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I 

AKST11ACT 

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

o f n o v e l d e s i g n , used i n t h e ( g - 2 ) Muon S t o r a g e R i n g a t CKUN. The a r r a y 

d e t e c t e d decay e l e c t r o n s t r a v e r s i n g an inhomogeneous m a g n e t i c f i e l d 

r a n g i n g f r o m 14 .75 Mi t o 4 k(J o v e r t he l e n g t h of t h e chambers . D a t a 

a n a l y s i s a imed t o r e c o n s t r u c t the c i r c u l a t i n g rnuon beam p r o f i l e and 

d e t e r m i n e t h e decay e l e c t r o n e n e r g i e s . K e s u l t s f r o m t h e ( g - 2 ) e x p e r i m e n t 

a r e o u t l i n e d . 

The deve lopmen t o f d r i f t chamber s , t h e p r i n c i p l e o f o p e r a t i o n and t h e i r 

f u t u r e uses a r e d i s c u s s e d . The d e s i g n c o n s i d e r a t i o n s and o p e r a t i n g p a r a ­

m e t e r s o f t h e chambers a r e e x p l a i n e d . A gas m i x t u r e o f a r g o n - m e t h a n e 

was used i n t h e chambers . The c o m p u t e r i z e d d a t a a c q u i s i t i o n 

s y s t e m d e v e l o p e d a t CEHN i s d e s c r i b e d i n d e t a i l . I t i n c o r p o r a t e d a new 

D r i f t Time D i g i t i z e r s y s t e m . 

The d a t a were a n a l y s e d t o p r o d u c e chamber d r i f t v e l o c i t y c a l i b r a t i o n s . 

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

t h e o r e t i c a l d r i f t v e l o c i t i e s . The e x i s t e n c e o f v a r i a b l e d r i f t v e l o c i t i e s 

t h r o u g h o u t the d r i f t spaces was r e v e a l e d . P a r t i c l e s t r a v e r s i n g the chambers 

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

b o t h a d j a c e n t sense w i r e s . A n a l y s i s o f t h e d a t a i n t h e s e d u a l d e t e c t i o n 

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

good agreement w i t h t h e t h e o r e t i c a l v a l u e s . An e x p e r i m e i . i a l s c a n n i n g 

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

i n such complex f i e l d s . 

The p e r f o r m a n c e o f t h e d r i f t chamber a r r a y i s e v a l u a t e d and t h e 

p r i n c i p l e s o f t he t r a c k r e c o n s t r u c t i o n o u t l i n e d . The a n a l y s i s p r o d u c e d 

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

decay e l e c t r o n e n e r g i e s . I t i s d e m o n s t r a t e d t h a t l o w s p a t i a l r e s o l u t i o n s 

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

Improvemen t s t o t h e d r i f t chamber d e s i g n and o p e r a t i n g p a r a m e t e r s a r e 

s u g g e s t e d t h a t w o u l d i n c r e a s e the a t t a i n a b l e s p a t i a l r e s o l u t i o n . 
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DRIFT ClIAMHEUS AND T l l K l l t APPLICATION TU THE ( g - 2 ) EXPERIMENT 

The d r i f t chamber i n u m u l t i w i r e , gun f i l l e d , p o s i t i o n s e n s i t i v e 

d e t e c t o r . A p a r t i c l e t r a v e r s i n g the chamber l e a v e s a t r a i l o f p r i m a r y 

i o n i z a t i o n and the e l e c t r o n s a r e d r i f t e d towurds a c o l l e c t i n g , o r sense , 

w i r e by the a p p l i c a t i o n o f an e l e c t r i c : f i e l d . A knowledge o f the 

v e l o c i t y and t ime o f d r i f t a l l o w s an a c c u r a t e d e t e r m i n a t i o n oT the 

p o s i t i o n o f t r a v e r s a l o f the p a r t i c l e . As such the d r i f t chumher has 

become one o f the most u s e f u l p o s i t i o n s e n s i n g d e t e c t o r s a v a i l a b l e 

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

T h i s t h e s i s d e s c r i b e s the d e v e l o p m e n t , d a t a i i cq ' i i s i t i o n and 

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

used t o t r a c k e l e c t r o n s d e c a y i n g f r o m the Muon S t o r a g e Iti ug o f the 

l a t e s t (g-2) e x p e r i m e n t a t CE1IN. 

1 ,1 The E v o l u t i o n o f the D r i f t Chamber 

Over the p a s t few decades s e v e r a l c l a s s e s o f d e t e c t o r s have been 

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

cosmic ray p h y s i c s and n u c l e a r p h y s i c s , e s p e c i a l l y s i n c e the a d v e n t 

o f p a r t i c l e a c c e l e r a t o r s . Many a r e gaseous d e t e c t o r s w h i c h may be 

b r o a d l y c a t e g o r i z e d i n two c l a s s e s ; c o n t i n u o u s l y s e n s i t i v e , o r 

p r i m a r y d e t e c t o r s such as the p r o p o r t i o n a l c o u n t e r o r t i o i ger-Mu 11 e r 

t u b e , w h i c h u r e n o r m a l l y used i n the c o u n t i n g mode, and t r i g g e r a h l e , 

o r secondary d e t e c t o r s such as s t r e a m e r and spa rk rhamli'Ts used to 

g a i n p o s i t i o n a l i n f o r m a t i o n . The secondary detect t o r s have? t o he 

t r i g g e r e d u s i n g a p r i m a r y d e t e c t o r . The d i s t i n c t i o n between p r i m a r y 

IOIEAHI 
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and seconda ry d e t e c t o r s i s m a i n l y dii«• to the magn i tude o f t h e 

p o t e n t i a l a p p l i e d to the d e t e c t o r and thus the degree o i ' cha rge 

a m p l i f i c a t i o n w i t h i n the gaseo-.is v o l u m e . I f a v a l a n c h i n g o c c u r s 

c l o s e t o the p r i m a r y i o n i z a t i o n and v i s i b l e d i s c h a r g e s o c c u r , t h e n 

c o n t i n u o u s o p e r a t i o n becomes i m p o s s i b l e due t o s p u r i o u s b reakdown . 

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

t h a t wou ld a l l o w a c c u r a t e r e c o n s t r u c t i o n o f p a r t i c l e t r a j e c t o r i e s a t 

r a t e s much h i g h e r t h a n those o b t a i n a b l e w i t h b u b b l e chambers o r 

t r i g g e r a b l e d e v i c e s . Thus the d e t e c t o r had t o be c o n t i n u o u s l y 

s e n s i t i v e and have h i g h s p a t i a l r e s o l u t i o n . i n 1U(>8 Uharpak ct a l . 

a t C E f l N ^ ^ d e v e l o p e d the m u l t i w i r e p r o p o r t i o n a l chamber (MWl'C). 

I t o p e r a t e d on t h e same p r i n c i p l e as t h e s i n g l e w i r e c y l i n d r i c a l 

p r o p o r t i o n a l counter- b u t had s e v e r a l p a r a l l e l sense w i r e s a l i g n e d 

i n a p l ane e q u i d i s t a n t between two p l a n e ca thodes as shown i n 

f i g u r e 1 . 1 . A t y p i c a l sense w i r e s p a c i n g was 2 mm w i t h a f> mm gap 

t o the e l e c t r o d e s . The sense w i r e s w e r e t y p i c a l l y 25 yjm i n d i a m e t e r 

and the e l e c t r o n s f r o m the p r i m a r y i o n i z a t i o n , caused by the 

t r a v e r s a l o f the i n c i d e n t p a r t i c l e , were a c c e l e r a t e d towards the 

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

v o l t a g e . As t h e f i e l d became g r e a t e r towards the w i r e Townsend 

a v a l a n c h i n g o c c u r r e d i n a c o n t r o l l e d manner' such t h a t s a t u r a t i o n 

d i d n o t occur*. The p u l s e h e i g h t d e t e c t e d on the sense w i r e w;is 

t h e n p r o p o r t i o n a l t o the number- o f p r i m a r y e l e c t r o n s . Hy c a r e f u l 

c h o i c e o f gas m i x t u r e and a p p l i e d e l e c t r i c f i e l d a p u l s e w o u l d be 

d e t e c t e d on one w i r e o n l y and the chamber r e s o l u t i o n would he h a l f 

the w i r e s p a c i n g . The minimum w i r e s p a c i n g appeared to be 1 mm, due 

t o e l e c t r o s t a t i c r e p u l s i o n between sense w i r e s , so the r e s o l u t i o n 
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o i ' t h e MWPC was s t i l l l e s s t h a n t l i u t , o f u s p a r k chamber , w h i c h w i t h 

s u i t a b l e readou L methods c o u l d be capab l e o f s p a t i a l r e s o l u t i o n s 

+ ( 2 ) 

i n the o r d e r o f - 0 . 3 mm . I t was no t o i l , however , t h a t the t ime 

o f a r r i v a l o f the p u l s e s on the sense w i r e s was dependen t upon the 

p o s i t i o n o f t r a v e r s a l of the i n c i d e n t p a r t i c l e . T h i s p r o p e r t y 
(3 5 ) . 

was i n v e s t i g a t e d f u r t h e r - and the d r i f t chamber was e v o l v e d . ' 

The sense w i r e s p a c i n g was i n c r e u s e d and the e l e c t r o n s d r i f t e d 

f r o m t h e i r p o i n t o f b i r t h t owards t h e sense w i r e , where Townsend 

a v a l a n c h i n g o c c u r r e d a t c l o s e r a n g e . The v e l o c i t y o l ' the d r i f t 

p rocess was dependent upon t h e chamber gas i ind the a p p l i e d e l e c t r i c 

f i e l d . Knowing the t ime o f t r a v e r s a l of the i n c i d e n t p u r t i c l e 

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

o f a p u l s e on the sense w i r e c o u l d be used t o c a l c u l a t e the d r i f t 

d i s t a n c e and hence the i n i t i a l p o s i t i o n o f the p a r t i c l e . A d r i f t 

chamber can thus have a u n i t c e l l o r a s e r i e s o f c e l l s as shown i n 

f i g u r e 1 . 2 . 

A f u l l d e s c r i p t i o n o f d r i f t chambers and t h e i r t h e o r y o f 

o p e r a t i o n i s g i v e n i n C h a p t e r 2 so i t i s s u f f i c i e n t a t t h i s s t a g e 

m e r e l y t o m e n t i o n t h e i r g e n e r a l p r o p e r t i e s . W i t h d r i f t spaces up 

t o 5 cm i n l e n g t h s p a t i a l r e s o l u t i o n s o f 100/am and t i m i n g r e s o l u t i o n s 

o f 5 ns may be o b t a i n e d i n t h e absence o f m a g n e t i c f i e l d s . U s i n g 

e l e c t r i c f i e l d c o r r e c t i o n s d r i f t chambers may be o p e r a t e d i n m a g n e t i c 

f i e l d s w i t h reduced r e s o l u t i o n . They a r e c o n t i n u o u s l y s e n s i t i v e 

and may work a t r a t e s i n excess o f 10' p u l s e s / w i r e / s e c o n d . A p a r t 

f r o m t h e i r i n c r e a s e d s p a t i a l r e s o l u t i o n o v e r MWI'C's, t h e i r mo i n 

advan tage i s the r e d u c t i o n i n number o f c h a n n e l s o f e l e c t r o n i c s 

r e q u i r e d per u n i t chamber a r e a . As an a m p l i f i e r d i s c r i m i n a t o r c i r c u i t 

i s r e q u i r e d f o r each sense w i r e the c o s t o f l a r g e a r e a MWPC's becomes 

p r o h i b i t i v e . 



5mm 
2 m m 

25yum d i a . 

SENSE W I R E P L A N E 
• VE. POTL. OR GROUNDED 

C A T H O D E P L A N E 
100/um d i a . W I R E S ON 2 m m P I T C H 
i r TO S E N S E W I R E S , - V E . POTL. 

F I G . 1.1 : MWPC SHOWING T Y P I C A L P A R A M E T E R S 

U N I T CELL 

1 0 m m 
• M A X I M U M D R I F T LENGTH-

3 mm 
P O T E N T I A L OR F I E L D WIRE 

100 ^ m d i a . , - V E . POTL. 

SENSE OR A N O D E W I R E 
2 0 / j m dia . 

• V E . POTL. OR GROUNDED 

CATHODE P L A N E 
100 / jm dia. W I R E S ON 2 m m P I T C H 
i r TO SENSE W I R E . - V E . POTL. 

or 
I I TO S E N S E W I R E & G R A D E D - V E . 

P O T L S . 

FIG. 1.2 : D R I F T CHAMBER SHOWING T Y P I C A L 
P A R A M E T E R S 
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The chambers d i s c u s s e d i n t h i s t h e s i s were d e s i g n e d t o o p e r a t e 

i n the inhorangeneons f r i n g e f i e l d o f the ( g - 2 ) s t o r a g e r i n g . Chamber 

d e s i g n and t e s t i n g commenced i n 1973 f o l l o w i n g i n i t i a l p u b l i c a t i o n 

on d r i f t chambers a r o u n d 1 9 7 0 ^ 3 ' 4 ' 5 ^ . The a r r a y was one o f the 

f i r s t t o be d e s i g n e d t o o p e r a t e i n a m a g n e t i c f i e l d , e s p e c i a l l y as 

r e g a r d s t h e s eve re i n h o i n o g e n e i t y p r e s e n t o v e r t h e a c t i v e chamber 

volume i n the ( g - 2 ) e x p e r i m e n t . 

Comple te d i s c u s s i o n o f d r i f t chambers , and the ( g - 2 ) chambers 

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

The r e m a i n d e r o f t h i s c h a p t e r d e a l s w i t h the ( g - 2 ) e x p e r i m e n t and 

e x p l a i n s the r easons why a d r i f t chnmber a r r a y was r e q u i r e d . 

1.2 The ( g - 2 ) Ex p e r i ments a t 

( 6 ) 

The ( g - 2 ) e x p e r i m e n t a t CF.RN t o w h i c h t h i s t h e s i s r e f e r s 

was the t h i r d i n a s e r i e s to measure t h e anomalous m a g n e t i c moment 

o f t h e muon t o i n c r e a s e d a c c u r a c y . Such a measurement i s a c r i t i c a l 

t e s t , o f t h e p r e s e n t s t a t e o f the t h e o r y o f Quantum E l e c t r o d y n a r o i c a 

(QED) . D i r a c t h e o r y p r e d i c t s t h a t f o r a r e l a t i v i s t i c p a r t i c l e o f 

s p i n jr i n t e r a c t i n g w i t h an e x t e r n a l f i e l d B , the m a g n e t i c moment 

s h o u l d he equa l t o one Bohr magne ton : 

where po = e l i /^m^c , ra^ r e f e r r i n g to the r e s t mass o f the muon. 

"s i» the s p i n o b t a i n e d f r o m t h e t h r e e 1 'aul i s p i n m a t r i c e s . 

The g — f a c t o r i s e q u a l to 2 f o r D i r a c p a r t i c l e s and hence the 

measured m a g n e t i c moment i s the maximum e x p e c t a t i o n v a l u e o f y i i , 
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w h i c h i s p r e d i c t e d t o be ja^. Due t o r a d i a t i v e c o r r e c t i o n s t h e 

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

f r o m 2 and hence t h e anomuly " u " i s i n t r o d u c e d : 

/ i - - 2 ( l + a > i t ( 1 . 2 ) 

T I I U B a E ( g - 2 ) / 2 ( 1 . 3 ) 

g i v i n g t h e e x p e r i m e n t s t h e i r c h a r a c t e r i s t i c name " g - 2 " . 

As d e s c r i b e d i n s e c t i o n 1 . 2 . 2 the s p i n v e c t o r o f the muon 

r o t a t e s f a s t e r t h a n i t s momentum v e c t o r i n t h e p resence o f a m a g n e t i c 

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

c a l c u l a t i n g t h e a n o m a l y . 

The f i r s t e x p e r i m e n t was p e r f o r m e d on t h e C£UN S y n c h r o - C y c l o t r o n 

(7 8 9 10) 

d u r i n g the p e r i o d 1 9 5 8 - 6 1 ' ' * ' o b s e r v i n g muon decays a t r e s t . 

The f i n a l e x p e r i m e n t a l v a l u e reduced the anomaly f r o m 15% u n c e r t a i n t y 

t o 0,4% by o b s e r v i n g n e a r l y one m i l l i o n s t o p p e d muons. 

. a ^ e x p ) - (1162^5 ) x 1 0 - 6 

whereas a t t h e t i m e a ( t n e o r y ) . n 6 5 x io" 6 

The second e x p e r i m e n t was p e r f o r m e d on t h e CERN P r o t o n - S y n c h r o t r o n 

( l l 12 13) 

d u r i n g 1 9 6 4 - 6 8 v ' ' ' u s i n g u s t o r a g e r i n g o f 5m c e n t r a l o r b i t 

d i a m e t e r and a f i e l d o f 1 .711T. The s t o r e d muons had a momentum 

o f 1 .28- 0 . 2 GeV/c g i v i n g a Y o f a b o u t 1 2 . C o m b i n i n g d a t a f o r 

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

t h e m a j o r i t y o f t he d a t a , the e x p e r i m e n t a l r e s u l t was : 

( e x p ) - ( 1 1 6 6 1 6 ^ 3 1 ) x 1 0 ~ 8 
£L 



e q u i v a l e n t t o an u n c e r t a i n l y o f 270 p a r t s per m i l l i o n (ppm) o f w h i c h 

215 were due t o random e r r o r s , the m a j o r i t y a t t r i b u t a b l e to an 

u n c e r t a i n t y i n the mean r a d i u s o f the muon s a m p l e . By t h a t t i m e 

the t h e o r e t i c a l v a l u e hail been computed to g r e a t e r a c c u r a c y : 

( t h e o r y ) = ( l l 6 M 9 7 l 8 ) x 1 0 " 9 

• • ( e * p ) ( t h e o r y ) / . , U + . , , \ J -g i v i n g a^ r ' - u^ J - + ( 2 H - . M ) x 10 i . e . a p o s i t i v e 

d i f f e r e n c e o f 0 . 9 s t a n d a r d d e v i a t i o n s . 

1 . 2 . 1 M o t i v a t i o n f o r t h e T h i r d ( g - 2 ) E x p e r i m e n t 

By 1969 the t h e o r e t i c a l v a l u e o f a had been l o w e r e d to 

(116564-1) x 10 mak Lng t h e e x p e r i m e n t a l r e s u l t o f t h e second 

e x p e r i m e n t 1.7 s t a n d a r d d e v i a t i o n s h i g h e r than the be s t t h e o r e t i c a l 

l i m i t . W h i l s t t h e d i s c r e p a n c y c o u l d have been due t o u n d i s c o v e r e d 

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

a d e p a r t u r e f r o m QED t h e o r y o r h i t h e r t o unknown c o u p l i n g s o f the muon 

w h i c h c o u l d e x p l a i n i t s mass d i f f e r e n c e w i t h the e l e c t r o n . Hence a 

more a c c u r a t e (g— 2 ) e x p e r i m e n t was r e q u i r e d i n o r d e r t o remove o r 

c o n f i r m the d e v i a t i o n . The l e v e l o f a c c u r a c y a imed f o r i n t h e new 

e x p e r i m e n t was t o be 10-20 ppm. 

D u r i n g the i n t e r v e n i n g p e r i o d b e f o r e the new e x p e r i m e n t became 

o p e r a t i o n a l i t c o u l d be e x p e c t e d t h a t the computed t h e o r e t i c a l v u l u e 

w o u l d be i m p r o v e d u p o n . 

