedure ). Nt is the number of 

events that should have produced an ILSA trigger ie. at least one 

photon having a P* greater than 1 GeV/c hit ILSA. The predicted 

value of R is about 14%. The observed value, calculated from the 

numbers in Table 5.1 is 3.6%. 

At first sight, these figures suggest a very poor ir° recon-

struction efficiency, however, the Monte-Carlo only considers 

geometry and the trigger threshold, several other effects have not 

been taken into consideration. A full Monte-Carlo simulation of 

ILSA is now under development and the results obtained from it 

will be published elsewhere [MOR]. 

At present, it is only possible to make a crude estimate of the 

contribution from the effects that have not been taken into 
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TABLE 5.1 

Pizero Reconstruction Statistics 

Total number of events processed 745754 

Number of ILSA triggers 116657 

Number of reconstructed photons 50840 

Number of reconstructed charged hits 98403 

Number of events with at least one 

photon having a Pt I 1.0 GeV/c 

16682 

Number of T T
0

' S above background ( ± 10% ) 
having one photon with a P-t I 1.0 GeV/c 
and the other photon with an 
energy > 2.0 GeV 

600 

consideration. This will at least indicate if there are severe 

deficiencies in the reconstruction process. 

The major contributions come from the following effects: 

1. Conversion of photons before reaching ILSA. The amount of 

material in the region between the target and ILSA is esti-

mated to be about 0.2 Xo [VIRl. This will result in a loss 

of about 16% of the photons. 

2. Non-conversion of a photon in the passive converter and the 

first layer of calorimeter modules. The reconstruction 

procedure will not find a photon if there the signal in 

Ariadne is less than than the equivalent of three relativ-

istic muons. Thus if the photon does not shower in the 4.5 

Xq before it, it will not be reconstructed. An EGS Monte-
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Carlo calculation performed by P. Gregory indicates that 

about 5% of 6 GeV photons will deposit less that the 

required.signal in Ariadne. 

The contribution of photons from n decay. Experiments at 

the ISR [KOU] have measured an ratio of about 0.5 at a 

P* of 3 GeV/c. Since the branching ratio for t? yy is 

about 40%, this is a large effect that will increase the 

observed value of N* by about 20%. 

Cluster merging. The effect of cluster merging has already 

been discussed and it is estimated that about 25% of the 

neutral pions are lost because of it. 

Veto inefficiencies. The charged particle veto is imposed 

offline and a hit map of the reconstructed impacts that are 

not considered to be photons (because the corresponding 

veto has fired) shows a depopulation close to the beam 

edge. There is a corresponding enhancement in the hit map 

for photons. Since there is no misalignment between the 

veto counters and ILSA this suggests that many charged 

particles, deflected by the field of Goliath, miss the veto 

but do hit ILSA and cause a trigger. Recall that there is a 

separation of about 100 mm between the veto counters and 

the first layer of calorimeter modules. These charged 

particles can be rejected when track information is avai-

lable. In order'to estimate the magnitude of the effect, a 

fiducial surface of ILSA is defined that does not include a 

band 100 mm wide around the edges of an ILSA quadrant, 
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close to the beam. The Monte-Carlo prediction for R then 

decreases by about 20/5 while the observed value of R only 

decreases by 10/5. 

The total contribution of all the above effects significantly 

decreases the discrepancy between the predicted and observed 

values of R resulting in an overall efficiency of about 70/5. A 

more quantitative estimate can only be obtained when events gener-

ated by a full Monte-Carlo simulation are fed through the recon-

struction program. For the moment, it can only be said that there 

does not appear to be any gross inefficiency in the reconstruction 

procedure. 

The next step will be to tackle the so far unresolved problems 

of cluster association and cluster merging. This will result in a 

real improvement in the reconstruction efficiency and can be 

tested using the Monte-Carlo. 
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Chapter VI 

PRELIMINARY RESULTS 

In this chapter I shall present some preliminary results of an 

analysis that I have carried out on the inclusive high Pt 

( > 1.7 GeV/c ) spectrum of photoproduced neutral pions recon-

structed by ILSA. A similar analysis has been carried out for OLGA 

by other members of the collaboration and their results have been 

presented elsewhere [PET]. A comparison is made between the 

spectra observed in ILSA and OLGA and the inclusive Pt spectrum of 

neutral pions produced in the reactions TT~P TT°X and TT*P TT°X. 

At present this analysis is in its very early stages and it is 

clear from the preceeding chapter that problems remain to be 

solved in the reconstruction procedure. In view of this, the 

results presented here are to be regarded as being very prelimi-

nary . 

6.1 Data Analysis 

The data sample for the ILSA analysis is the same as that used 

to test the TT°* reconstruction efficiency. Any pair of photons 

having an effective mass lying in the range 135 ± 35 MeV/c
2

 are 

assumed to come from the decay of a tt°. In addition, at least one 

of the photons must have a Pt of at least 1 GeV/c. No energy cut 

was imposed on the other photon in order to increase the statis-
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tics, however, as explained in the previous chapter, the recon-

struction procedure effectively imposes an energy cut of 1 GeV. In 

order to be well above the trigger threshold, the Pt of the tt° had 

to exceed 1.65 GeV/c. A total of 342 events survive all these cuts 

and an estimated 75% of them are above background. 