Many l e s s o n s were l e a r n t f r o m the second e x p e r i m e n t and the m a i n 

c o n t r i b u t o r y f a c t o r s to the e r r o r s c o u l d be removed o r 1 e s s e n e d . ^ ' ' ° ^ 

I n p a r t i c u l a r a g r e a t e r knowledge o f the mean r a d i a l p o s i t i o n o f t he 



muon p o p u l a t i o n , and hence t h e mean m a g n e t i c f i e l d seen by the 

ensemble was n e c e s s a r y . To a c c o m p l i s h t h i s i t was proposed t o 

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

by an e x t r e m e l y w e l l d e f i n e d and homogeneous m a g n e t i c f i e l d and 

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

d e s c r i b e d i n the s e c t i o n be low a "mag ic " v a l u e c o u l d be a s c r i b e d t o 

t h e ene rgy o f the s t o r e d muons w h i c h w o u l d a l l o w the e l e c t r i c f i e l d 

t o have no e f f e c t on t h e p r e c e s s i o n o f the muon s p i n v e c t o r . T h i s 

w o u l d a p p l y e x a c t l y f o r the c e n t r a l momentum o f the muon ensemble 

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

r a d i i . T h i s e n e r g y c o r r e s p o n d e d to a Y o f 2 9 . 3 and a momentum o f 

3 . 0 9 8 GeV/c w i t h a homogeneous f i e l d o f 1 .475T. Such a method o f 

c o n t a i n m e n t o f t he c i r c u l a t i n g beam wou ld a l s o reduce i n s t a b i l i t i e s 

and hence f e w e r muons w o u l d be l o s t f r o m the s t o r a g e r e g i o n . 

A n o t h e r m a j o r d i s a d v a n t a g e o f t h e second e x p e r i m e n t was t h e 

method o f i n j e c t i o n . P r o t o n s f r o m a f a s t e j e c t i o n channel were 

i m p i n g e d upon a t a r g e t n e x t t o the s t o r a g e v e s s e l p r o d u c i n g p i o n s 

w h i c h s u b s e q u e n t l y decayed i n t o unions. Of t hese a s m a l l p r o p o r t i o n 

had t h e c o r r e c t momentum and a n g l e t o be s t o r e d . However a l a r g e 

n o n - r o t a t i n g and r o t a t i n g background o f p r o t o n s , p i o n s and e l e c t r o n s 

e x i s t e d a t e a r l y t imes w h i c h c o n f u s e d the a n a l y s i s . No t o n l y was 

the a n a l y s i s o f the p r e c e s s i o n f r e q u e n c y masked b u t , more i m p o r t a n t l y , 

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

o f t h e i n j e c t e d bunch o f muons i n o r d e r t o d e t e r m i n e t h e i r mean r a d i u s . 

A 25% l o s s o f muons, between the t ime when the muon r a d i u s was 

d e t e r m i n e d and the t ime i n t e r v a l when the p r e c e s s i o n f r e q u e n c y was 

c a l c u l a t e d , r a i s e d t h e p o s s i b i l i t y o f a change i n the mean r a d i u s 
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o f the ensemble w h i c h c o u l d n o t be r e s o l v e d and p r o v i d e d a l a r g e 

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

a t e a r l y t i m e s . 

I n t h e new e x p e r i m e n t a momentum s e l e c t e d p i on beam was to be 

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

method w o u l d be c l e a n e r and s t o r e a g r e a t e r number o f muons w i t h 

b e t t e r l o n g i t u d i n a l p o l a r i z a t i o n . Hence d a t a a t e a r l y t i m e s w o u l d 

be c l e a n e r and the p r e c e s s i o n asymmetry wou ld have a g r e a t e r a m p l i t u d e . 

As t h e ene rgy o f the s t o r e d muons was g r e a t e r t h e r e l u t i v i s t i c t i m e 

d i l a t i o n a l s o i n c r e a s e d und hence the muons c o u l d be s t o r e d f o r 

l o n g e r . As the number o f (g—2) c y c l e s per muon l i f e t i m e depended 

upon t h e v a l u e o f YB the a n a l y s i s c o u l d be e x t e n d e d t o l o n g e r t i m e s 

and hence t h e a c c u r a c y o f t h e e x p e r i m e n t was i n c r e a s e d . I n a l l 

t h e new e x p e r i m e n t i m p r o v e d t h e d a t a t a k i n g r a t e by a f a c t o r o f 

24 p e r u n i t t i m e , p e r i n j e c t e d bunch o v e r t he second e x p e r i m e n t . 

Not o n l y was the anomalous m a g n e t i c moment o f p o s i t i v e and 

n e g a t i v e muons c a p a b l e o f b e i n g measured e x p e r i m e n t a l l y t o g r e a t e r 

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

f l i g h t . C o n f i r m a t i o n o f E i n s t e i n ' s C l o c k Paradox was a n o t h e r r e s u l t 

o b t a i n a b l e f r o m the d a t a . A s u b s i d i a r y e x p e r i m e n t w o u l d d e t e r m i n e 

an uppe r l i m i t t o the muon e l e c t r i c d i p o l e moment (EDM). 

T h e r e f o r e a p a r t f r o m a more a c c u r a t e check on t h e s t a t e o f the 

a r t o f QED t h e o r y t h e new ( g - 2 ) e x p e r i m e n t w o u l d p r o v i d e e x c e l l e n t 

t e s t s o f r e l a t i v i t y t h e o r y . 
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1.2.2. B r i e f Theory o f (g-2) of the Miion and Analysis of the 

Experimental Data. 

The anomalous magnetic moment of the miion may bo represented 

as the sum of three terms: 

QED strong weak l A . x a » a ^ + a ** + a (1.4) 

Discussion of the theory behind the three values i s beyond the 

scope of t h i s t hesis but i s reviewed e x t e n s i v e l y elsewhere. ' ' 

18,19,20) 

The QED c o n t r i b u t i o n i s derived from Feynmunn graphs, up to 

the tenth order a t present. A l l the s i x t h order graphs, of which 

there are seventy—two, have been ca l c u l a t e d by several groups, 

although some s t i l l c ontain numerical computer i n t e g r a t i o n e r r o r s . 
(21) 

The eighth order c o n t r i b u t i o n s have only been roughly estimated. 

The QED term i s given by a power s e r i e s i n a, the f i n e s t r u c t u r e 

cons t a n t : 
a ^ " - C 2 ( # ) + C4 (S-)2 + C f l(fr)J • C 8 ( & ) 4 (1.5) 

where a " =. 137.03604(11) i s taken as the most accurate value 

a v a i l a b l e . 
(23) 

The l a t e s t estimates of the c o e f f i c i e n t s »ive : 

aQ E D - 0 . 5 ® . 0.76578® 2 • 2 2 . 9 3 f t ) 3 • ( l l l ^ ) 4 • (420±30)($)5 ^ 

The hadronic c o n t r i b u t i o n , a
s^ r o , ,K f comes from vacuum p o l a r i z a t i o n 

and a i s derived from Weinberg's theory of weak i n t e r a c t i o n s . 
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The l a t e s t estimates give: 

a^ (QED) - (11658518 - 24) x 1 0 " 1 0 

a (s t r o n g ) - (667 - 94) x 10 

a^(wenk) = (2 - 2) x 10 

-10 
[ i u 

-9 

y i d ding 

a^ ( t h e o r y ) - (1165921 - 10) x l O - 9 

An observable consequence of the anion's anomalous magnetic 

moment i s t h a t , when i n a magnetic f i e l d , i t s spin vector r o t a t e s 

f a s t e r than i t s momentum v e c t o r . The angular frequency of t h i s 

precession i s given by: 

"ut - - e_ aR (1.7) 
mc 

which allows a d i r e c t method of measuring the annum!y. 

However, as already explained, a homogeneous magnetic f i e l d 

w i t h v e r t i c a l e l e c t r i c focusing was employed, so the precession 

frequency was s h i f t e d due t o the e l e c t r i c f i e l d . Assuming t h a t 

the niuon moved tra n s v e r s e l y t o 13 and E' in the lab and t h a t the muon 

no el 
,(24). 

(8) 
had no e l e c t r i c d i p o l c moment , the corrected precession frequency 

was 

U - - e a — mc 
[aB J 1_ -a^ 0x t] (1.8) 

\V 2-1 
I t can be seen t h a t by choosing V = ( l • "a")2 the E dependence 

vanished and the spin e f f e c t i v e f i e l d once more became i d e n t i c a l l y 

equal to B. For the muon a * - 858 which led to the "magic" value 

f o r Y of 29.3 corresponding to a momentum f o r the unions of il.094 (icV/c. 

The c a n c e l l a t i o n of the f i e l d a pplied only to muons w i t h the c e n t r a l 

momentum, small c o r r e c t i o n s having to be made f o r those w i t h s l i g h t l y 

d i f f e r e n t o r b i t s . 
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S e l e c t i n g decay e l e c t r o n s w i t h energies greater than 1.75 GeV 

i n the lab ensured t h a t they hud decuyed i n the forward d i r e c t i o n 

i n the rauon r e s t frume. As the elec t r o n s were emitted p r e f e r e n t i a l l y 

along the spin v e c t o r , and the union sample was i n i t i a l l y 

l o n g i t u d i n a l l y p o l a r i z e d , i t was possible to f o l l o w the p o l a r i z a t i o n 

w i t h time by recording decay ele c t r o n s emerging on the i n s i d e of the 

r i n g , the count rate being modulated by the precession frequency 

given i n equation ( 1 . 7 ) , Figure 1.3 shows the f i n a l data from the 

(g-2) experiment, taken from reference 25, f o r e l e c t r o n decay energies 

above 1.75 GeV w i t h the precession frequency detectable over 

120 (g-2) cycles. The data were f i t t e d by the maximum l i k e l i h o o d 
(25) 

method t o the f u n c t i o n 

N ( t ) - N Q [ L ( t ) exp (-t./x) ( l - A c o s ^ t • 0 ) ] • B] O*9) 

d e s c r i b i n g an exponential decay w i t h the rauon t i m e - d i l a t e d l i f e t i m e 

* • ¥* 0» asymmetry A and phase 0 of the modulation, and constant 

background B, which was very small. The f u n c t i o n 

L ( t ) - 1 + A, exp ( - t / l L ) (1.10) 

was included to make allowance f o r muon losses a t e a r l y times and 

gain changes i n the e l e c t r o n i c counters. A l l e i g h t parameters 

N^, X , A,U) a, 0, B, and Tj were allowed to vary, o p t i m i z a t i o n 
(26) 

being derived using the program Ml Nil IT . 

Great care was taken to ensure t h u t no f a u l t y data a f f e c t e d 

the o v e r a l l r e s u l t s . Having checked the f i t t i n g procedure using 

Monte Carlo methods the data was s p l i t i n t o four energy bands and 

f i t t e d independently. Further subgroups according t o beam 

c h a r a c t e r i s t i c s , counter p o s i t i o n and the s t a r t i n g time of the f i t 
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were studied to ensure t h a t no systematic e f f e c t s were present 

beyond the normal s t a t i s t i c a l f l u c t u a t i o n s . 
(14) 

I t could be shown t h a t the e r r o r i n u) was roughly 

p r o p o r t i o n a l to (TAVN) \ For the r i n g T , the t i m e - d i l a t e d l i f e ­

time, was f i x e d . By r a i s i n g the energy threshold of the detected 

decay e l e c t r o n s the asymmetry, A, was raise d but N, the number of 

recorded muon decays, f e l l . An optimum threshold of 1.75 GeV 

maximized the value o f 

To derive the value of a from u) required a knowledge of the 
^LI a 

value (e/m^c)B as shown i n equation (1.7), B being the mean f i e l d 

seen by the muon ensemble. This could be c a l c u l a t e d by measuring 

the (g-2) homogeneous magnetic f i e l d i n terms of the proton magnetic 

resonance frequency ( i ) ^ . My making the necessary c o r r e c t i o n s f o r 

the bulk diamagnelic e f f e c t of the c y l i n d r i c a l water sample of the 

NMR probe used, and Lite iliainagnetic screening of (.he o r b i t a l e l e c t r o n s 

of u water molecule, the measured frequency could be coi-rectrd io 
_ o < a 7> t h a t f o r fre e protons, u) 

I* 
From the Larraor frequency W. of the muon a t rnst 

U>L - gelT - ( l + a ) eB ( l . H ) 

hence 

Jtuc mc 

-1 eB = (1 +u) JU^ U) (.1.12) 
mc o 

W P 

The value of X = u) /u)° was known very uc c u r u t n l y from an 
^(28) 

independent experiment. " ' Hence combining equations (1,7) ami 

(1.12) gav,..-
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o 
U) 

_ (1.13) 
V A I \ 

U) a 

Leading t o a - 1 (l«14) where H_ - uT° 
R, X - 1 f 

a 

Hence the whole (g-2) experimental a n a l y s i s revolved around 

the measurement o f the r a t i o R̂ . By using a master c r y s t a l 

o s c i l l a t o r f o r the measurement of the times of the e l e c t r o n decays 

and f o r the measurement and s t a b i l i z a t i o n of the magnetic f i e l d , 

u s i n g nuclear magnetic resonance probes and magnetometers as 

described i n the next s e c t i o n , any d r i f t i n the clock was n u l l i f i e d 

by use of the r a t i o of the two derived q u a n t i t i e s . 

l e 2 0 3 The Experimental Layout 

Figure 1.4 shows a general view o f the (g-2) storage r i n g 

and f i g u r e 1 B5 gives a d e t a i l e d plan o f the various parts of the 

r i n g and d e t e c t i o n system. 

One t o f o u r f a s t ejected bunches of protons were i n c i d e n t upon 

a Cu t a r g e t producing pione which were momentum selected a t 

3.1 GeV/c - 0 o76jt. About 10 pions were produced per 10 protons 

i n c i d e n t upon the t a r g e t , the negative p o l a r i t y being s l i g h t l y less 

intense but w i t h o u t a high proton contamination. An e l e c t r o s t a t i c 

pick-up i n the proton beam gave the zero time reference f o r a l l 

(g-2) t i m i n g . 

The pions were i n f l e c t e d i n t o the storage r e g i o n using an 
(29) 

i n f l e c t o r , ' i n the form of a c o a x i a l l i n e , as shown i n f i g u r e 1.8, 
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which was pulsed to cancel the l o c a l f i e l d of 1.475T. The 

t r a j e c t o r i e s of the pions were s t r a i g h t e n e d , a l l o w i n g them t o 

t r a v e l about t w o - t h i r d s of the way round the r i n g before being 

l o s t from the storage volume. At such momenta the pion l i f e t i m e 

i s about 580ns; so as i t took only 100 ns t o move t h i s f a r , about 

one t e n t h of the pions decayed i n t o onions w i t h i n the storage volume. 

Of these only two i n a thousand had momenta and angles w i t h i n the 

acceptance values of the r i n g . The decay modes f o r the two 

p o l a r i t i e s were: 

By having p i o n momenta s l i g h t l y above t h a t of the c e n t r a l 

acceptance momenta of the stored muonB the neutrinos were used 

to k i c k the muons i n t o closed o r b i t s . Accepting onions w i t h i n about 

1$ of t h e i r maximum lab energy o n l y , ensured t h a t they were formed 

from forward pion decay and hence an i n i t i a l l o n g i t u d i n a l p o l a r i z a t i o n 

of nearly 97% was p o s s i b l e . About two hundred unions were stored f o r 

each i n c i d e n t proton bunch and they i n i t i a l l y occupied a distance of 

approximately 3m a z i m u t h a l l y . 

The (g-2) storage r i n g was i n the form of a re g u l a r polygon of 

40 C-ahaped bending magnets, the open side f a c i n g the r i n g c e n t r e . 

The f i e l d o f 1.475T was homogeneous over the storage volume which 

bad a c e n t r a l radius of 7m about the r i n g centre and a u s e f u l cross-

s e c t i o n of 8 cm i n the v e r t i c a l d i r e c t i o n and 12 cm r a d i a l l y . The 

storage tank also contained the electrodes f o r the pulsed e l e c t r o s t a t i c 

focusing f i e l d . I t was b u i l t i n ten s e c t i o n s , each spanning 36° 

i n azimuth, but o f these only e i g h t contained e l e c t r o d e s . A f i e l d 

Tl "*•-•> l i * *M (1.15) 

(1.16) 
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fr e e region e x i s t e d over the i n f l e c t o r s e c t i o n of the r i n g w i t h 

another such region on the opposite s i d e , where the d r i f t chamber 

array was l o c a t e d , t o prevent closed o r b i t d i s t o r t i o n . For the 

d r i f t chamber s e c t i o n the normal 3 mm aluminium a l l o y inner w a l l 

was replaced by 0.8 mm t i t a n i u m to reduce s c a t t e r i n g and showering 

of the decay e l e c t r o n s . The tank was maintained a t a vacuum i n 

excess o f 10 t o r r to prevent muon losses due to c o l l i s i o n s w i t h 

the r e s i d u a l gas molecules and t o prevent breakdown on the a p p l i c a t i o n 

of the focusing f i e l d , p o t e n t i a l s of t y p i c a l l y 40 kV being applied 

throughout the storage p e r i o d . Vacuum tank sections removed from 

the r i n g are shown i n f i g u r e 1.7 w i t h the t h i n - w a l l e d section 

nearest the f l o o r . 

The magnets were shimmed t o provide such an accurate 

homogeneous f i e l d and each block was continuously monitored and 

s t a b i l i z e d a t one p o i n t using a nuclear magnetic resonance (NMR) 
(32) 

probe and two compensating c o i l s wound around the yoke. An 

accurate knowledge of the s t a b i l i t y o f the f i e l d was e s s e n t i a l so 

37 of the blocks had "plunging" probes attached to the vacuum tank. 

The NMR probes, m u l t i p l e x e d t o e i g h t automatic magnetometers, could 

be d r i v e n i n t o the storage tank r a d i a l l y on the median plane, under 

computer c o n t r o l , and w i t h i n ten minutes could measure over 400 p o i n t s . 

Such measurements were performed a t l e a s t twice a day during physics 

nine. Between runs the vacuum tank was removed and a mapping 

machine, shown i n f i g u r e 1.8, employing 8 NMR probes attached t o 

the same magnetometers, measured the f i e l d a t over 250,000 mesh 

p o i n t s , a complete scan t a k i n g 10 hours. By using a c y c l i n g method 

when sw i t c h i n g on the magnets the f i e l d could be restored r e p r o d u c i b l y 
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w i t h i n the e r r o r s of the measuring system 0 Careful c a l i b r a t i o n 

of the NMR probes and c o r r e c t i o n s f o r the presence of the vacuum 

tank, i n f l e c t o r and probes d u r i n g normal running c o n d i t i o n s allowed 

the plunging probe measurements t o be r e l a t e d d i r e c t l y t o the 

o v e r a l l f i e l d map. With s t r i c t m o n i t o r i n g of the s t a b i l i t y o f the 

2 MW magnet power supply, c o o l i n g water temperature and ambient 

(g-2) experimental h a l l temperature, the average magnetic f i e l d 

experienced by the muon ensemble could be estimated to b e t t e r than 

3 ppm w i t h an accurate knowledge of short-term and long-term 

s t a b i l i t y . 

The muons c i r c u l a t e d the storage region w i t h a r o t a t i o n period 

of 147 ns. The precession p e r i o d , given by 2Tl/io , was 4 03 us. 

By f o l l o w i n g the i n i t i a l bunch, up t o 40 /is i n t o the d e t e c t i o n 

p e r i o d , f a s t r o t a t i o n a n a l y s i s y i e l d e d a mean radius of the muon 

ensemble accurate to - 1 mm. The decay modes f o r the muons i n 

f l i g h t were: 

\l* - e + * 0 * V (1.17) 

\l~ - e" + v * \J (1.18) 

u e x ' 

By only accepting decay e l e c t r o n s above a c e r t a i n energy i n 

the l a b ensured t h a t they decayed i n the forward d i r e c t i o n i n the 

muon r e s t frame. As the e l e c t r o n s g e n e r a l l y have lower momentum 

than the muon, they decay on the i n s i d e of the r i n g . Of the two 

hundred stored muons only about t h i r t y produced e l e c t r o n s above the 

energy t h r e s h o l d . These were detected using twenty energy measuring 

shower d e t e c t o r s , i n the form of lead p l a s t i c s c i n t i l l a t o r sandwiches 

shown i n f i g u r e 1.9, d i s t r i b u t e d around the r i n g . For each decay 
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e l e c t r o n the time of decay, pulse height ( i n f i v e b i n s ) and counter 

number were recorded using a D i g i t r o n system '' i n t e r f a c e d 
w i t h a PDPll/20 computer through CAMAC. Each shower counter pulse 

was fanned-out s i x ways t o y i e l d a t i m i n g channel and f i v e energy 

l e v e l s . The t i m i n g channel was i n p u t to a Time Quuntizer, t o place 

the times i n the nearest 10 ns t i m e - b i n , before i n p u t to one of 

f i v e D i g i t r o n s covering the twenty detectors and a s i x t h handling 
(25) 

a l l counters t o study the queueing losses a t high r a t e s . The 

a r r i v a l times of the decay e l e c t r o n s were measured r e l a t i v e t o the 

proton pick-up pulse w i t h a r e s o l u t i o n b e t t e r than 10 ns over the 

650 ^is d e t e c t i o n p e r i o d . The D i g i t r o n C o n t r o l l e r used the same 

100 MHz master clock as employed by the NMR magnetometers 0 The 

e n t i r e system was r i g o u r o u s l y checked o n - l i n e and o f f - l i n e f o r 
. . (35,36) t i m i n g e r r o r s and queuelng losses. 

A seventh D i g i t r o n handled pulses from the f i v e muon e l e c t r i c 
(37) 

d i p o l e moment (EDM) counters. These were t w i n t h i n s c i n t i l l a t o r 

counters designed to cover an a c t i v e area s i m i l a r t o the shower 

counters as shown i n f i g u r e 1.9. The two arms were mounted 

v e r t i c a l l y above each other t o cover the upper and lower areas of 

the magnet pole gap, thus being r e f e r r e d t o as "up" and "down" 

counters. They were used t o search f o r a v e r t i c a l component t o 

the precession frequency which would be caused i f an EDM e x i s t e d . 

Thus the two s c i n t i l l a t o r s l a b e l l e d the decay e l e c t r o n as being 

above or below the median plane. This d i d not correspond to an 

upward - or downward - going e l e c t r o n as not a l l of the muons 

decayed from the median plane. Corrections were mude using a 

Monte Carlo s i m u l a t i o n . The t w i n s c i n t i l l a t o r s , of equul 

e f f i c i e n c y , were adjusted v e r t i c a l l y to give equal numbers of counts 

i n the "up" and "down" counters. This ensured t h u t the s p l i t 
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between them corresponded to the centre of the stored ranon 

p o p u l a t i o n , which was not nece s s a r i l y h a l f way between the pole 

pieces due t o a small r a d i a l component of the magnetic f i e l d 

d i s p l a c i n g the median plane. 

The shower counters s u f f e r e d gain changes throughout the 

d e t e c t i o n period due t o the high f l u x of p a r t i c l e s a t i n j e c t i o n 
(38) 

s a t u r a t i n g the p h o t o m u l t i p l i e r s . The e f f e c t was minimized 

by blanking the dynode chains f o r the f i r s t few microseconds of the 

cyc l e . The gain f u n c t i o n was measured using a system o f l i g h t -

e m i t t i n g diodes (LED's), attached to the shower counters. A 

fix e d p a t t e r n of pulses were applied to the counters, u s i n g the 

LED's, along w i t h normal beam i n j e c t i o n . Analysis of the 

responses throughout the d e t e c t i o n period showed t h a t the counters 

c l o s e s t t o the i n f l e c t o r had the steepest gain curves and they 

were thus removed from the o v e r a l l (g-2) a n a l y s i s . 

A d e t a i l e d study was made of the muon losses and proton 

contamination of the Tt + i n j e c t i o n , the beam being unseparated. 

With the negative p o l a r i t y the a n t i - p r o t o n background was 

neglig e a b l e . The muon detector consisted of f o u r s c i n t i l l a t o r 

counters, each preceded by t w o - r a d i a t i o n - l e n g t h lead absorbers. 

The nuon8 could be d i s c r i m i n a t e d from e l e c t r o n s on the basis of 

pulse h e i g h t and a small five-gap o p t i c a l spark chamber which 
(39) 

confirmed t h e i r s t r a i g h t t r a j e c t o r i e s . 

A method o f e l e c t r i c scraping was devised, using the 

e l e c t r o s t a t i c quadrupoles, t o remove the muons i n o r b i t s c l o s e s t 

to the storage region e x t r e m i t i e s a t e a r l y times. By moving the 
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enseable downwards and sideways, w i t h the v e r t i c a l and h o r i z o n t a l 

f i e l d s , the onions w i t h the l a r g e s t b e t a t r o n o s c i l l a t i o n s i n the 

h o r i z o n t a l plane could be removed by i n s e r t i n g aperture stops. 

The scraping voltages were applied f o r the f i r s t few microseconds 

and then the muon ensemble was allowed t o r e t u r n a d i a b a t i c a l l y to 

the centre of the storage r e g i o n , with those muonB most l i k e l y t o 

be l o s t removed. 

Employing the above experimental methods, along w i t h 

exhaustive c a l i b r a t i o n s and checks f o r systematic e r r o r s , the 

e r r o r s i n the analysis could be l i m i t e d to purely s t a t i s t i c a l 

f l u c t u a t i o n s . Other small order c o r r e c t i o n s due t o be t a t r o n 

o s c i l l a t i o n s ^ 4 * ^ and p i t c h c o r r e c t i o n s ^ * ^ had to be included 

i n the o v e r a l l r e s u l t s . 

1.3 The Need f o r a D r i f t Chamber Array 

As described i n the preceding s e c t i o n s , an important 

parameter t h a t bad to be determined a c c u r a t e l y for the (g-2) 

ana l y s i s was the mean magnetic f i e l d experienced by the muon 

ensemble during the storage p e r i o d . Thus not only d i d the magnetic 

f i e l d have to be known p r e c i s e l y over the e n t i r e storage volume but 

also the d i s t r i b u t i o n o f the muon r a d i i . Using f a s t r o t a t i o n 

a n a l y s i s , described i n the f o l l o w i n g s e c t i o n , the mean radius of 

the muon sample could be determined t o - 1 mm using data taken 

d u r i n g the f i r s t 40 fin of the (g-2) storuge period. An independent 

check of t h i s value could be achieved by using an ar r a y of d r i f t 
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chambers to t r a c k the decay e l e c t r o n s back i n t o the storage region 

t o t h e i r p o s i t i o n s of b i r t h . I t was hoped t h u t the d r i f t chamber 

array would y i e l d r e s u l t s f o r the w o n d i s t r i b u t i o n to a greater 

accuracy than t h a t obtainable from f a s t r o t a t i o n analysis„ Also 

the d r i f t chamber ar r a y would be able to detect decay e l e c t r o n s 

throughout the e n t i r e 650 ^ i s d e t e c t i o n period and thus be able to 

determine i f there was any s h i f t i n the d i s t r i b u t i o n w i t h time -

an e f f e c t which the f u s t r o t a t i o n a n a l y s i s would be unable t o 

d e t e c t . 

From momentum ana l y s i s of the decay ele c t r o n s an independent 

c a l i b r a t i o n of the energy r e s o l u t i o n of the shower counters would 

be possible. 

Knowing the a r r i v a l times of the decay e l e c t r o n s would enable 

a time d i s t r i b u t i o n to be constructed, which would show the 

s t r u c t u r e of the (g-2) precession frequency, and thus confirm t h a t 

the (g-2) data was due to decay e l e c t r o n s only and d i d not have a 

c o n t r i b u t i o n from l o s t muons. 
(42) 

A d d i t i o n a l use of three MWPC's/ ' which are not described 

i n d e t a i l i n t h i s t h e s i s , w i t h i n the array of e i g h t d r i f t chambers 

would y i e l d v e r t i c a l co-ordinate i n f o r m a t i o n . This would confirm 

whether the decay e l e c t r o n s were t r a v e l l i n g h o r i z o n t a l l y and i f 

they bad decayed from the median plane of the storage r e g i o n . 

Figure 1.10 shows the l o c a t i o n of the d r i f t chamber array i n 

the t h i n - w a l l e d f i e l d - f r e e vacuum tank s e c t i o n immediately across 

the r i n g from the i n l ' l e c t o r and upstream of the I'llAl counter and 

shower counter CIO. P o s i t i o n i n g the d r i f t chamber array i n t h i s 
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s e c t i o n o f the r i n g prevented d i s t o r t i o n o f the decay e l e c t r o n 

t r acks by the pulsed e l e c t r o s t a t i c f ocus ing f i e l d and a lso reduced 

showering of the decay e l ec t rons on t h e i r passage through the 

vacuum tank w a l l . 

D r i f t chambers were used i n preference to MWPC's or spark 

chambers due t o t h e i r i n h e r e n t l y b e t t e r s p a t i a l r e s o l u t i o n and low 

coat of c o n s t r u c t i o n and associa ted e l e c t r o n i c s , , I n i t i a l work on 

the use o f d r i f t chambers i n homogeneous magnetic f i e l d s i n the 

r eg ion o f 1 , 5 T ^ 4 ^ suggested t h a t a s p a t i a l r e s o l u t i o n o f 200yum was 

a t t a i n a b l e w i t h c o r r e c t f i e l d compensation, as descr ibed i n Chapter 2 . 

I t was expected t h a t the infaomogeneous ( g - 2 ) f r i n g e f i e l d would 

s l i g h t l y worsen t h i s v a l u e . However, u s ing MWPC's w i t h a sense 

w i r e spacing o f 2 mm would y i e l d a r e s o l u t i o n of 1 mm and spark 

(2 ) 

chambers could be expected to have r e s o l u t i o n s o f the same o r d e r , 

e s p e c i a l l y cons ide r ing t h a t the chambers were requi red t o be as 

narrow as poss ib le i n order to de tec t severa l po in t s on a t r a ck over 

a sho r t d i s tance i n az imuth . However spark chambers are no t 

con t i nuous ly s e n s i t i v e and would have to be t r i g g e r e d us ing shower 

counter CIO. 
(44) 

I n i t i a l s imu la t ions o f t r a c k r e c o n s t r u c t i o n s u s i n g ar rays 

of va r ious geometries and an approx imat ion to a homogeneous f r i n g e 

f i e l d f ex tending 20 cm r a d i a l l y inwards f rom the centre o f the 

8torage volume, i n d i c a t e d the e r r o r s f o r v a r i o u s r e s o l u t i o n s . 

Us ing MWPC's w i t h 2 mm wi re spac ing ; and a r e s o l u t i o n o f 1 mm, 

and assuming f o u r po in t s on the t r a c k over 60 cm i n az imuth , 

i n d i c a t e d t h a t the e r r o r i n the de t e rmina t ion of the union rad ius 

would range f rom 3 mm a t 750 MeV/c momentum through 10 mm a t 



1600 IfeV/c to 48 mm a t 2600 MeV/c. By h a l v i n g the w i r e spacing t o 

1 mm, and i nc r ea s ing the r e s o l u t i o n t o 0 o 5 mm, the corresponding 

e r r o r s i n the muon r a d i i were h a l v e d . Thus, assuming a maximum 

r e s o l u t i o n o f 200 ^ira f o r the d r i f t chambers, the e r r o r s could be 

reduced t o 0.8 mm, 2 .6 mm and 12 mm r e s p e c t i v e l y by e x t r a p o l a t i o n 

of the t r end i n improvement o f d e t e r m i n a t i o n . A d d i t i o n o f f u r t h e r 

p o i n t s t o the t r a j e c t o r y would reduce the e r r o r f u r t h e r . However 

f o r lower momentum decuy e l ec t rons the acceptance of the a r r a y , 

due to geometr ical cons ide ra t ions o f i t s l eng th i n azimuth and the 

chambers o n l y ex tending 14 cm inwards f rom the vacuum tank w a l l , 

would prevent more than f i v e p o i n t s being d e t e c t e d . 

Thus d r i f t chambers were the obvious choice o f d e t e c t o r t o 

o b t a i n such an accuracy desp i te the increased d i f f i c u l t i e s 

associated w i t h o p e r a t i n g them i n inhomogeneous magnetic f i e l d s . 

The exact geometr ica l l a y o u t o f the d r i f t chamber a r r ay and the 

r e l e v a n t design cons ide ra t ions are discussed i n Chapter 3 . 

1 . 3 . 1 . Past R o t a t i o n A n a l y s i s 

The i n j e c t e d bunch o f muons was i n i t i a l l y spread over about 

3 m i n azimuth or 10 ns i n t ime as opposed to the r e v o l u t i o n t ime 

around the r i n g of 147 n s . Hence a t e a r l y t imes the coun t ing r a t e 

was modulated a t the r o t a t i o n f requency o f the bunch. However as 

the muons were spread across phase-space there was a d i s t r i b u t i o n 

i n r a d i i and the muons on the i n s i d e o f the r i n g took a s h o r t e r t ime 

t o revolve than those on the o u t s i d e , aB shown i n f i g u r e 1 . 1 1 . The 

muons on the ou t s ide o f the r i n g had to t r a v e l an e x t r a d is tance o f 
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2 r i r per t u r n , n e g l e c t i n g be t a t ron o s c i l l a t i o n s , and t h e r e f o r e the 

bunch widened and e v e n t u a l l y overlapped i t s e l f . A l ea s t squares 

f i t t o the time i n t e r v a l s between peaks, T j ^ i n Figure 1*11, 

enabled the mean o f the momentum d i s t r i b u t i o n to be c a l c u l a t e d , and 

a s tudy of the broadening o f the bunch s t r u c t u r e , a l lowed a 

(13) 

c a l c u l a t i o n of the r a d i a l d i s t r i b u t i o n o f the bunch. 

Comparison was made w i t h a Monte Cur io o r b i t t r a c k i n g program 

to o b t a i n the c o r r e c t i o n f o r the p r e v i o u s l y assumed i d e a l phase-

space d i s t r i b u t i o n . I n f a c t a n a l y s i s o f data up to 40 us i n t o the 

(g -2 ) d e t e c t i o n p e r i o d revealed a d i s t r i b u t i o n due to u n i f o r m f i l l i n g 

o f the a v a i l a b l e phase space s h i f t e d r a d i a l l y outwards by 2 mm and 

narrowed by about two percent by the closed o r b i t d i s t o r t i o n i n the 

e l e c t r o d e - f r e e s e c t i o n s . A s e c t i o n o f the data i s shown i n 

f i g u r e 1,12. 

1.4 Hesui ts f r o m the ( g - 2 ) Experiment 

The f i n a l r e s u l t s f rom the l a t e s t (g -2 ) experiment represent 

the ana lys i s o f 140 m i l l i o n muon decays. The t ime d i s t r i b u t i o n o f 

the decay e l ec t rons has been d i sp layed i n f i g u r e 1.3. 

The f i n a l r e s u l t s f o r the ration anomalies , a f t e r t a k i n g account 

, „ , • . (26) o f a l l c o r r e c t i o n te rms , a r e : 

a + - 1165910(12) x 1 0 " 9 (10 p p B 1 ) 

a - 1166936(12) x 10"° (10 ppm) 
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g i v i n g an o v e r a l l weighted mean o f 

a^ - 1165922(9) x 10~W (8 ppm) 

Compared w i t h the l a t e s t t h e o r e t i c a l value o f 

a ( t n e o r v ) - 1165021(10) x 1 0 " 9 (9 ppm) 

Hence the agreement w i t h (JED theory i s remarkable and the muon 

appears t o behave as p r e d i c t e d w i t h no i n d i c a t i o n o f a c o u p l i n g to 

an unknown f o r c e . Hence the mass d i f f e r e n c e between the muon and 

e l e c t r o n o f m^ / m^ - 206.84 remains as one o f the myster ies o f 

n a t u r e . 

The d i f f e r e n c e between the g - f a c t o r s f o r p o s i t i v e and negat ive 

muons y i e l d s : 

_ ~ B + ) / g . 0.026 - 0.017 ppm 

which represents the most accurate check o f the CPT theorem a p p l i e d 

to muons. 

C a l c u l a t i o n s o f the r e l a t i v i a i i c l i f e t i m e s , ! , o f the p o s i t i v e 
(39) 

and negat ive muons u s i n g the f i t t i n g equat ion ( 1 . 9 ) f o r a Y of 

29.327(4) and the corresponding l i f e t i m e a t r e s t , X q , g iven by 
X - Y i a r e : 

o 

X * - 64.419(58) ^s x* « 2.1966(20) us 

x" - 64.368(29) us x~ - 2.1948(10) us 

g i v i n g a weighted average of 

X _ - 64.378(26) fxs x ° + - 2 .1952(9) jus 
u + • u " , i * + f.r 
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The most accurate value tort* ^ 4 6 ^ t o date i s 2 0 1 9 7 1 l ( 8 ) u s . 

Hence the f r a c t i o n a l d i f f e r e n c e between the (g—2) value der ived 

f r o m t • X Ix: And the most accurate value i s 2 x 10 . a t the 
o ' y 

95$ confidence l e v e l , and represents the most accurate t e s t o f 

r e l a t i v i s t i c time d i l a t i o n t o d a t e . 
(47) 

For negat ive muons the most accurate value o f X Q was 

2 .198(2) us so the ( g - 2 ) v a l u e , assuming the correctness o f spec ia l 

r e l a t i v i t y , i s the most prec ise value to da te . 

Comparing t h i s va lue w i t h the h i g h - p r e c i s i o n value o f T* , the 

f r a c t i o n a l d i f f e r e n c e g i v e s : 
( I " -X*) / X + - - 0.00105(46) x o o ' o * ' 

o r a t the 95)1 confidence l e v e l the d i f f e r e n c e i s i n the range 

-0 .002 to -0 .00013. This l i m i t , which should vanish by CrT 

inva r i ance o f the weak i n t e r a c t i o n , i s comparable to the best 

d i r e c t measurement^ 4 ^ o f t " / 1 *• 
o ' o 

The muon r e v o l v i n g around the (g -2 ) r i n g has a t ransverse 

18 
a c c e l e r a t i o n of about 10 g and may be considered as the moving 

(48 49) 

c lock i n the so c a l l e d " t w i n or c lock paradox", ' the 

s t a t i o n a r y c lock being the anion decaying a t r e s t . The 0.1$ 

p r e c i s i o n i n the time d i l a t i o n f a c t o r a t a t ransverse a c c e l e r a t i o n 

18 

of 10 g i s the most accurate t e s t t o da te . 

I t has been suggested t h a t spec i a l r e l a t i v i t y breaks down a t 

small d is tances and Hedei has c a l c u l a t e d a c o r r e c t i o n f o r the muon 

l i f e t i m e i n f l i g h t * ' : 
T - Y X 0 [ l • ( 2 . 5 x l 0 2 4 Y 2 b 2 ) ] < l ' W > . 

where b i s i n cen t ime t r e s . From the ( g - 2 ) value o f x* the l i m i t 

on b a t the 95$ conf idence l e v e l i s 
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b < 9.6 x 1 0 " 1 6 cm 

(49) 
wl . ich puts an upper l i m i t on the g r a n u l a r i t y o f space- t ime. 

(37) 

The independent EDM experiment sought t o measure the muon's 

e l e c t r i c d i p o l e momenta The exis tence o f such a moment would a l t e r 

the precess ion frequency of the muon so t h a t equat ion ( l . f i ) becomes: 

W - - e _ j aH* + ( ~ - ^ â  p* x E* + L ( E*+ jjx "B ) } ( l o 2 0 ) 

where the d i p o l e moment i s d e f i n e d i n analogy w i t h the magnetic moment 

as : 

D = ( f / 2 ) (eti/2mc ) ( 1 .21 ) 

As the e l e c t r i c f i e l d was smal l compared to the magnetic f i e l d , 

and the "magic" value o f Y wus used, the precession frequency became: 

' ^ a + " e d « - - * r ( a " + I P* "> ( l ° 2 2 > 

This would cause the plane of the s p i n precess ion to t i l t and 

the ( g - 2 ) precession frequency would appear to inc rease . The EDM 

c o n t r i b u t i o n would in t roduce a v e r t i c a l component which would 

c o n s t i t u t e the d i r e c t l y observable e f f e c t seen by s tudy ing the 

number o f decay e l ec t rons t r a v e l l i n g upwards and downwards f r o m the 

muon decay. Resul ts c a l c u l a t e d f rom 11.4 m i l l i o n decay e l e c t r o n s 

y i e l d e d the va lues : 

• —19 
D - ( 8 . 6 - 4 . 5 ) x 10 e.cm 

ti _ - (0 .8 - 4 . 3 ) x l l f 1 9 e.cm 
f 

Assuming the Cl'T theorem f o r inuons the combined value wus: 

.-19 D - (3 .7 - 3 .4 ) x 10 e.cm u 

One standard d e v i a t i o n e r r o r s be ing quoted . 
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At 95Jb confidence |D | ^ 1.05 x 10 e.cm wli ic l i represents 
/* 

a f a c t o r o f 27 improvement over the previous best d i r e c t measurement 

( 8 ) 

r e a l i s e d i n the f i r s t ( g -2 ) experiment a t CEKN . 