A full Monte-Carlo simulation of ILSA is not available at 

present so it is not possible to correct the data for all the 

reconstruction inefficiencies mentioned in the previous chapter. 

However, the correction that would have to be applied to compen-

sate for them should be relatively independent of Pt-

In order to compare these results with the inclusive spectrum 

of neutral pions produced in TT"P and T T
+

P interactions, the parame-

trization of Donaldson et. al. [DON] is used. They have measured 

the angular dependence of inclusive ir° production in the above 

interactions at energies of 100 and 200 GeV and have fitted their 

data for xi < 0.8 ( xi = iPi/Pmaxlcm J with a parametrization of 

the form 

E d£c = A (1 - Xri)
f

 |ib/GeV
2 

d p
3

 (Pt + m
2

) " 

where Xd = J x | + (xi-xo)
2

 and x\ = [ Pt'Pniaxl cm- The parameters A , 

f, XO, n and m
2

 are given for incident TT
+

 and TT~. 

Using this parametrization, it should be possible to estimate 

the VMD contribution to photoproduction at large Pt- If all VMD 

contributions to the photon structure, apart from the low mass 

vector mesons (p°,cj°), are neglected, then one can relate large Pt 

particle production induced by the photon to the average of that 
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induced by TT
+

 and TT". The normalization betueen the tuo can be 

obtained from the relations 

<*tot(p
0

p) = I I a tot (tt
+

p ) + atotCir-p) I = '25 mb 
2 

tftot(yp)
 2

 125 p.b 

Averaging the parameters for tt
+

 and tt" given by Donaldson et. 

al. and introducing the normalization factor g i v e s the following 

values for the parameters; 

A = 51.93, f = 3.21, x
0
 = 0.14, n = 5.03 and m

2

 = 0.96 

Taking a fixed incident photon energy of 100 GeV, a Monte-Carlo 

is used to generate neutral pions uith xt and xi distributions 

according to the above parametrization. The ILSA trigger Pt and 

reconstruction procedure energy cuts are introduced and the Pt 

spectrum of neutral pions that should be detected in ILSA is 

computed. Since no absolute normalization is available at this 

stage, this spectrum is normalized to the number of events actu-

ally reconstructed in ILSA at a Pt of 1.7 GeV/c. 

The data sample for the OLGA analysis was collected during a 

test period in November 1981 with similar beam and trigger condi-

tions to the sample used for the ILSA analysis. It is not possible 

to perform the ILSA analysis on the same data because at that 

stage ILSA was not operating satisfactorily. Thus there is no 

relative normalization between the two results. However, the same 

Monte-Carlo is used to compute the Pt spectrum of neutral pions 

that should be reconstructed by OLGA and this spectrum is again 

normalized to the number of events actually reconstructed by OLGA 

at a Pt of 1.7 GeV/c. 

- 125 -



6.2 The Inclusive TT° P* Spectrum 

The inclusive it
0

 P* spectrum reconstructed in ILSA and OLGA is 

shown in Figures 6.1 and 6.2 respectively. The result obtained 

from the Monte-Carlo calculation is also shown. 

For ILSA, apart from the data point at 2.1 GeV/c, the results 

agree very well with the Monte-Carlo. Given the rather poor 

statistics, the uncertainties in the acceptance and in the muon 

induced background at high Pi, it is not possible to draw any firm 

conclusions at this stage. The P\ spectrum seems to agree with 

that observed in n~p and ir
+

p interactions up to a Pi of about 2.5 

GeV/c suggesting that contributions from the non VMD nature of the 

photon will only begin to appear at values of Pi greater than 3.0 

GeV/c. 

The results for OLGA show a similar agreement with the Monte-

Carlo and do not contradict the results obtained for ILSA. The 

spectrum for OLGA, apart from the few events above 3 GeV/c of Pt, 

falls more rapidly with Pi than the spectrum for ILSA. However, 

this difference is also observed in the Monte-Carlo. 

6.3 Conclusions 

While this analysis was being performed, the statistics has 

been increased by a factor of at least 20. Several members of the 

collaboration have been working on the unsolved problems in the 

reconstruction procedure and in developing a full Monte-Carlo 

simulation of ILSA and the other two calorimeters. When this is 

done it will be possible to make accurate corrections for the 

acceptance. 
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Figure 3.10 
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Figure 3.10 

- 128 -



The next stage will be to combine the data from the different 

calorimeters. This will result in a large increase in the accep-

tance for neutral pions and also enable a better selection of 

single photon candidates. Much work has been done on the rejection 

of the muon induced background at high Pt and will enable a more 

confident estimate of the single photon and tt° Pt spectrum to be 

made. Hopefully, the experiment will then be able to answer some 

the 

questions on the structure of hadrons and
A
interesting nature of 

the photon. 
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