By a s s ign ing to the EDM c o n t r i b u t i o n the e n t i r e d e v i a t i o n of 

the exper imenta l value of to f rom t h e o r y , i n the l a t e s t ( g - 2 ) 

exper iment , would y i e l d an upper l i m i t o f \\) | ^ 0.74 x l O " 1 ^ e.cm 

a t 95jfc conf idence which i s comparable t o the above r e s u l t . 

Hence apa r t f rom measuring the anomalous magnetic moment o f 

the muon to the h ighes t accuracy to d a t e , and thus c o n f i r m i n g QED 

theory r e l a t e d to the union, the l a t e s t ( g - 2 ) experiment has p rov ided 

s t r i n g e n t t e s t s of spec ia l r e l a t i v i t y and the CPT theorem r e l a t i n g 

to muons, p l u s a new upper l i m i t to the E1A1 o f muons. 
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CHAPTKR 2 

THE DRIFT CHAMBER PRINCIPLE 

2.1 lntroduct i <m 

This chapter describes the various construct!onal philosophies 

of rlri ft. chambers in use today and the factors determining the 

accuracy of the ir ope ra t i on. The processes occurring within the 

gaseous volume are outlined and a comparison of the commonly used 

gas mixtures is made. Factors governing the posit ional accuracy 

and e f f i c i e n c y o f the chambers are discussed. The use of d r i f t 

chambers iu a magnetic f i e l d , as in the case of the (g-^) chambers, 

i s covered witli regard to operating techniques and expected 

r e s u l t s . Methods of combating the inherent, l e f t / r i g h t ambiguity 

are described. F i n a l l y a b r i e f review is made of present and 

future uses of d r i f t chambers as we I I as hybrid derivat ions 

designed for s p e c i f i c tasks . 

2.2 D r i f t Chamber Design 

The posit ional information is derived from a knowledge of the 

d r i f t time and the d r i f t ve loc i ty . The d r i f t time i s defined as 

the delay between the time of traversal of the p a r t i c l e , normally 

provided by a s c i n t i l l a t o r , and the manifestation of a pulse on 

the sense wire. The d r i f t velocity is primari ly dependent upon 

the gas mixture and the e l e c t r i c f i e l d applied to the gaseous 

volume. 
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Three b a s i c d e s i g n ph i l o g o p h i e s have been I ISC.MI i n d r i f t 

chamber c o n s t r u c t i o n s i ncc t h e i r i u c e p t i o n . The main d i f f e r e r i c e 

between them 1 i e s i n the homogenei ty o f the e l e c t r i c f i e l d 

produced ove r the chamber and hence d e t e r m i n e s the c h a r a c t e r i s t i c 

s p a t i a l r e s o l u t i o n and space—time r e l a t i o n s h i p a c r o s s the 

d e t e c t i o n r e g i o n . The maximum l e n g t h o f the d r i f t space depends 

upon the t y p e o f c o n s t r u c t i o n . 

The f i r s t t y p e , r e p o r t e d by W a l e u t a uL u l , ^ i n 1971 and 

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

the MWl'C w i t h the HI ;use w i r e s p a c i n g i n c r e a s e d to 1 cm. As 

shown i n f i g u r e 2 . 1 , f i e l d w i r e s were p l a c e d a l t e r n a t e l y between 

the sense w i r e s to m a i n t a i n a h i g h e l e c t r i c f i e l d a c r o s s the c e l l . 

T y p i c a l chamber pa rame te r s a r e a l s o d i s p l a y e d . The f i e l d w i r e s 

were e i t h e r m a i n t a i n e d a t the ca thode v o l t a g e o r a t a n e g a t i v e 

p o t e n t i a l w i t h r e s p e c t t o i t . ^ * * ' However the f i e l d was s t i l l 

inhotnogeneous, as shown, c a u s i n g n o n - l i n e a r i t y o f .the space—time 

r e l a t i o n s h i p due to v a r y i n g d r i f t v e l o c i t i e s a c r o s s the c e l l and 

the pa th s t aken by the e l e c t r o n swarms f o l l o w i n g the f i e l d l i n e s . 

One s o l u t i o n was t o use n o n - l i n e a r c l o c k s to d e t e m i i n e the d r i f t 

d i s t a n c e . ^ ^ By c a r e f u l c h o i c e o f the ca thode s p a c i n g , a p p l i e d 

f i e l d and gas m i x t u r e t h i s method a f f o r d e d an a t t r a c t i v e mode o f 

I f ) ) . 

c o n s t r u c t i o n f o r l a r g e a r ea chambers . Hy e i t h e r u s i n g s t r i p s 

o f a l m o s t the i u t e i — c a t h o d e gap w i d t h i n s t e a d o f f i e l d w i i c s , ^ ' ^ 

o r l a r g e d i a m e t e r sense w i r e s ( lOOynn i n s t e a d o f L 'Oyini) , the 

e l e c t r i c f i e l d c o u l d be made more homogeneous t l i r ougho i . i t the 

http://tliroughoi.it
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chamber v o l u m e . S p a t i a l r e s o l u t i o n s o f up to 0.12 mm have been 

a c h i e v e d and such chandlers a l s o o p e r a t e d i n m a g n e t i c f i o l d s ^ ' ^ 

w i t h o u t t h e need f o r f i e l d c o m p e n s a t i o n due t o the c y l i n d r i c a l 

n a t u r e o f the e l e c t r i c , f i e l d . However the ca thode s p a c i n g must 

he coinpurahle to the h a l f - c e l l l e n g t h , i . e . sense w i r e t o f i e l d 

w i r e d i s t a n c e , so o n l y s h o r t d r i f t l e n g t h s may he used i f c l o s e 

chamber p a c k i n g i s r e q u i r e d . 

The second type o f chamber was d e v e l o p e d a t S a c l a y , ^ ' ^ 

a f t e r i n i t i a l work a t C U l i N ^ " ^ , and had the advan tage o f a 

c o m p l e t e l y homogeneous d r i f t f i e l d as shown i n f i g u r e 2.2. 

D r i f t l e n g t h s o f up t o 1 m p roved f e a s i b l e h u t i n v o l v e d the use 

o f e x t r e m e l y h i gh p o t e n t i a l s . Tin; e l e c t r o n swarms d r i f t e d i n a 

t i n i c|ii <• d i r e c t i o n towards a s i n g l e s e n s e w i r e . As t i n ; d i f f u s i o n 

o f the swarm i s p r o p o r t i o n a l to t he d r i f t d i s t a n c e , as shown 

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

10 cm d r i f t l e n g t h to 1.0 nun o v e r 50 cm, For many a p p l i c a t i o n s 

such r e s o l u t i o n s s u f f i c e and the method i s cheap duo t o t h e low 

number o f c h a n n e l s o f e l e c t r o n i c s used p e r u n i t a r e a . 

The t h i r d mode o f c o n s t r u c t i o n was d e v e l o p e d a t CLUN by 

(\2) 

Churpak e t a l . and i s o f t e n c a l l e d t i n ; a d j u s t a b l e f i e l d d r i f t 

chamber (AFDU). The ( i i ) chambers a re o f t h i s t y p e . F i g u r e 2.3 

shows the a p p l i c a t i o n o f the g r a d u a t e d f i e l d and t y p i c a l 

equ i j i o t e n t i a I s i n a h a l f — c e l l . A l t h o u g h more d i f f i c u l t to 

c o n s t r u c t , t h i s type o f chamber o f f e r s a much h i g h e r i n t r i n s i c 

s p a t i a l r e s o l u t i o n , 60—100 ^im b e i n g a t t a i n a b l e i n t he absence o f a 

m a g n e t i c f i e I d . ^ ' ^ ' ^ ' ' ' The ca thode w i r e s a r e mounted p a r a l l e l 
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t o Die aense w i r e d and t h e g r a d u a t e d p o t e n t i a l s p roduced u s i n g a 

v o l t a g e d i v i d i . ' r n e t w o r k , the maximum p o t e n t i a l b e i n g a p p l i o d t o 

t h e f i e l d w i r e s and the two n e i g h b o u r i n g c a t h o d e w i r e s . E i t h e r 

one s u p p l y may he u s e d , as i n t he ( g - 2 ) d r i f t chamber case , w i t h 

t he sense w i r e s g rounded and a l l c a thode w i r e s a t n e g a t i v e 

p o t e n t i a l s , o r two s u p p l i e s may he used t o p r o v i d e the d r i f t 

f i e l d and a p o s i t i v e p o t e n t i a l on t h e .sense w i r e i n d e p e n d e n t l y . 

The two s u p p l y sys tem o f f e r s g r e a t e r f l e x i b i l i t y when s t u d y i n g 

chamber pa r ame te r s such as the d r i f t f i e l d and t h e a c c e l e r a t i o n 

f i e l d a r o u n d the sense w i r e . 

Chamber d e s i g n i s v e r y dependen t upon the s p e c i f i c a p p l i c a t i o n 

and t y p e . The f r ames o f chambers w i t h w i r e ca thode p l a n e s have t o 

be s t r o n g as the w i r e s a re mounted u n d e r t e n s i o n to p r e v e n t s a g g i n g 

und e l e c t r o s t u t i c r e p u l s i o n . The f r ame a l s o has t o be l i g h t to 

e n a b l e easy m a n o e u v r a b i l i t y a n d , i n some a p p l i c a t i o n s , t o p r e s e n t 

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

Commonly used m u t e r i a l s w h i c h f u l f i l these r e q u i r e m e n t s u r e p c r s p e x 

and G10 - g l a s s - f i b r e e p o x y - r e s i u . The chamber volume i s mude 

g u s — t i g h t u s i n g t h i n windows o f m e l i r i e x . I n a p p l i c a t i o n s where 

the a b s o r b t i o n l e n g t h i s n o t c r i t i c a l t h e ca thode p l a n e s may be 

e t c h e d on p r i n t e d c i r c u i t boards, w h i c h a l s o se rve us the chamber 

windows. T h i s o p t i o n i s e s p e c i a l l y a t t r a c t i v e f o r l a r g e chambers 

as r i g i d f r a m e s u r e no l o n g e r r e q u i r e d . I n a l l chamhers the sense 

w i r e s have to be o f s m a l l d i a m e t e r , t y p i c a l l y 21) yum, and a r e 

a c c u r a t e l y a t t a c h e d to c o n n e c t i o n boards on the chamber f r a m e . 

As t h e i r p o s i t i o n s have to be k n o w n p r e c i s e l y complex s u r v e y i n g 
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t e c h n i q u e s are r e q u i r e d i n l a r g e a r r a y s and o v e r a l l chamber r i g i d i t y 

i s i m p o r t a n t . Due t<> the a t t a i n a b l e s p a t i a l r e s o l u L ions o f the 

chambers t h e o v e r a l l m e c h a n i c a l t o l e r a n c e s o f a l l components must 

be h i g h . T h i s a p p l i e s n o t o n l y t o t h e p o s i t i o n a l a c c u r a c y o f the 

sense w i r e s b u t a l s o t o the i n t e r - c u t h o d e gap w h i c h d e t e r m i n e s the 

e l e c t r i c f i e l d a r o u n d t h e sense w i r e . The chamber f r a m e must a l s o 

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

t h e chamber gas c o n t i n u o u s l y . 

A more d e t a i l e d d i s c u s s i o n o f chamber d e s i g n i s g i v e n i n 

C h a p t e r 3 where the c o n s t r u c t i o n o f t h e ( g - 2 ) chambers i s 

e x p l a i n e d . 

2 . 3 E l e c t r o n Processes i n D r i f t Chambers 

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

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

t h i s s t age t o d e s c r i b e the e l e c t r o n p rocesses o c c u r r i n g w i t h i n t h e 

gaseous v o l u m e . V a r i o u s p rocesses o c c u r f r o m t h e t i m e a p a r t i c l e 

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

s t age when the r e s u l t a n t e l e c t r o n swarms have d r i f t e d towards the 

sense w i r e , e n t e r e d the a v a l a n c h e r e g i o n and fo rmed a pu l se on t h e 

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

f i g u r e 2 . 4 . 



VI 
ft! 
C 

a 
a . 

c 
«» 
•o 
u 
c 

a! 

• • • + • » • • • + + • 

c 
o 

c 
o 

— TJ C .2 
01 S ° c 

c JC — a 
o <J L-

" « * >, *- o «/i 
•o o 

O, C — 
c o o 
o « 
o v> a 

a 
£ 

• i i i i i i i i i i i 
LU 
CD 

•o 

o 

E 

a 

(A 

C 
o 

E 

o 
«^ 

c 
3 

> 

U 

f
t 

e
lo

 

o
n

 

> • 

VI 
TD E 3 

o «»-
. C T3 

C TO 
i a 

VI VI 
V) •o 

c U 
> a 3 
o TO 

E $ r
o

 

*•» 
c >s c 
o 

> —_ 

U 
(J O u 

UJ > 

< 

a 

in 
LU 
C/) 
LO 
LU o o 

V) 
c 
o 

u 

c 
o 
a t 

Z 

o 
££ 
»— 
( J 
LU 
_ l 
LU 

CM 

6 
L L 



- 3 9 -

2 . 3 . 1 P r i m a r y I o n i z a t i o n 

The p a r t i c l e t r a v e r s i n g the chamber l i b e r a t e s p r i m a r y i o n p a i r s 

a l o n g i t s p a t h p r e d o m i n a n t l y by i n e l a s t i c Coulomb c o l l i s i o n s . A t 

t h e e l e c t r o n e n e r g i e s conce rned i n the (g—2) e x p e r i m e n t , 1 — 3 (ieV, 

t he e n e r g y l o s s i s on the f l a t p a r t o f the dlri/dx c u r v e and i s thus 

c o n s t a n t . For t h e A r 10}6 m i x t u r e used i n the chambers 

a r e l a t i v i s t i c e l e c t r o n t y p i c a l l y d e p o s i t s 2 keV p e r c m . ^ ^ The 

p r i m a r y e l e c t r o n s have t y p i c u l e n e r g i e s o f 70 eV, w h i c h i s c l o s e t o 

t he maximum i o n i z a t i o n c r o s s - s e c t i o n o f the gas , and a mean f r e e p a t h 

f o r i o n i z i n g c o l l i s i o n s o f abou t 1 yum. Hence the range o f t he 

e l e c t r o n s w i l l be o n l y a few m i c r o n s as they q u i c k l y l o s e ene rgy 

t h r o u g h e l a s t i c and e x c i t a t i o n c o l l i s i o n s as w e l l as l i b e r a t i n g two 

o r t h r e e seconda ry e l e c t r o n s by f u r t h e r i o n i z a t i o n b e f o r e b e i n g 

s t o p p e d . Thus abou t UO i o n p a i r s / c m a re fo rmed i n t h e g a s . The 

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

Landau f o r m w h i c h has a l o n g t a i l a t h i g h e n e r g i e s . T h i s i s due t o 

t h e f o r m a t i o n o f 6 - e l e c t r o n s a t s h o r t d i s t a n c e s w i t h h i g h ene rgy 

t r a n s f e r . However even f o r 6 - r a y s o f 6 keV energy t h e i r range i s 

l e s s than 150 yum, by l i m i t i n g the w i d t h o f the chamber t h e 

p r o b a b i l i t y o f 6 - r a y f o r m a t i o n i s l e s s e n e d and the i n i t i a l t r a c k 

w i d t h i s s m a l l . Once r e s o l u t i o n s o f b e t t e r t h a n 50 ^im a r e a t t e m p t e d , 

howeve r , the range o f t h e p r i m a r y e l e c t r o n s becomes an i m p o r t a n t 

f a c t o r and may, i n d e e d , be the d e c i s i v e l i m i t i n g f a c t o r o f a t t a i n a b l e 

d r i f t chamber r e s o l u t i o n . 
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2 . 3 . 2 . The D r i f t i ' r oce s s and D i f f u s i o n 

The p roces se s g o v e r n i n g Lhe d r i f t i n g o f the f r e e e l e c I r o n s 

t owards the sense w i r e a re dependen t upon t h e e l e c t r i c f i e l d and 

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

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

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

2 . 4 . 

I f no e l e c t r i c f i e l d i s p r e s e n t the f r e e e l e c t r o n s q u i c k l y 

assume a c h a r a c t e r i s t i c t h e r m a l energy by e l a s t i c c o l l i s i o n s 

w i t h t he gus m o l e c u l e s . T h i s i s g i v e n by the Maxwel l f o r m u l a 

/ 2 kT c o r r e s p o n d i n g to a b o u t 0 .03 eV a t room t e m p e r a t u r e and a 

v e l o c i t y o f 10 c m / s . I f an e l e c t r i c f i e l d i s a p p l i e d the 

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

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

5 7 

t y p i c a l l y i n t h e range 10 t o 10 c m / s . The random v e l o c i t y 

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

p o s i t i o n o f a s i n g l e e l e c t r o n o r the d e v i a t i o n f r o m t h e c e n t r o i d 
o f a swarm o f e l e c t r o n s . E x h a u s t i v e s t u d i e s have been made i n 

( 1 7 ) 

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

d e a l t w i t h pure gases and n o t the m i x t u r e s n o r m a l l y a s s o c i a t e d w i t h 

w i r e chamber o p e r a t i o n . I t eccn t s t u d i e s by P a l l u d i n o and 

S a d o u l e t ^ ^ ' * ^ have e x t e n d e d the c l a s s i c a l t h e o r i e s o f e l e c t r o n s 

i n gases to such m i x t u r e s and a l s o c o n s i d e r e d the e f f e c t s o f 

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

The f r e e e l e c t r o n i s con t i numi.sly a c c e l e r a t e d by the e l e c t r i c 

f i e l d , b!, and reaches a s t a b l e d r i f t v e l o c i t y i n a b o u t 10 ' s . 

The mean d r i f t v e l o c i t y i n the d i r e c t i o n o f t h e sense w i r e p l ane 
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roay be d e f i n e d a s : 

w - < v x > - J J J v x P ( r , v , t ) dv> ( 2 . 1 ) 

where F ( r , v , t ) i s the v e l o c i t y d i s t r i b u t i o n o f the e l e c t r o n s 

a t t h e p o i n t r a t t i m e t . I n the presence o f e x t e r n a l f i e l d s V 

does n o t n e c e s s a r i l y r e f e r t o a M a x w e l l i a n d i s t r i b u t i o n . 

The m o b i l i t y i s d e f i n e d a s : 

p. - w / K ( 2 . 2 ) 

w h i c h i s dependent upon the p r e s s u r e and t e m p e r a t u r e , 

pa rame te r s w h i c h a r e n o r m a l l y c o n s t a n t f o r d r i f t chambers . 

U n f o r t u n a t e l y , however , jx i s a l s o a f u n c t i o n o f fci, as i s w, so the 

c o n c e p t o f m o b i l i t y must be used w i t h c a u t i o n . 

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

t r a v e l a d i s t a n c e x • wl, i n a t ime I, wi t h an a s s o c i a t e d l o n g i t u d i n a l 

and l a t e r a l d e v i a t i o n due to d i f f u s i o n . The d i f f u s i o n c o e f f i c i e n t , 

1), may be d e f i n e d as the r a t i o between t h e n e t number o f p a r t i c l e s 

f l o w i n g t h r o u g h u n i t a r e u p e r s e c o n d , -J, and the d e n s i t y g r a d i e n t 

o f the d i f f u s i n g p a r t i c l e s , 7 N i n g i v e K i c k ' s Law o f D i f f u s i o n : 

J - - D V N ( 2 . 3 ) 

A l t e r n a t i v e l y , T o w n s c n d ^ ^ e x p r e s s e d i t i n terms of t he mean 

o f the c o l l i s i o n d i s t a n c e and v e l o c i t y : 

D - < I v > / 3 ( 2 . 4 ) 

I t may be shown^" ' '^ t h a t the rms o f the d i s p e r s i o n o f the 

e l e c t r o n s i n one d i m e n s i o n i s g i v e n b y : 

<T - /21)x = /2Dx - /2Elr\ ( 2 . f > ) 

where E = e U / j i ( 2 . b ) 



i s known us l.lic c h a r a c t e r i s t i c ene rgy w h i c h i s r e l a t e d t o t h e 

e l e c t r o n t e m p e r a t u r e , T , anil may he d e t e r m i n e d e x p e r i m e n t a l l y « 

Because o f the r u t i o o f the e l e c t r o n and m o l e c u l a r masses k i n e t i c 

e n e r g y i s n o t n o r m a l l y l o s t i n e l a s t i c c o l l i s i o n s due t o momentum 

c o n s e r v a t i o n . Thus i n e l e c t r i c f i e l d s e l e c t r o n s have t e m p e r a t u r e s 

h i g h e r t han the gas t e m p e r a t u r e g i v e n , i n t he u s u a l n o t a t i o n , b y : 

[ ] / 2 kT - i m v 2 ( 2 . 7 ) 
e e 

A r i g o u r o u s m a t h e m a t i c a l app roach g i v e n by I ' a J l a d i n o and 

S a d o u l e t ^ * ' ^ d e r i v e d a f o r m u l a f o r t he d r i f t v e l o c i t y f r o m t h e 

e q u a t i u i B o f m o t i o n . They used the t h e r m a l v e l o c i t y , v , and the 

mean J'ree pa th f o r e l e c t i o n c o l l i s i o n s w i t h gas m o l e c u l e s , 1 . 

Assuming t h a t the d i f f e r e n t i a l , c r o s s - s e c t i o n f o r eJ oc tron—uiol e c u l e 

s c a t t e r i n g was i s o t r o p i c : and a l l o w i n g f o r nun—cons t a n t c o l l i s i o n 

f r e q u e n c i e s w i t h r i s e i n ene rgy y i e l d e d : 

2cK / _ 1 \ + e j ! ( 2 « r t ) 
3m \ v / 3m \ dv / 

Assuming c o n s t a n t c o l l i s i o n f r e q u e n c i e s t h i s e x p r e s s i o n 

n a i v e l y becomes: 

w - c j i / J _ \ ( 2 . 9 ) 

m \ v / 

where the a v e r a g i n g i s o v e r the ene rgy d i s t r i b u t i o n o f the 

e l e c t r o n s . I n t r o d u c i n g a c o n s t a n t , C, Tor the typo o f d i s t r i b u t i o n 

used g i v e s : 
w - C e l i 1 ( 2 . 1 0 ) 

in v 

C o m b i n i n g e q u a t i o n s ( 2 , 2 ) , ( 2 , 4 ) , ( 2 . 7 ) and ( 2 . 9 ) leads to the 

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

D l p = k T , / e ( 2 . 1 1 ) 



w h i c h , by c o m p a r i n g w i t h e q u a t i o n ( 2 . b ) , shows t h e r e l a t i o n s h i p 

be tween c h a r a c t e r i s t i c ene rgy and e l e c t r o n t e m p e r a t u r e . 

The M a x w e l l i a n d i s t r i b u t i o n assumes t h a t o n l y e l a s t i c 

c o l l i s i o n s o c c u r and t h a t the c r o s s — s e c t i o n i s p r o p o r t i o n a l t o 

v \ A b e t t e r a p p r o x i m a t i o n i s found t o be the D r u y v e s t i a n 

d i s t r i b u t i o n w h i c h a l s o assumes e l a s t i c c o l l i s i o n s b u t a c r o s s -

s e c t i o n i n d e p e n d e n t o f v . 

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

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

c o m p l i c a t e d by the dependence o f t h e c h a r a c t e r i s t i c ene rgy w i t h 

f i e l d , t h r o u g h w and D, as shown i n f i g u r e 2 . 5 t a k e n f r o m r e f e r e n c e 

1(3 l o r t h e o r e t i c a l and e x p e r i m e n t a l r e s u l t s . A l s o e x p e r i m e n t a l 

c r o s s - s e c t i o n d a t a f o r common d r i f t chamber gas m i x t u r e s a re e i t h e r 

sparse o r n o n - e x i s t e n t so a p p r o x i m a t i o n s have t o be made, F i g u r e 

2 . 6 shows the dependence of t h e c r o s s - s e c t i o n f o r momentum t r a n s f e r 

2 

w i t h e l e c t r o n e n e r g y , e • $ m^v , f o r a r g o n t a k e n f r o m r e f e r e n c e l t i . 

The f r a c t i o n a l ene rgy l o s s p e r c o l l i s i o n and mean f r e e pa th a r e 

dependent upon t h e e l e c t r o n ene rgy t h r o u g h power law r e l a t i o n s h i p s . 

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

as shown i n e q u a t i o n 2 . 1 0 . As seen i n f i g u r e 2.(5, t o w a r d s the 

Harnsauer d i p a t 0 . 3 eV the c r o s s — s e c t i o n f a l l s and E, and w r i s e 

r a p i d l y . For h i g h e r e n e r g i e s the c r o s s — s e c t i o n r i s e s and and 

w a r e a l m o s t c o n s t a n t . T h i s c o n t i n u e s u n t i l the t a i l o f t h e ene rgy 

d i s t r i b u t i o n passes the e x c i t a t i o n p o t e n t i a l o f 11 .5 eV. A t t h i s 

s t age the ene rgy l o s s i n c r e a s e s and w r i s e s s h a r p l y and l e v e l s 

o f f . 
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The a d d i t i o n of small amounts of o rganic gases p a r t i a l l y f i l l s 

the Ramsauer d i p and also in t roduces v i b r a t i o n a l and r o t a t i o n a l 

energies which are impor tan t f a c t o r s . The d r i f t v e l o c i t y l e v e l s 

o f f a t lower ene rg ies , the organic gas e f f e c t i v e l y c o o l i n g the 

e l e c t r o n s , and produces the observed r e l a t i o n s h i p between d r i f t 

v e l o c i t y and f i e l d . The a d d i t i o n of a v a i l a b l e v i b r a t i o n a l and . 

r o t a t i o n a l energies exp la ins the s a t u r a t i o n of the d r i f t v e l o c i t y 

a t h i g h f i e l d s . The r e l a t i v e behaviour of noble gas mixtures 

c o n t a i n i n g va r ious concen t ra t ions o f added organic gas may be 

expla ined i n terms o f t h e degree of f i l l i n g o f the Hamsauer d i p . 

Pa l l ad ino and Sadoulet have developed the theor i e s of o ther 

workers to produce numerical methods, us ing Boltztnann 

t r a n s p o r t equat ions and t h e o r e t i c a l o r exper imental cross—sections, 

t o de r ive models f o r the v a r i a t i o n of d r i f t v e l o c i t y and d i f f u s i o n 

w i t h f i e l d . T h e i r r e s u l t s f o r some common d r i f t chamber gases are 

B h o w n i n f i g u r e s 2.7 and 2 . 8 , the values f o r argon agreeing w e l l 

w i t h experiment over f i v e orders o f magnitude of f i e l d . 

2 .3 ,3 The Avalanche Region 

Having d r i f t e d f rom t h e i r primary and secondary i o n i z a t i o n 

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

o f a few w i r e diameters f rom the sense w i r e . They a t t a i n h igh 

enough energies to cause f u r t h e r i o n i z a t i o n and e x c i t a t i o n of the 

gas molecules and successive i o n i z a t i o n s form an avalanche. The 

e l e c t r o n m u l t i p l i c a t i o n may be descr ibed i n terms of Townsend's 
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f i r s t c o e f f i c i e n t , OL , w h i c h d e f i n e s t h e f r a c t i o n a l i n c r e a s e i n t h e 

number o f e l e c t r o n s d u r i n g a 1 era movement i n t h e d i r e c t i o n o f 

c o n s t a n t f i e l d E : 

— = a d x ( 2 . 1 2 ) 

The f i e l d a round a sense w i r e i s r o u g h l y c y l i n d r i c a l as f a r 

as the n e a r e s t ca thode w i r e b u t i s n o t c o n s t a n t , due t o the ' / r 

e f f e c t , and may be a p p r o x i m a t e d t o t h a t i n a p r o p o r t i o n a l c o u n t e r . 

For a sense w i r e r a d i u s r ^ , sense w i r e t o ca thode s p a c i n g r ^ and 

( i d ) 
ca thode p o t e n t i a l V, t h e f i e l d a t d i s t a n c e x i s g i v e n by : 

E ( x ) = V / x I n ( r 2 / r j . ( 2 . 1 3 ) 

A l t h o u g h Townsend ' s c o e f f i c i e n t i s v a l i d f o r c o n s t a n t E , 

Pa l 1 a d i n o and S a d o u l e t have d e m o n s t r a t e d ^ ' ' ^ t h a t i t i s s t i l l 

v a l i d i n an inhomogeneous f i e l d a l t h o u g h e q u i l i b r i u m o f t he 

a v a l a n c h e may n o t be a c h i e v e d . The g a i n i n t h e number o f e l e c t r o n s 

i n m o v i n g f r o a . x^ t o X j may be g i v e n a s : 

N l " N o e x p J a ( x ) dx ( 2 . 1 4 ) 

( 1 9 ) where a i s v a r y i n g w i t h E and t h u s x . I t may be shown 

t h a t t h e a m p l i f i c a t i o n i s t y p i c a l l y o f t h e o r d e r 10^ and t h a t t h e 

m a j o r i t y o f t h e m u l t i p l i c a t i o n o c c u r s w i t h i n 10U ^im o f the sense 

w i r e . 

The r e s u l t a n t p u l s e , seen a c r o s s a r e s i s t o r t o e a r t h , has a 

f a s t r i s e t i m e o f a f ew nanoseconds due t o t h e e l e c t r o n s i n c i d e n t 

upon t h e w i r e . The m a j o r i t y o f t h e p u l s e , w h i c h may l a s t many m i c r o ­

s e c o n d s , i s due t o the s l o w e r movement o f t h e p o s i t i v e i o n s f o r m e d 

i n t h e e v a l a n c h e . These m i g r a t e down the e n t i r e p o t e n t i a l t o w a r d s 

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

t h e sense w i r e t h a t a space charge e x i s t s , o v e r a l e n g t h o f a f e w 

hundred m i c r o n s . w h i c h 1 o v e r s t h e e f f e c t i v e f i e l d a round t h e 

w i r e . A dead-space i s p roduced on t h e sense w i r e a t t h i s p o i n t 

f o r s e v e r a l m i c r o s e c o n d s and l i m i t s t he p e r f o r m a n c e o f d r i f t chambers 

a t h i g h r a t e s . 

2 . 4 O p e r a t i o n o f D r i f t Chambers i n a M a g n e t i c F i e l d 

I t i s o f t e n d e s i r a b l e t o o p e r a t e d r i f t chambers i n a m a g n e t i c 

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

u s u a l l y p a r a l l e l t o t h e sense w i r e s and t h e L o r e n t z f o r c e t e n d s t o 

sweep t h e * e l e c t r o n s f r o m t h e chamber volume as shown i n f i g u r e 2 . 9 . 

( 2 1 ) 
Much o f t h e e a r l y r e s e a r c h s t u d i e d low f i e l d s where t h e d e f l e c t i o n 

a n g l e , 0 , was s m a l l . F o r t h e e l e c t r i c f i e l d s e n c o u n t e r e d i n d r i f t 

o 

chambers and m a g n e t i c f i e l d B o f I T t h e a n g l e may be as l a r g e as 50 . 

Thus much o f t h e d a t a has been a c q u i r e d e x p e r i m e n t a l l y as t h e c r o s s -

s e c t i o n s and t r a n s p o r t c o e f f i c i e n t s a r e i n s u f f i c i e n t l y known t o 

p roduce t h e o r e t i c a l p r e d i c t i o n s . i t has been f o u n d by C h a r p a k ' s 

g r o u p a t CERN t h a t a s i m p l e model p roposed by Townsend p r e d i c t e d 

r e s u l t s i n good agreement w i t h t hose o b t a i n e d u s i n g a s p e c i a l l y 

( 1 5 ) 

d e s i g n e d chamber . W r i t i n g the d i f f e r e n t i a l e q u a t i o n s o f m o t i o n 

o f an e l e c t r o n m o v i n g i n a gas w i t h random v e l o c i t i e s and c r o s s e d 

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

d i s t r i b u t i o n s , t h a t : 
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w - w ( E , R - 0 ) - keET ( 2 . 1 5 ) 
m 

w ( E , H) - kE CJX ( 2 . 1 0 ) 

H / l + U > 2 T 2 

and t a n S ( E , 11) = CJT ( 2 . 1 7 ) 

where I - T ( E , H) i s the mean f r e e t i m e between c o l l i s i o n s , 

a f u n c t i o n o f b o t h E and H , and CO = eB/tn t h e L a n n o r f r e q u e n c y o f 

t h e e l e c t r o n s . The v a l u e o f k depends u p o n t h e v e l o c i t y d i s t r i b u -

117 ) 
t i o n , 0 . 7 5 c o r r e s p o n d i n g t o a M a x w e i l i a n d i s t r i b u t i o n was 

(15 ) 

f o u n d t o g i v e good agreement w i t h e x p e r i m e n t a l r e s u l t s . The 

above e q u a t i o n s i n c l u d e m o d i f i e d d r i f t v e l o c i t y components t h a t 

make a l l o w a n c e f o r t h e c u r v i n g o f t h e e l e c t r o n p a t h i n a m a g n e t i c 
( 1 6 ) 

f i e l d . P a l l a d i n o and S a d o u l e t d e m o n s t r a t e t h a t t h i s decreases 

the mean " f r e e p a t h by a f a c t o r ( 1 + G ) " t * " ) . F i g u r e 2 . 1 0 

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

s e c t i o n . 

E q u u t i o n s ( 2 . 1 b ) and ( 2 . 1 7 ) a r e o n l y v a l i d a t l o w f i e l d s as 

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

w h i c h do n o t o c c u r when t h e e l e c t r o n e n e r g y , o r c o l l i s i o n c r o s s -

s e c t i o n , i s a s t r u n g f u n c t i o n o f E . M a k i n g t h e c r u d e a s s u m p t i o n 

t h a t X ( E , B) = X ( E ) •= X ( E t 0 ) the e q u a t i o n s may be r e - w r i t t e n as ( E , h j - w Q ( l + U 2 X 2 ) " ^ = w o 1 + Rw 
o 

kE 

(2 .1 .8 ) 

t a n 8 » (OX - Bw / k E ( 2 . 1 9 ) o o ' 
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( 1 5 ) 
F i g u r e 2 . 1 1 shows the r e s u l t s o b t a i n e d by U r e s k i n e t a l . 

i n d i c a t i n g t h e good agreement between t h e t h e o r e t i c a l v a l u e s ( s o l i d 
l i n e ) and e x p e r i m e n t , d i v e r g e n c e o c c u r r i n g a t h i g h e r f i e l d s . Com­
b i n i n g e q u a t i o n s ( 2 . 1 6 ) and ( 2 , 1 7 ) a l l o w s a c o r r e l a t i o n o f d r i f t 
v e l o c i t y and d e f l e c t i o n a n g l e w i t h f i e l d : 

w ( E , B) = kE a i n 0 ( E , u) ( 2 . 2 0 ) 

B 

( 1 5 ) 

F i g u r e 2 . 1 2 f r o m the same r e f e r e n c e shows the good 

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

o f w ( E , H) be i ng shown as a s o l i d l i n e . 

The s i m p l e t h e o r y a d e q u a t e l y i l e sc r iho . s t h e d r i f t v e l o c i t i e s a t 

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

s a t u r a t e s f o r a l l m u g i i f t i c f i e l d s i,.s shown i n f i g u r e 2.1, ' i t a k e n f r o m 

t h e same r e f e r e n c e . 

Pa l 1 a d i n o und S u d o u l e t have d e r i v e d a more r i g n u r o u s t h e o r y ^ * * ' * ^ 

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

m a g n e t i c d r i f t v e l o c i t y , w^ , d e f i n e d b y : 

w - w E ( 2 . 2 1 ) m 1 v ' 
w „ D 

and t h u s t a n 8 = B /E ( 2 . 2 2 ) 

E q u a t i n g ( 2 . 1 9 ) and ( 2 . 2 2 ) r e v e a l s t h e r e l a t i o n s h i p 

w m - w o / k ( 2 . 2 3 ) 

F i g u r e 2 . 1 4 shows the good agreement o f t h e i r t h e o r y w i t h 

e x p e r i m e n t a l d a t a f o r and w, due to Churpak e t a l . , f o r a r g o n 

i s o b u t a n e m i x t u r e s . 

The d e s i g n o f t h e a d j u s t a b l e f i e l d d r i f t chamber a l l o w e d a 

n o v e l s o l u t i o n t o the p r o b l e m o f i n e f f i c i e n c i e s cuused by t h e a n g l e 
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o f d r i f t , 6 . The e l e c t r i c d r i f t f i e l d c o u l d he t i l t e d by 

s t a g g e r i n g t h e p o t e n t i a l s a p p l i e d to t h e ca thode w i r e s , as shown 

i n f i g u r e 2 . 1 5 . Uy c o r r e c t c o m p e n s a t i o n o f t he L o r e n t z f o r c e 

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

However o n l y d i s c r e t e a n g l e s o f t i l t , y , were p o s s i b l e c o r r e s p o n d i n g 

t o m u l t i p l e s o f the w i r e s p a c i n g . Thus t he c o m p e n s a t i o n may n o t 

be e x a c t , as .shown i n f i g u r e 2 . 1 B , the d r i f t v e l o c i t y i n t h e sense 

w i r e p l a n e , w g , b e i n g g i v e n b y : 

w g = w ( E , B) C O S ( y - G ) ( 2 . 2 4 ) 

Knowing the v u l u e o f D and u s i n g e q u a t i o n s ( 2 . 2 2 ) and ( 2 . 2 3 ) 

a v a l u e o f E i s chosen and v a l u e s o f w and G deduced . The n e a r e s t 
m 

v a l u e o f V i s used and i f n e c u s s u r y t h e v a l u e o f E a l t e r e d t o g i v e 

e x a c t c o m p e n s a t i o n . I t must be n o t e d t h a i t h e v a l u e o f E used i n 

a l l t he above e q u a t i o n s r e f e r s t o t h e f i e l d a t an a n g l e V t o t h e 

sense w i r e p l a n e , as shown i n f i g u r e 2*16 , w h i c h i s c o n s t a n t r e g a r d l e s s 

o f the e l e c t r o n d r i f t d i r e c t i o n . I n t e r m s o f E ( j , t h e a p p l i e d f i e l d 

i n the sense w i r e p l u n e , t h e f i e l d E i s g i v e n b y : 

E - E / cos y ( 2 . 2 5 ) 

A l t h o u g h the f i e l d i s ' c o n s t a n t o v e r most o f t h e chamber v o l u m e , 

i t becomes r a d i a l a round the sense w i r e . However as i t i s a l s o 

h i g h e r t h e e l e c t r o n s t end t o f o l l o w t h e f i e l d l i n e s w i t h o u t i n f l u e n c e 

f r o m B, A v a l a u c h i n g o c c u r s as i n t h e n o n - t i l t e d case h u t , due t o 

t h e s l a n t i n g , t h e p o t e n t i a l s o p p o s i t e t h e sense w i r e a re h i g h e r and 

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

To r e p r o d u c e the n o n - s l a n t e d c h a r a c t e r i s t i c s t h e p o t e n t i a l s may be 

a d j u s t e d a c c o r d i n g l y . 
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Chambers o p e r a t i n g i n homogeneous m a g n e t i c f i e l d s up t o 1.6T 

w i t h e x a c t f i e l d compensa t ion and s a t u r a t e d d r i f t v e l o c i t i e s have 

a c h i e v e d s p a t i a l r e s o h i t i o n s o f 100 - 200 jim, d e p e n d i n g upon the 

(12 13 15) 

d r i f t l e n g t h . ' ' ' Exac t c a l i b r a t i o n s and complex s o f t w a r e 

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

2 . 5 F a c t o r s D e t e r m i n i n g the Choice o f a D r i f t Chamber l ias M i x t u r e 

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

f o r a p a r t i c u l a r chamber . 

As d e s c r i bed i n C h a p t e r 4 the maxiumjn t i m i n g r e s o l u t . i o n o f the 

d i g i t i z i n g e l e c t r o n i c s i s n o r m a l l y 2 ns due to c o s t c o n s i d e r a t i o n s . 

Thus f o r shor t , d r i f t , .spaces the d r i f t v e l o c i t . y o f (he gas must, n o t 

be t oo h i g h o r the maximum r e a l i z a b l e s p a t i a l r e s o l u t i o n w i l l 

c o r r e s p o n d to a t i m i n g r e s o l u t i o n i n excess o f 2 n s . S i m i l a r l y 

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

o f the o r d e r o f 1 yus so f o r l o n g d r i f t spaces the d r i f t v e l o c i t y o f 

t h e gas mus t be h i g h . 

The degree o f d i f f u s i o n o v e r t h e d r i f t space i s a m a j o r 

c o n t r i b u t o r t o t h e o v e r a l l a c c u r a c y o f t h e chamber . From the 

e x p r e s s i o n s g i v e n i n e q u a t i o n ( 2 , 5 ) f o r (f^, the rms o f the d i s p e r s i o n , 

i t may be assumed l .hat t o l o w e r i t s v a l u e the c h a r a c t e r i s t i c e n e r g y , 

E ^ , s h o u l d be lowered and the f i e l d , E , r a i s e d . However f i g u r e 2 , 5 

i l l u s t r a t e s t h a t the two p a r a m e t e r s a r e n o t i n d e p e n d e n t and f i g u r e 2 , 8 

d e m o n s t r a t e s the d r a m a t i c e f f e c t o f t he a d d i t i o n o f a s m a l l amount o f 

m u l t i - a t o m i c gas t o a r g o n . The e f f e c t i v e t e m p e r a t u r e i s l owered and 

hence a l s o t h e d i f f u s i o n , A l o w e r l i m i t t o the c o o l i n g e f f e c t e x i s t s 

due t o t h e a m b i e n t t e m p e r a t u r e o f t he g a s . 
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A f u r t h e r r e q u i r e m e n t i s t h a t the gas s h o u l d have an e x t e n d e d 

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

v a r i a t i o n i n the f i e l d o v e r the d r i f t space , due t o t h e method o f 

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

huve no e f f e c t on t h e L i n e a r i t y o f t h e d r i f t t i m e / d i s t a n c e 

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

I n t h e case o f chambers o p e r a t i n g i n a m a g n e t i c f i e l d , where 

t h e d r i f t v e l o c i t i e s and t r a j e c t o r i e s a r e m o d i f i e d , i t i s p r e f e r a b l e 

t o use a gas w h i c h m i n i m i z e s the e f f e c t s and has a s a t u r a t e d d r i f t 

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

The t e m p e r a t u r e and p r e s s u r e may v a r y i n some a p p l i c a t i o n s so 

i t i s n ece s sa ry t h a t the s a t u r a t i o n r e g i o n a l s o e x h i b i t s s t a b i l i t y 

t o w a r d s such v a r i a t i o n s . When u s i n g gus m i x t u r e s a s m a l l p e r c e n t a g e 

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

have no e f f e c t on t h e d r i f t v e l o c i t y . 

F i g u r e 2 .17 shows d r i f t v e l o c i t y c u r v e s a g a i n s t f i e l d f o r a 

v a r i e t y o f commonly u sed chamber g a s e s . The range o f a v a i l a b l e 

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

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

2.b* O p e r a t i o n a l C o n s i d e r a t i o n s o f D r i f t Chambers 

I n a d r i f t chamber sys t em f o u r a d d i t i o n a l f a c t o r s r e l e v a n t 

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

o f t h e i r w o r k i n g and t o a c h i e v e c o r r e c t i n t e r p r e t a t i o n o f the r e s u l t s . 
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2 . 6 . 1 A n g l e d T r a c k s 

The l e a d i n g edge o f ( l ie p u l s e d e l e c t e d on the sense w i r e 

r e p r e s e n t s the a r r i v a l o f the a v a l a n c h e formed by the p r i m a r y 

e l e c t r o n c r e a t e d c l o s e s t t o the sense w i r e , d i s t a n c e i n 

f i g u r e 2 . I t s , and n o t n e c e s s a r i l y the s h o r t e s t d i s t a n c e t o t h e 

t r a c k , x , due to the s t a t i s t i c a l n a t u r e of I,he f o r m a t i o n o f ( l ie 

p r i m a r y i o n i z a t i o n . I f the e l e c t r o n i c t h r e s h o l d f o r d e t e c t i o n 

o f the p u l s e i s s e t low enough t h i s m i n i mum t i m e wi I I be r e c o r d e d . 

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

then the d r i f t t i m e r e c o r d e d c o r r e s p o n d s to the s h o r t e s t d i s t a n c e 

f r o m the t r a c k t o the sense w i r e f o l l o w i n g ( l ie f i e l d l i n e s , as shown 

i n f i g u r e 2 . 1 9 t aken f r o m Break i n e t u l . ^ ^ S i m p l e g e o m e t r i c a l 

models f o r p r e d i c t i n g the d r i f t l e n g t h i n the sense w i r e p l ane f r o m 

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

by a c c u r a t e l y s c a n n i n g the chamber . F i g u r e 2 . 2 ( 1 shows the a p p r o x i ­

m a t i o n used by Charpak e t a l . w h i c h assumed r a d i a l d r i f t up t o the 

sense w i r e / c a t h o d e s p a c i n g and t h e n d r i f t a l o n g the ca thode p l a n e 

i t s e l f . The e q u a t i o n s d e r i v i n g the i n t e r c e p t o f t he t r a c k on the 

sense w i r e p l a n e , a , f r o m an a n g l e o f i u c i d e u c e 8 , d r i f t t ime t , 

c o n s t a n t v e l o c i t y w, and sense w i r e / c a t h o d e gap d , a r e : 

s • w t / cos 8 f o r U < t < g / w s i n 8 ( 2 „ L ! ( > 

and s = w t • / g \ f 1 - 1 ) f o r t > g / w s i n f i ( 2 . 2 7 

\ j a in 8 J \ c „ a Q / 

l ie s u i t s g a i n e d by Charpak e t a l . ^ show good agreement between 

e x p e r i m e n t and the s i m p l e t h e o r y f o r t he d r i f t t i m e / d i s t a n c e r e l a t i o n ­

s h i p as shown i n f i g u r e 2 . 2 1 f o r the z e r o m a g n e t i c f i e l d case and 
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f i g u r e 2.22 f u r a f i e l d of I T . I n tho l a t t e r case, w i t h exact f i e l d 

+ ° 

compensation a p p l i e d , the t racks were i n c i d e n t a t - 42 to the normal . 

The experimental po in t s i n d i c a t e that there WHS no d i f f e r e n c e i n 

behaviour f o r t racks i n c l i n e d i n the same d i r e c t i o n or opposi te to 

the d i r e c t i o n o f f i e l d t i l t . 

At 1 arize incidence angles the e l ec t rons d r i f t i n g close to the 

cathode plane arc per turbed by the deformat ion o f the f i e l d l i n e s 

around the cathode wi res and hence a modulat ion i s caused i n the 

space-time r e l a t i o n s h i p as shown i n f i g u r e 2 .23 . 

2 .0 .2 l leduct ion of Pulse Height around the Sense Wire 

I t has been noted by otlie r workers^* 1 '* 1 ^ as w e l l as d u r i n g the 

study of the \g-2) d r i f t chambers ' tha t the pulse h e i g h t measured 

on the sense wi re i s dependent not on ly upon the chamber ope ra t i ng 

vo l tage and p a r t i c l e energy but a lso the d r i f t d i s t a n c e . Figure 2.24 

shows r e s u l t s f rom the (g -2 ) chambers us ing a ^ S r source and 

f i g u r e 2.25 r e s u l t s u s ing a minimum i o n i z i n g beam, taken f rom 

reference 15. S i m i l a r lower ings of the pulse he igh t are shown i n 

both cases. 

Several f a c t o r s c o n t r i b u t e to the e f f e c t . Most a m p l i f i e r -

d i s c r i m i n a t o r c i r c u i t s used f o r d r i f t chamber readout have a 

d i f f e r e n t i a l f u n c t i o n and thus the t ime development of the pulse i s 

i m p o r t a n t . For p a r t i c l e s t r a v e r s i n g a t long distances f rom the 

sense w i r e the pr imary e l ec t rons have approximate ly the same d r i f t 

l eng th and they reach the avalanche region a t about the same time 
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g i v i n g a large f a s t — r i s i n g pu l se . However f o r p a r t i c l e s t r a v e r s i n g 

close to the sense wi re the d r i f t lengths range f rom zero to several 

m i l l i m e t r e s and there i s a g rea te r time spread i n the pulse 

fo rma t ion and thus the o v e r a l l pulse he igh t i s lower . 

The a>>ove exp lana t ion would suggest that f o r the d e t e c t i o n o f 

X-ray8 where, f o r example, the 5.9 keV photoproduct ion event associated 

55 (24) w i t h an ' Fc source has a space ex tons ion o f only 150 yum, no such 

l o w e r i n g o f the pulse he igh t would occur . However, as shown i n 

(15) 55 
f i g u r e 11.26, Churpak e t a l . found s i m i l a r e f f e c t s f o r Fe and 

evidence t ha t the app l i ed f i e l d was the c o n t r i b u t o r y f a c t o r r a t h e r 

than the time development of the pu l s e . i t i s i n f e r r e d ^ * ^ t h a t 

i n t e r a c t i o n between avalanches occurs a t d is tances below 220 yum anil 

thus charge m a g n i f i c a t i o n i s lowered f o r p a r t i c l e s t r a v e r s i n g close 

to the sense w i r e . For longer d r i f t d is tances d i f f u s i o n causes the 

pr imary e l ec t rons to separate and the r e s u l t a n t avalanches i n t e r a c t 

to a lesser decree and fo rm a l a rge r pu l se . 

2 .6 .3 Rate E f f e c t s 

When a t t empt ing to operate d r i f t chambers w i t h h i g h i n c i d e n t 

p a r t i c l e f l u x e s s i m i l a r space charge problems a r i s e as observed i n 

MWPC's.^ 2 0 ^ A dead -space l o c a l i z e d to about 200 yum on the sense w i r e , 

corresponding to the p o s i t i o n o f inc idence o f the avalanche, occurs 

due to a space charge of p o s i t i v e ions which modi fy the e l e c t r i c f i e l d 

and reduce the m u l t i p l i c a t i o n f a c t o r . The sense w i r e becomes 

i n s e n s i t i v e over t h a t l eng th f o r maybe several tens o f microseconds 

w h i l s t the p o s i t i v e ions migra te from the s e n s i t i v e r e g i o n . An upper 

l i m i t to the e f f i c i e n t d e t e c t i o n ra te of a d r i f t chamber corresponds 
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to an i n c i d e n t f l u x of 2 x 10 p a r t i c l e s cm " s 

Apart f rom the space charge e f f e c t there i a a l i m i t to the 

minimum de tec tab le separa t ion of p a r t i c l e s , , Th is i s due t o the 

occupat ion time of the a m p l i f i e r - d i s c r i m i n a t o r c i r c u i t , which i s 

normal ly a minimum of 50 ns . Assuming t h a t the e l e c t r o n i c s i s 

capable o f handl ing m u l t i - t r a c k events , the minimum reso lvab le 

separa t ion i s the d r i f t d is tance covered i n the occupat ion t i m e . 

Care has to be taken t h a t the zero t i m i n g t r i g g e r r e f e r s to 

the t r a v e r s a l time o f a l l the detected p a r t i c l e s o r erroneous d r i f t 

t imes w i l l r e s u l t . The maximum r e p e t i t i o n ra te o f the t r i g g e r s i s 

l i m i t e d by the magimum d r i f t t ime i n a c e l l , o f t e n c a l l e d the memory 

t i me. 

Thus there i s a l i m i t on the frequency and dens i t y of the beam 

of p a r t i c l e s i n c i d e n t upon a d r i f t chamber i f f u l l e f f i c i e n c y i s t o 

guaranteed. 

2 . 6 . 4 . So lu t ions t o the L e f t - l U g h t Ambigui ty 

A fundamental problem i n the a n a l y s i s of d r i f t chamber data i s 

the ambigui ty as to which side o f the sense w i r e the p a r t i c l e passed. 

R e f e r r i n g to the d r i f t space on e i t h e r s ide o f the sense w i r e , t h i s 

i s c a l l e d the l e f t - r i g h t a m b i g u i t y . Several s o l u t i o n s to the problem 

have been suggested, o f which some are presented d iagrammat ica l ly i n 

f i g u r e 2 .27 . 

The s imples t s o l u t i o n was to stagger two chambers by a h a l f - c e l l 

(3 ) 
spacing, as suggested by Walenta e t a l . and used s u c c e s s f u l l y i n 

(25) 

l a rge chamber a r r a y s . Summing the two d r i f t t imes produced i n 

the chambers by a t r a v e r s i n g p a r t i c l e not only a l lowed a continuous 
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moni tor ol ' the maximum d r i f t t i m e , anil thus the d r i f t v e l o c i t y , hut 

a lso al lowed immediate r e j e c t i o n of spurious h i t s R i v i n g an 

unambiguous t r a c k . Using three chambers w i t h the middle one 

staggered by h a l f a c e l l compared to the ou te r p a i r presented a novel 

s o l u t i o n whereby an independent zero t i m i n g t r i g g e r was no longer 

r e q u i r e d . ' ^ The r e l a t i v e d r i f t times between the chambers 

provided l jo th the t i m i n g ami Lhe p o s i t i o n a l i n f o r m a t i o n . 

These methods, however, only provided a s o l u t i o n to the 

ambigui ty a f t e r computat ion which was c o s t l y i n both t ime and money 

f o r l a rge a r r a y s . A more elegant s o l u t i o n would cons i s t of a d i r e c t 

chamber s ignal i n d i c a t i n g f rom which side o f the c e l l the e l ec t rons 

had d r i f t e d . 

The i n i t i a l s o l u t i o n devised by Walenta e t a l . ^ consis ted o f 

a p a i r o f 2U yum sense wires spaced by 1 mm w i t h i n d i v i d u a l readout . 

A negat ive pulse was observed on ly on the sense w i r e c l o s e s t the 

t r a v e r s a l of the p a r t i c l e . However f o r p a r t i c l e s passing between 

the two sense w i r e s , o r close to them, some ambigui ty s t i l l e x i s t e d . 

E l e c t r o s t a t i c r e p u l s i o n problems were also encountered between the 

(2) 

p a i r i l the wires were l o n g . This problem was overcome by having 

a t r i p l e t o l wi res w i t h a 1U0 yum diameter p o t e n t i a l w i r e , a t a 

negat ive p o t e n t i a l , p o s i t i o n o d between and 1 mm from a p a i r of grounded 

20 yum diameter sense w i r e s . The vol tage on the p o t e n t i a l wi re was 

ad jus ted to provide s t ab l e e q u i l i b r i u m between the; sense wi re p a i r . 

The o r i g i n a l paper by W u l e n t a ^ ^ discussed the p o s s i b i l i t y of 

r e s o l v i n g the l e f t — r i g h t ambigui ty by observ ing the time d i f f e r e n c e 

between the induced p o s i t i v e pulses on the p o t e n t i a l wi res o f a 
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Wulenta-type chamber w i t h a s i ng l e sense w i r e Kecent work on the 

e f f e c t ^ " ^ has shown tha t the p r e v i o u s l y observed d i f f e r e n c e i n 

a r r i v a l t imes was i n f a c t due to d i f f e r e n t induced pulse h e i g h t s . 

The l a t e s t research has shown t h a t a l a r g e r induced pulse occurs on 

the p o t e n t i a l w i r e c l o s e s t the t r a v e r s i n g p a r t i c l e than on the 

s i m i l a r p o t e n t i a l w i r e on the opposi te side of the sense w i r e . 

Observat ion o f the p o l a r i t y of the d i f f e r e n c e s i g n a l between the 

p o t e n t i a l wi res permi ts an accurate s o l u t i o n o f the amb igu i ty . 

This e f f e c t may be expla ined i n terms of imaging o f charges and the 

(27) 

d i scovery t ha t a t lower f i e l d s the avalanche is l o c a l i z e d on 

the side o f the sense wi r e c loses t to the t r a v e r s i n g p a r t i c l e . 

This phenomenon was conf i rmed by observ ing t ha t p o s i t i v e ions could 

only be c o l l e c t e d on the p o t e n t i a l wi re located on the same s ide o f 

the sense wi r e as the pr imary i o n i z a t i o n . Only a t h igher f i e l d s d id 

the avalanche begin to surround the wi re and thus a l l o w p o s i t i v e ions 

to d r i f t a long f i e l d l i n e s towards the f a r p o t e n t i a l w i r e . Such a 

s o l u t i o n of the ambigui ty i s v a l i d f o r angled t racks and f o r t r a v e r s a l s 

of p a r t i c l e s close to the sense w i r e . For large d r i f t spaces, f i e l d 

shaping electrodes close to the sense wi re may be used as p ick-up 

electrodes . Tt appears t h a t such a method w i l l become wide ly used i n 

the near f u t u r e . 
(28) 

A s i m i l a r method suggested by (,'harpuk and S a u l i i nvo lved the 

use o f pa i r s of 20 yum diameter .sense wi res separated by 0.2 mm and 

spaced every 6 mm. The wi res were only 25 cm long so no e l e c t r o s t a t i c 

problems were encountered. 1'he wi re p a i r s were e l e c t r i c a l l y connected 

but i t was found t h a t the w i r e nearest the t r a v e r s i n g p a r t i c l e had a 

negat ive pulse formed on i t and the other an a t tenuated induced p o s i t i v e 
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pulse due to e f f e c t i v e screening hy the e q u i p o t e u t i a l s and avalanching 

o c c u r r i n g on ly a t very close range. P o s i t i v e pulses were a l so 

induced on the two ne ighbour ing pa i r s of w i r e s , the p a i r nearest the 

t r a v e r s i n g p a r t i c l e having a pulse he igh t double t h a t on the opposi te 

p a i r . Using d i f f e r e n t i a l a m p l i f i e r s a r e s o l u t i o n of the ambigui ty 

could be achieved. However due to the many wi res and channels of 

e l e c t r o n i c s requ i red t h i s method has not found widespread f a v o u r . 

Another approach developed by Charpak e t a l . , s i m i l a r to 

the sense wire double t s o l u t i o n o f Walenta but a p p l i c a b l e to l a rge 

chambers, used two 20 yum diameter sense wi res separated by 100 yum 

w i t h independent readout . The wi res were j o i n e d by small d r o p l e t s 

o f epoxy every 50 mm over t h e i r 50 cm leng th to l i m i t e l e c t r o s t a t i c 

r e p u l s i o n and the ambiguous reg ion between them so tha t the e r r o r was 

below the 50 yum s p a t i a l r e s o l u t i o n o f the chamber. A negati ve pulse 

was observed on the wi re nearest the t r a v e r s i n g p a r t i c l e and a 

p o s i t i v e pulse induced on the o t h e r , a l l o w i n g s o l u t i o n o f the 

a m b i g u i t y . 

A common approach f o r l a rge area d r i f t chamber ar rays employs 

three l ayers o f m u l t i - c e l l s i n g l e sense wire chambers w i t h the sense 

• (5 29) w i r e planes a l i gned a t 60 i n r e l a t i o n to eac h o t h e r / ' ' The 

three wires h i t f o r each i n c i d e n t p a r t i c l e d e f i n e unambiguously i t s 

p o s i t i o n i n two dimensions and also i t s time o f passage by combinat ion 

of the d r i f t t imes , removing the need f u r an independent t i m i n g t r i g g e r . 

E x c e l l e n t t i m i n g and s p a t i a l r e s o l u t i o n i s achieved and any spur ious 

h i t s may be r e j e c t e d . M u l t i - t r u c k r e s o l u t i o n i s a l so poss ib le a t 

h igh ra tes us ing s u i t a b l e e l e c t r o n i c s . 

Using a r rays o f chambers, as i n the ( g - 2 ) exper iment , w i t h large 

curva ture o f the p a r t i c l e t r ack i n a magnetic f i e l d a l lows removal o f 
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the ambigu i t i e s through t r a c k r e c o n s t r u c t i o n . However f o r e ­

knowledge o f severa l t r a j e c t o r y c o n s t r a i n t s i s necessary and the 

computation i s complex. S ingle sense w i r e c e l l s may be used and 

the chambers need not be staggered but i n muny cases such a system 

would be undes i rab le and o f t e n impossible f o r r e s o l u t i o n of m u l t i -

t r ack events . 

2.7 Summary o f Factors L i m i t i n g the 

S p a t i a l Reso lu t ion o f D r i f t Chambers 

Having descr ibed the p r i n c i p l e s o f d r i f t chamber ope ra t ion i t 

i s u s e f u l a t t h i s stage t o summarize the v a r i o u s c o n t r i b u t i o n s t h a t 

l i m i t the s p a t i a l r e s o l u t i o n o f a d r i f t chamber. A d e t a i l e d 

d i scuss ion of such c o n t r i b u t i o n s was given by Walcnta d u r i n g the 

(2 ) 

e a r l y stages o f d r i f t chamber development. 

Several f a c t o r s are associated w i t h the pr imary d e p o s i t i o n o f 

e l e c t r o n s . The process i s s t a t i s t i c a l i n nature and the i o n i z a t i o n 

occurs i n c l u s t e r s o f one or severa l i o n p a i r s . The d r i f t t ime 

recorded corresponds t o the d is tance d r i f t e d by the c l u s t e r w i t h the 

shor t e s t d r i f t p a t h , a long tlte f i e l d l i n e s , to the sense w i r e . This 

d is tance i s normal ly g rea te r than the sho r t e s t d is tance between the 

p a r t i c l e t r a j e c t o r y and the sense w i r e . Also the a m p l i f i e r -

d i s c r i m i n a t o r system i s set a t a c e r t a i n th resho ld which may not be 

the minimum p o s s i b l e . Therefore the t i m i n g der ived from the sense 

wi re pulse may not correspond t.o (.he a r r i v a l of the f i r s t e l ec t rons 

i n the avalanche and t ime s lewing may occur . This i s e s p e c i a l l y so 

i f there i s a s t rong time dependence i n avalanche f o r m a t i o n , as 

f o r angled t racks or t r acks t r a v e r s i n g close t o the sense w i r e , nr i f 
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the t r a v e r s i n g p a r t i c l e s depos i t va r ious amounts of energy and thus 

number8 of primary e l ec t rons g i v i n g v a r i a t i o n s i n pulse h e i g h t . Any 

b - rays formed by the t r a v e r s i n g j m r t i c l e may widen the i n i t i a l , t r ack 

of primary i o n i z a t i o n and worsen the r e s o l u t i o n . 

The e f f e c t s of d i f f u s i o n have been discussed, the degree depending 

mainly upon the d r i f t d is tance and the e l e c t r i c f i e l d . 

The presence o f magnetic f i e l d s , e s p e c i a l l y p a r a l l e l to the sense 

w i r e s , d i s t o r t s the t r a j e c t o r i e s of the d r i f t i n g e l e c t r o n s , unless 

compensation i s i n t r o d u c e d , and thus the space-time r e l a t i o n s h i p s are 

a l t e r e d . ^ a r t i c l e s no t i n c i d e n t normal ly to the sense w i r e plane 

a l so in t roduce such e f f e c t s . 

I f the app l i ed e l e c t r i c d r i f t T i e l d i s not high enough the d r i f t 

v e l o c i t y may not be sa tura ted and complicated n o n - l i n e a r i t y o f the 

space-time r e l a t i o n s h i p occurs i f the f i e l d i s not u n i f o r m . 

Cor rec t ions must be made e i t h e r i n the hardware or s o f t w a r e . 

The t i m i n g r e s o l u t i o n o f the d i g i t i z i n g e l e c t r o n i c s must be i n 

excess of tha t r equ i red to achieve the maximum s p u t i a l r e s o l u t i o n o f 

the chamber to avoid the i n t r o d u c t i o n o f time j i t t e r . 

D r i f t v e l o c i t y v a r i a t i o n s may occur w i t h a l t e r a t i o n s o f temperature, 

pressure and gas mix tu re concen t r a t i ons . A method of constant d r i f t 

v e l o c i t y m o n i t o r i n g , such us the use o f staggered c e l l s , i s b e n e f i c i a l . 

Er rors may be in t roduced by imprecise mechanical tolerances and 

lack o f c l e a n l i n e s s . Examples are pe r t u rbat i oris o f the f i e l d due 

to non-unil 'onn cathode gaps, dust p a r t i c l e s o r g lobules o f so lder on 

sense wires and i n c o r r e c t a l ignment o f sense and cathode w i r e s . 

Chamber ar rays must be accu ra t e ly surveyed to determine exact, sense 

wi r e p o s i t i o n s . 
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The l a t t e r c o n t r i b u t i o n s may he minimized by c a r e f u l des ign , 

c o n s t r u c t i o n anil o p e r a t i o n . However c o n t r i b u t i o n s due to gaseous 

processes arc harder to remove and c o n s t i t u t e the inherent; l i m i t to 

d r i f t chamber r e s o l u t i o n . 

Figure 2.12b shows one o f the most accurate sets of data 

publ i shed to d a t e ^ ^ ^ w i t h the o v e r a l l r e s o l u t i o n d i v i d e d i n t o three 

c o n t r i b u t o r y processes. I t must be noted, however, t ha t such 

presenta t ions o f i n t r i n s i c accuracy i n no way c o n s t i t u t e the absolute 

accuracy o f a chamber as the data are taken a t d i s c r e t e po in t s i n 

the chamber over shor t runs . No account, of uny n o n - l i n e a r i t y of 

the space-time c o r r e l a t i o n i s i n c l u d e d . To o b t a i n an i n d i c a t i o n of 

the o v e r a l l accuracy o f the chiimher both c o n t r i b u t i o n s must be known 

to equal p r e c i s i o n . 

2.H Present and R i t u r e Uses of D r i f t Chambers 

D r i f t chambers are now used f o r va r ious a p p l i c a t i o n s i n most 

h igh energy physics l a b o r a t o r i e s i n the wor ld* Ear ly chambers, and 

those used f o r development, were normally q u i t e small w i t h an a c t i v e 

area of only a few hundred square centimet.res. However w i t h the 

advent o f h igher energy a c c e l e r a t o r s , such as the 400 (ieV SI'S a t 

CEHN and I 'o rmi lab , much l a r g e r d e t e c t o r a r rays are now r e q u i r e d . 

In many instances the maximum poss ib le r e s o l u t i o n is r e q u i r e d , 

but f o r a p p l i c a t i o n s where r e s o l u t i o n i s not so c r i t i c a l and rates 

are low, d r i f t chambers w i t h long d r i f t spaces are used i n preference 

to MWPCs. Not only are fewer channels of e l e c t r o n i c s used per 

u n i t area but a l so e l e c t r o s t a t i c i n s t a b i l i t y problems are not so 

g r e a t . 



A n e u t r i n o experiment u t FermiHub 1 used f i v e chambers of the 

Walenta type w i t h 5 cm d r i f t lengths and an o v e r a l l area o f 13 in". 

S p a t i a l r e s o l u t i o n s of 0.35 mm were achieved. At CEHN a cu r r en t 

(29) 
neu t r i no experiment employs twenty hexagonal d r i f t chambers 

2 
b u i l t a t Sac lay t o t a l l i n g 720 m". The chambers have three sense 

o 

wire planes a l igned a t 60 to each o ther to remove l e f t — r i g h t 

a m b i g u i t i e s , A gas mix ture of 70$ A r , 30)£ Isobntane plus methy la l 

and f i e l d shaping o f a Charpak type y i e l d s a maximum d r i f t t ime of 

600 ns over the 3 cm d r i f t space. The 3,720 sense wires are up 

to 4 m long which in t roduces problems o f s i g n a l a t t e n u a t i o n due to 

the res i s tance o f the w i r e . D i g i t i z a t i o n c i r c u i t r y based on a 

100 MHz c lock provides s p a t i a l r e s o l u t i o n s b e t t e r than 1 mm. 
(31) 

Some chambers * designed f o r use on the forward spectrometer 
of the European Muon C o l l a b o r a t i o n a t the CEllN SPS w i l l have a c t i v e 

2 

areas up to 4.5 x 9.6 m . They arc o f the a d j u s t a b l e f i e l d type 

and use s e l f - s u p p o r t i n g cathode planes of copper s t r i p s mounted on 

i n s u l a t i n g epoxy m a t e r i a l which i s a t tached to the l i g h t w e i g h t 

honeycomb m a t e r i a l o f the mainframe. The p e n e t r a t i n g nature o f the 

muons to be detected a l lows the use o f such dense m a t e r i a l s f o r 

chamber c o n s t r u c t i o n . 

Chambers u s i n g p r i n t e d c i r c u i t boards f o r cathode planes have 
(32) 

been used f o r two p r o j e c t s a t Durham. Test were performed upon 
2 

chambers of 52 x 52 cm e f f e c t i v e urea b u i l t by i n t e r n a t i o n a l Itesearil 

and Development Co. L t d . , f o r ESTEC to he used i n ba l loon experiments 

to study cosmic gamma ray r a d i a t i o n . A smal le r set o f s i x chambers^ 
2 

w i t h an a c t i v e area of 13 x 13 cm were b u i l t i n Durham f o r use i n 

c o n j u n c t i o n w i t h a f l a s h - t u b e hodoscope a t the Daresbury Laboratory 

Testbeam F a c i l i t y . The chambers could he sandwiched c l o s e l y togethe 



bJ-

w i t h the sense wires o r t hogona l l y a l igned i n successive chambers by 

e t ch ing the cathode design mutua l ly pe rpend i cu l a r l y on opposi te faces 

of the epoxy sheet, F i e l d p e n e t r a t i o n between chambers was s l i g h t 

and Lhe method al lowed simple chamber c o n s t r u c t i o n . 'I'hey were used 

to de f ine the po in t of en t ry of pos i t rons to the f l a s h - t u b e chamber. 

The c e l l s were staggered i n a l t e r n a t e chambers, three chambers f o r 

each dimension, to remove ambigu i t i e s and r e s o l u t i o n s of - 0.3 mm 

were achieved f o r the 26 nun maximum d r i f t l e n g t h s . 

The use of three chambers w i t h sense w i r e planes a t d i f f e r e n t 

o r i e t i t u t i o n s to resolve the l e f t - r i g h t amb igu i ty , r e j e c t spurious 

h i t s and gu in two—dimensional co -ord ina te i n f o r m a t i o n invo lves much 

computa t ion . A more e legant s o l u t i o n would he to ga in the two-

dimensional i n f o r m a t i o n from a s ing le chamber, For a chamber o f 

the Walenta type , w i t h cathode wires or thogonal to the sense w i r e s , 

the loca l i/.ed avalanche on the sense wires could be l ocated through 
t ;j4 ) 

the induced pulses on the cathode w i r e s . x For a d j u s t a b l e f i e l d 

d r i f t chambers however, where the sense and cathode wires are p a r a l l e l , 

o ther methods must be used. I n i t i a l research used the method o f 
(12 3*5) 

" cu r r en t d i v i s i o n " on the sense w i r e . By observing the 

c u r r e n t pulses propagated to each end. o f the sense w i r e , i n d i r e c t 

r a t i o to the dis tances t r a v e l l e d , the p o s i t i o n of the avalanche may 

be determined. The method i s expensive e l e c t r o n i c a l l y and the 

r e s o l u t i o n i s on ly o f the order of 1 cm over 1 m o f w i r e . A more 

accurute m e t h o d ^ ^ i n v o l v e s the use o f a h e l i c a l delay l i n e which 

may e i t h e r be placed in a sense wire t r i p l e t , as shown in f i g u r e 2 .29 , 

or pos i t i oned i n the cathode plane. A pulse i s induced on the delay 

l i n e corresponding to the avalanche on the ne ighbour ing sense wi re and 
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t h e (I i f T e r e n c e i n p r o p a g a t i o n d e l a y s t o e a c h e n d o f t h e d e l a y l i n e 

d e t e r m i n e s t h e p o s i t i o n o I ' (.he a va I m i c l i e . l l e s o I u t i cms o f b e t t e r 

t h a n 3 mm o v e r a 150 cm I o n p s e n s e w i r e have; b e e n a c h i e v e d u s i n g 

( 3 7 ) 
u 2 mm ( l i a m e l . e r d e l u y l i n e a n d 0 . 4 iiim o v e r 10 cm l o r a d e l a y 

( • l U l 

l i n e w o u n d o n u H mm d i a m e t e r c e r a m i c c y l i n d e r . L a t e s t d e v e l u p -

( 3 l J ) 

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

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

d o u b l e t . T h i s m e t h o d h a s y i e l d e d a r e s o l u t i o n o f 1 mm f o r u n 

^ F e s o u r c e a n d 3 mm f o r u inuon beam o v e r a 3 0 cm s e n s e w i r e . 

F u t u r e w o r k o n t h e s e m e t h o d s s h o u l d a l l o w t h e r e s o l u t i o n o f t h e 

.second d i m e n s i o n t o a p p r o a c h t h e 100 yum a t t a i n a b l e o v e r t h e d r i f t 

d i r e c t i o n . A H t h e c h a m b e r s a l s o u s e s e n s e w i n - d o u b l e t s t h e l e f t — 

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

v o l u m e . 

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

i n o r d e r t o t r a c k h e a v i l y i o n i z i n g p a r t i c l e s . U s i n g m e t h y l a J v a p o u r 

a t 2 0 t o r r a l p h a p a r t i c l e s w e r e l o c a t e d t o an a c c u r a c y o f 1.5 i u m . ^ ^ 
('11 412) 

A n a p p l i c a t i o n o f t h e d r i f t c h a m b e r p r i n c i p l e c a l l e d L S I S ' , 

s h o w n i n f i g u r e 2 , 3 0 , u s e s a p l a n e o f 3 0 0 s e n s e w i r e s , s i m i l a r t o a n 

MWPC, t o d e t e c t e l e c t r o n s d r i f t e d o v e r d i s t a n c e s o f u p t o 2 m . 

P o s i t i o n a l a c c u r a c y o f a p p r o x i m a t e l y 2 mm f r o m t h e t r a c k a n d e n e r g y 

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

b e t w e e n k a o n s , p i o u s and p r o t o n s f r o m 5 t i e V / c t o 100 O e V / c m o m e n t u m . 

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

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

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

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

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

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

d i s c u s s e d i n r e f e r e n c e 43 i s s h o w n i n f i g u r e 2 . 3 1 . The c h a m b e r 

° 2 
h a s a n o p e n i n g a n g l e o f 5 0 a n d u d e t e c t i o n a r e a o f 1(J x 10 cm , 

( 4 4 ) 0 

u l t h o u g h a l a t e r c h a m b e r h a s u 9 0 o p e n i n g a n g l e a n d a 

2 

5 0 x 5 0 cm d e t e c t i o n a r e a . X - r a y s d i f f r a c t e d f r u n i t h e r o t a t i n g 

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

f i e l d . T h i s ia a c h i e v e d u s i n g t w o s p h e r i c a l r l r t - I m i l r s , a n d K%), 

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

t o p r o v i d e p o t e n t i a l s t o c o n d u c t i n g r i n g s . As t h e X - r a y t r a j e c t o r i e s 

a r e p a r a l l e l t o t h e d r i f t f i e l d no l o s s o f r e s o l u t i o n o c c u r s o n 

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

t h e n a c r o s s a t r a n s f e r r e g i o n i n t o a m u l t i w i r e c h a m b e r w i t h a 1 mm 

w i r e s p a c i n g . Two d i m e n s i o n a l i n f o r m a t i o n i s d e r i v e d by t h e " c e n t r e 

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

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

o t h e r . U s i n g a g a s m i x t u r e o f a r g o n 7 5 > , i s o h u t a n e 2 3 ? » , m e t h y l a l 2# 
( 4 3 ) 

a c c u r a c i e s o f 0 . 5 mm h a v e b e e n a c h i e v e d w i t h 8 keV X — r a y s . 

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

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

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

f i l m t e c h n i q u e s . 

A n o t h e r f i e l d o f r e s e a r c h a t C(i!HN i n v o l v e s t h e u s e o f h i g h d e n s i t y 

c o n v e r t e r s t o d e t e c t X-rays and neu t r o n s . ^ ^ ' ^ ^ T l i c c o n v e r t e r s h a v e 
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a u n i f o r m m a t r i x o f h o l e s i n t o w h i c h photoe l c c t r o n s , f o r m e d by t h e 

c o n v e r s i o n o f t h e n e u t r a l p a r t i r. 1« i n t h e s o l i d , may e s c a p e . T h e 

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

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

e s c a p i n g i n t o t h e h o l e s a r e d r i f t e d d o w n i n t o a n MWl'C a s i n t h e 

s p h e r i c a l d r i f t c l i a m h c r . F i g u r e 2 . 3 2 d e m o n s t r a t e s s u c h a s y s t e m . 

( 4 7 ) 

Much r e s e a r c h i s b e i n g u n d e r t a k e n , i n c l u d i n g i n D u r h a m , t o 

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

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

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

d e t e c t i n g O . u t i MeV p h o t o n s t o a s p a t i a l a c c u r a c y o f l . J mm f w h m 

w i t h 5J)6 e f f i c i e n c y , t h e l a t t e r b e i n g a l m o s t e n t i r e l y d u e t o t h e 

g e o m e t r y o f t h e c o n v e r t e r . 
( 4 8 4lJ) 

R e c e n t d e v e l o p m e n t o f t h e s c i n t i l l a t i n g d r i f t c h a m b e r ' 

f o l l o w i n g i n i t i a l w o r k b y I ' o l i c n r p o e t a l . v h a s p r e s e n t e d t h e 

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

g r e a t e r t h a n .1 x 10 p a r t i c l e s mm s T h e c h a m b e r shown i n 
f i g u r e 2 .113, t a k e n f r o m r e f e r e n c e 4 ' J , r e l i e s u p o n t h e p r i n c i p l e 

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

( 5 2 ) 

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

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

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

t h e i n c i d e n c e o f a s m a l l p u l s e 011 t h e l a r g e d i a m e t e r s e n s e w i r e , 

t y p i c a l l y 0 . 5 mm. Due t o t h e l o w f i e l d a r o u n d t h e s e n s e w i r e c h a r g e 

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

t h e c h a m b e r s t o be o p e r a t e d a t h i g h r a t e s . W i t h t h e c o r r e c t 

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

t r i g g e r i n g p r o p e r t y o f t h e c h a m b e r s , n e u t r a l p a r t i c l e s , X - r a y s , 
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h e a v i l y u m l mini mum i o n i z i n g p a r L i c I e a may l ie do t e c t e d „ T h i s 

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

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

use a t t h e new D a r e s h u r y L a b o r a t o r y S y n c h r o t r o n l l a d i a t i o n f a c i l i t y 

i s h e i n g d e v e l o p e d . 

t a t ) C o n c l u s i o n s 

I t h a s b e e n s h o w n w h y d r i f t c h a m b e r s h a v e b e c o m e one of t h e 

m o s t i m p o r t a n t c l a s s e s of d e t e c t o r i n t h e f i e l d of p a r t i c l e . 1 o c a t i o n 

t o d a y . O n l y f o r h i g h r a t e m i d m u l t i p l i c i t y a p p l i c a t i o n s a r e MWI'C's 

s t i l l p r e f e r a b l e i n h i g h e n e r g y p h y s i c s due ti> t h e l o w e r c o s t a n d 

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

t h e p r o p e r t i e s a n d modes of o p e r a t i o n of d r i f t clmmhcrH a r e w e l l 

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

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

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

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

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

p h y s i c s and X—ray crys t t i l 1 o g r a p h y . 

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

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

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

t o w a r d s i m p r o v i n g t h e s p a t i a l r e s o l u t i o n i n the second d i m e n s i o n 

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

h i g h r a t e s a n d e x t e n s i o n to t.he d e t e c t i o n of n e u t r a l s a n d h e a v i l y 

i o n i z i n g p a r t i c l e s . 
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CHA1TEK 3 

THE ( g - 2 ) D R I F T CHAMBERS 

3 . 1 I n t r o d u c t i o n 

T h e (g—2) d r i f t c h a m b e r s w e r e n o t o n l y n o v e l w i t h r e s p e c t t o 

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

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

c h a m b e r s h a d t o be m o u n t e d b e t w e e n t h e p o l e p i e c e s o f t h e ( g - 2 ) 

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

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

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

v a c u u m s t o r a g e v e s s e l . 

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

o f o p e r a t i n g p a r a m e t e r s f o r t h e c h a m b e r s . Much o f t h e i n i t i a l w o r k 

was p e r f o r m e d b y p r e v i o u s members o f t h e N u c l e a r i n s t r u m e n t a t i o n G r o u p 

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

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

3 . 2 D e s i g n C o n s i d e r a t i o n s a n d M e t h o d s o f C o n s t r u c t i o n 

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

i n f i g u r e 3 , 1 . T h i s i l l u s t r a t e s t h e b a s i c r e q u i r e m e n t s ; t h e t o t a l 

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

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

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

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

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

The c h a m b e r s w e r e t o be o f t h e a d j u s t a b l e f i e l d t y p e w h i c h i m p l i e d 

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

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

was n o t common a t t h e t i m e t h e c h a m b e r s w e r e d e s i g n e d , l a t e 1 9 7 3 , a n d 

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

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

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

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

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

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

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

be d e v i s e d a s a t r a d i t i o n a l r i g i d s q u a r e f r a m e was n o t a l l o w e d i n t h e 

( g - 2 ) a p p l i c a t i o n . F i g u r e 3 . 2 s h o w s t h e p r o p o s e d g e o m e t r i c a l 

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

1 and 3 GeV i n e n e r g y a c o n s i d e r a b l e r a n g e o f c u r v a t u r e s h u d bo be 

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

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

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

a b o u t 2 5 cm r a d i a l l y i n w a r d s f r o m t h e s t o r a g e t a n k , i t was o b v i o u s 

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

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

t o be d e t e c t e d . H e n c e i t was n e c e s s a r y t o h a v e a s c l o s e a s p a c i n g a s 

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

t o p r o v i d e s u f f i c i e n t p o i n t s o n t h e t r a j e c t o r i e s . On t h e o t h e r h a n d 
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f o r the h i g h e r energy e l e c t r o n s , w h i c h were d e f l e c t e d much l e s s , i t 

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

r e a s o n a b l e B a g i t t a on t h e t r u c k was p roduced t o e n a b l e a c c u r a t e 

t r u c k i n g back i n t o t h e s t o r a g e volume t o deduce the b i r t h p o s i t i o n . 

T h e r e f o r e t h e w i d t h o f each chamber hud to be t h e minimum p r a c t i c a b l e 

t o a l l o w c l o s e p a c k i n g near the shower c o u n t e r , b u t a t t he same t i m e 

the o v e r a l l a r r a y had to e x t e n d one and a h a l f magnet b l o c k s i n 

a z i m u t h t o accommodate the f u l l range o f e n e r g i e s to be d e t e c t e d , 

3 . 2 . 1 The Chamber Body 

A comple t e d e s c r i p t i o n o f the d e s i g n and c o n s t r u c t i o n methods 

( l 2 ) 

i s g i v e n e l s e w h e r e , ' a b r i e f summary o n l y b e i n g g i v e n i n t h e 

f o l l o w i n g s e c t i o n s . The chamber body i s shown s c h e m a t i c a l l y i n 

f i g u r e 3 . J . The main f r ame hud t o be as r i g i d us p o s s i b l e 

t o a l l o w a c c u r a t e m o u n t i n g i n a c r a d l e w h i c h was p o s i t i o n e d on the 

b a s e p l a t e i n t he ( g - 2 ) r i n g . A l s o i t wus p r e f e r a b l e t o e x t e n d t h i s 

main s e c t i o n a l o n g the s i d e members as f a r as p o s s i b l e t o i n c r e a s e 

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

Thus t h e m a i n member was c o n s t r u c t e d f r o m 37 mm t h i c k l a m i n a t e d g l a s s -

f i b r e e p o x y - r e s i n (G10) and ex tended u l o n g the s i d e members so t h a t 

when i n p o s i t i o n i n t h e r i n g the f a c e s a l m o s t touched the magnet p o l e s . 

The u p p e r and l o w e r s i d e members were c o n s t r u c t e d f rom g l a s s , w h i c h 

has a h i g h Young ' s m o d u l u s . The l o w e r member had a s l o t c u t i n i t t o 

a l l o w passage o f t h e gas m i x t u r e f r o m an e n t r y p o r t i n the main body t o 

t h e c u r v e d end where i t e n t e r e d t h e chamber v o l u m e . E x i t was v i a a 

p o r t on t h e t o p o f t h e ma in body , t h u s e n s u r i n g comple t e f l u s h i n g o f 

t h e chumber v o l u m e . 
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Th e c u r v e d end s e c t i o n was isiade f r o m 0 . 5 ram Ci 10 s l i c e t b e n t t o 

t he c o r r e c t c u r v a t u r e and adhered u n d e r t e n s i o n to the s i d e members. 

V a r i o u s A r a l d i t e a d h e s i v e s were used f o r the chamber c o n s t r u c t i o n . 

The chamber t h e r e f o r e g a i n e d t i l l i t s r i g i d i t y f r o m t h e m a i n and 

s i d e members, and h a r d l y any f r o m t h e c u r v e d e n d . I m p o r t a n t chamber 

d i m e n s i o n s a r e shown i n f i g u r e 3 . 4 , a l l m a c h i n i n g b e i n g a c c u r a t e t o 

a t l e a s t 1 2 5 / i m w i t h emphasis p l a c e d upon t h e p a r a l l e l i t y o f t h e s i d e 

members and main member t o ensure v e r t i c a l i t y o f t h e sense w i r e s . 

3 . 2 , 2 , W i r e P lanes and E l e c t r i c a l Coruu. 'ct i ona 

F i g u r e 3 . 5 i l l u s t r a t e s t h e mode o f assembly o f a s y s t e m o f 

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

w i r e p l a n e s w i t h c o n n e c t i o n to e x t e r n a l boards f o r a p p l i c a t i o n o f 

t he a p p l i e d p o t e n t i a l s and r e a d o u t o f t he sense w i r e s i g n a l s . The 

i n t e r n a l and e x t e r n a l s e t s o f boards were m u t u a l l y p e r p e n d i c u l a r , 

s o l d e r c o n n e c t i o n s b e i n g marie be tween t h e t w o . The 1aminu te 

s t r u c t u r e was bonded i n A r a l d i t e t o ensure t h a t t h e i n t e r - p l a n e gaps 

were k e p t c o n s t a n t a t 3 . 2 mm. The I I . T . p l a n e c o n n e c t i o n boa rds were 

a t t h e b o t t o m o f t h e chamber and the sense w i r e / p o t e n t i a l w i r e boa rd 

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

The chamber was d i v i d e d i n t o e i g h t c e l l s o f 28 mm f r o m p o t e n t i a l 

w i r e t o p o t e n t i a l w i r e , g i v i n g a d r i f t l e n g t h o f 14 mm, w i t h a 

v a r i a t i o n i n geomet ry f o r t h e c u r v e d end c e l l , as shown i n f i g u r e 3 . 0 

d e m o n s t r a t i n g a u n i t c e l l . The 120 /ira d i a m e t e r copper b e r y l l i u m I I . T . 

w i r e s were wound on a 2 mm p i t c h . They were a t t a c h e d t o t h e c o n n e c t i o n 

b o a r d s , u s i n g l ow t e m p e r a t u r e s o l d e r , u n d e r a t e n s i o n o f 50 g . 
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P o s i t i o u i n g o f t h e w i r e s hy eye t o c o r r e s p o n d t o the m i d d l e o f t h e 

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

a c c u r a t e * The 20 jim d i a m e t e r g o l d p l a t e d t u n g s t e n sense w i r e s were 

a t t a c h e d u n d e r 30 g t e n s i o n . They were a l i g n e d p a r a l l e l t o a 

f i d u c i a l l i n e , mounted v e r t i c a l l y on the downst ream f a c e o f t h e ma in 

chamber member, t o an a c c u r a c y o f 100 jnn by a method o f t r i a l and 

e r r o r . The a l t e r n a t e l y spaced p o t e n t i a l w i r e s were o f t h e same t y p e 

as t h e H . T . w i r e s and a l s o mounted u n d e r 50 g t e n s i o n , t h e i r p o s i t i o n i i 

b e i n g done by eye t o the c e n t r e o f t h e c o p p e r s t r i p . F i g u r e 3 . 5 

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

easy r e p l a c e m e n t and c l e a n i n g o f w i r e s f r o m the downst ream s i d e , as 

a l s o shown i n f i g u r e 3 .7 w h i c h shows a p h o t o g r a p h o f t h e downst ream 

s i d e o f the chumber . P a r t o f t h e a l u m i n i z e d m y l a r window i s removed 

t o r e v e a l t h e w i r e p l a n e s and the f i d u c i a l s t r i p can be seen on the 

ma in body , a l i g n e d w i t h a f i d u c i a l l i n e o n the chamber c r a d l e . 

F i g u r e 3 . 8 shows a v i e w o f the u p s t r e a m s i d e o f t he chamber . 

The 8 ns min ia tu re Lemo sense w i r e s i g n a l c a b l e s a r e seen r u n n i n g f r o m 

the uppe r c o n n e c t i o n b o a r d . The 11.T, c o n n e c t i o n s t o t he two w i r e 

p l a n e s were v i a s p e c i a l l y p r e p a r e d p r i n t e d c i r c u i t s t r i p s w h i c h 

connec t ed i d e n t i c a l w i r e s i n each c e l l , f o u r t e e n s t r i p s b e i n g r e q u i r e d 

f o r b o t h the u p s t r e a m and downst ream I I . T . p l ane a . C o r r e c t p o t e n t i a l s 

were a p p l i e d to each s t r i p v i a muI Liway r i b b o n c a b l e s r u n n i n g t o the 

v o l t a g e d i v i d e r r e s i s t o r n e t w o r k housed i n a d i e c a s t box mounted on 

t o p o f t h e chamber s p i n e , as shown i n more d e t a i l i n f i g u r e 3 . 7 . A 

r i g o u r o i i H c o l o u r c o d i n g was employed f o r p a t c h i n g between the r i b b o n s 

and the r e l e v a n t p o i n t s on the v o l t a g e d i v i d e r t o p r o v i d e the c o r r e c t 

f i e l d g r a d i e n t i n t h e chambers . T h i s was v i t a l us the d i r e c t i o n o f 

e l e c t r i c f i e l d t i l t , needed t o compensate f o r the ( g - 2 ) m a g n e t i c f i e l d 
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bad t o be r e v e r s e d when t h e ( g - 2 ) e x p e r i m e n t r a n w i t h s t o r e d onions 

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

d i r e c t i o n p a r a l l e l t o t h e sense w i r e s . I n f i g u r e 3*8 w i r e s can 

a l s o be seen l e a d i n g t o t h e p o t e n t i a l w i r e s on the u p p e r c o n n e c t i o n 

b o a r d and t o the c u r v e d end s e c t i o n w h i c h had two 1 mm copper s t r i p s 

adhered t o t h e i n n e r s u r f a c e , c o i n c i d e n t w i t h t h e H . T . p l a n e s , t o 

p r o v i d e the f i e l d i u t h i s r e g i o n . 

A l t h o u g h t h i s h a r d w i r i n g method was l a b o r i o u s when a l t e r i n g 

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

f i e l d r e v e r s a l , i t p r o v e d ~to be t h e most r e l i a b l e c o n s i d e r i n g t h e 

p o t e n t i a l s i n v o l v e d and t h e space l i m i t a t i o n s f o r m o u n t i n g t h e n e t w o r k . 

No commerc i a l c o n n e c t o r s were a v a i l a b l e t o s i m p l i f y t h e r e v e r s a l 

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

A l l o w i n g f o r t h e a c t i v e chamber volume and t h e n e c e s s a r y w i d t h 

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

t h e chambers was 67 mm. 

The chamber windows were o f 120 jam m y l a r , a l u m i n i z e d on t h e o u t e r 

s u r f a c e and a t t a c h e d t o t h e chamber f r a m e u s i n g 3 M " T w i n s t i c k " a d h e s i v e 

s t r i p . T h i s was t h e minimum window t h i c k n e s s t h a t gave a r e l i a b l e 

g a s t i g h t s e a l . The method o f a t t a c h m e n t a l l o w e d easy r emova l f o r 

chamber r e p a i r and i n s p e c t i o n . The whole o f t h e chamber a c t i v e volume 

was e n c l o s e d by t h e a l u m i n i z e d m y l a r t o p r o v i d e s c r e e n i n g , p a r t i c u l a r l y 

f r o m t h e S u i s s e llomande t e l e v i s i o n t r a n s m i t t e r nea r CEHN w h i c h caused 

( 2 ) 

s eve re i n t e r f e r e n c e p r o b l e m s w i t h unsc reened chamber s . The w i n d o w s , 

e a r t h b r a i d i n g o f t h e sense w i r e s i g n a l c a b l e s and t h e grounded end o f 

t h e r e s i s t o r n e t w o r k were a l l j o i n e d a t a common p o i n t on t h e chamber . 
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T h r o u g h o u t t h e c o n s t r u c t i o n of t h e chambers o n l y n o n - m a g n e t i c 

m u t e r i a l s were used t o p r e v e n t d i s t o r t i o n o f the ( g - 2 ) m a g n e t i c f i e l d 

and a l s o t o p r e v e n t s t r e s s upon t h e chambers . 

The e i g h t p r o d u c t i o n chambers d e s c r i b e d above were b u i l t by t h e 

I n t e r n a t i o n a l Research and Development Co . L t d . ( l . H . D . ) u n d e r c l o s e 

s u p e r v i s i o n f r o m t h e U n i v e r s i t y o f Durham f o l l o w i n g t h e i n i t i a l 

deve lopmen t o f a s m a l l t e s t chamber and a s e r i e s o f p r o t o t y p e 

chambers a t Uurham. 

3 , 3 . A p p l i c a t i o n u f t he E l e c t r i c F i e l d 

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

d e s c r i b e d i n C h a p t e r 4 , b u t f o r a l l t e s t s o f the p r o t o t y p e and 

p r o d u c t i o n chambers a s i m i l a r d e s i g n ol ' r e s i s t o r n e t w o r k was u s e d . 

As t h e (g-2) chambers were o f the a d j u s t a b l e f i e l d t ype t h e g raded 

d r i f t f i e l d and a c c e l e r a t i o n f i e l d a r o u n d t h e sense w i r e had t o be 

p roduced u s i n g a v o l t a g e d i v i d e r n e t w o r k , A s i n g l e s t a b l i z e d h i g h 

v o l t a g e s u p p l y was used and t h e r e s i s t o r n e t w o r k a l t e r e d t o s t u d y 

the e f f e c t s o f v a r i o u s a c c e l e r a t i o n and d r i f t f i e l d s . The sense 

w i r e s were g rounded t h r o u g h the p r e — a t n p i i f i e r 50(2 i n p u t r e s i s t o r s 

and hence a l l e v i a t e d t h e need f o r d e c o u p l i n g c i r c u i t s . V a r y i n g 

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

d r i f t f i e l d and a c c e l e r a t i o n f i e l d , w h i c h was due t u t he p o t e n t i a l 

on t h e H . T . w i r e o p p o s i t e the sense w i r e . T h i s sys tem was n o t so 

v e r s a t i l e as a two s u p p l y a r r a n g e m e n t due t u the l a c k of independence 

o f the two f i e l d s , b u t was e a s i e r to o p e r a t e . F i g u r e 3 , 9 shows the 
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g e n e r u l l a y o u t o f t he r e s i s t o r n e t w o r k w i t h t h e e i g h t n e g a t i v e 

p o t e n t i a l s f r o m V t o V . r e q u i r e d w i t h the ( g - 2 ) c e l l g e o m e t r y , 
mux nun 

The r e s i s t a n c e to e a r t h , I t , and t h e a p p l i e d v o l t a g e d e t e r m i n e d t h e 

v a l u e o f V m i n

 a r u ' t h e a p p l i e d v o l t a g e a l o n e d e t e r m i n e d t h e d r i f t 

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

w i t h t h e same v a l u e f o r V m j n t he v a l u e o f H^, had t o be a l t e r e d as 

t he a p p l i e d v o l t a g e was changed. The d r i f t f i e l d was d e f i n e d as 

(V - V • ) / 1.4 V cm * w h i c h a p p l i e d o v e r most o f t h e d r i f t x max min ' ' r r 

r e g i o n e x c e p t i n the immedia te v i c i n i t y o f t h e sense w i r e . The 

h i g h f i e l d a round the sense w i r e p e n e t r a t e d f u r t h e r i n t o t h e d r i f t 

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

same p o t e n t i a l s were used b u t d i s p l a c e d the r e q u i r e d number o f w i r e 

s p a c i n g s , the two I I , T . p l anes b e i n g s u p p l i e d i n d e p e n d e n t l y . No te 

t h a t i n t h i s case V m j n i s no Longer o p p o s i t e t h e sense w i r e and t h e 

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

3 . 4 Choice o f Gas M i x t u r e 

A t t h e t i m e o f the p r o t o t y p e chamber d e v e l o p m e n t l i t t l e p u b l i s h e d 

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

s t u d i e s were mude i n D u r h a m , ^ ' ' ' ' ^ ^ u s i n g u t e s t chamber and a Time t o 

A m p l i t u d e C o n v e r t e r / P u I s e H e i g h t A n a l y s e r s y s t e m , to d e t e r m i n e the d r i f t 

v e l o c i t i e s o f a v a r i e t y o f gus m i x t u r e s i n o r d e r t o chose a s u i t a b l e 

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

t h e 14 mm d r i f t l e n g t h t o y i e l d a maximum d r i f t t ime o f a r o u n d 500 n s . 

Thus an a t t a i n a b l e s p a t i a l r e s o l u t i o n i n excess o f 100 yum, ussuming 2 ns 

t i m i n g r e s o l u t i o n , w o u l d be p o s s i b l e u s i n g c o m m e r c i a l e l e c t r o n i c s , , 
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A l s o the m i x t u r e had t o d i s p l a y low d i f f u s i o n c h a r a c t e r i s t i c s and a 

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

f i e l d o r gas c o n c e n t r a t i o n won I d have a n e g l i g e a b l e e f f e c t upon t h e 

d r i f t v e l o c i t y . 

90 

A c o l l i m a t e d S r sou rce was used w i t h a s c i n t i l l a t o r - p h o t o -

m u l t i p l i e r sys tem as t h e t i m i n g t r i g g e r . The beam o f 8 ~ p a r t i c l e s D 

o f up t o 2 .27 MeV e n e r g y , was sp r ead due to the geomet ry o f t h e 

c o l l i m a t i n g s l i t and by m u l t i p l e Coulomb s c a t t e r i n g i n a i r and t h e 

chamber w i n d o w s . Hence s p a t i a l r e s o l u t i o n s o f o n l y - 0 . 7 mm were 

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

g u i d e t o the d r i f t v e l o c i t i e s o f v a r i o u s m i x t u r e s . 

S e v e r a l methods were used by Browe 11 and S h o r t t o d e t e r m i n e t h e 

d r i f t v e l o c i t i e s . The who le c e l l was a c c u r a t e l y scuuned t o p r o v i d e 

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

c o u l d be o b t a i n e d . However the method was l a b o r i o u s i f r e p e a t e d 

s e v e r a l t imes f o r each m i x t u r e so the sou rce was p o s i t i o n e d o v e r t h e 

p o t e n t i a l w i r e and the maximum d r i f t t i m e c u t - o f f obse rved t o d e r i v e 

t h e d r i f t v e l o c i t y . A n o v e l method was d e v i s e d f o r m e a s u r i n g t h e 
( 2 ) 

t i m e t o d r i f t o v e r 1 cm i n t h e chamber . When t h e c o l l i m a t e d 

s o u r c e was p o s i t i o n e d o v e r t h e f i f t h I I . T . w i r e f r o m t h e sense w i r e 

and the d r i f t t i m e s p e c t r u m d i s p l a y e d , a d i p was obse rved i n t h e peak 

c o r r e s p o n d i n g t o a "shadow" c a s t by t h e I I . T . w i r e . A c c u r a t e measurement 

o f the d i s t a n c e between the I I . T . w i r e and sense w i r e and c a l i b r a t i o n o f 

t h e P . H . A . a l l o w e d a q u i c k d i r e c t measurement o f t he d r i f t v e l o c i t y w i t h 

each m i x t u r e . I t must be r i o t e d , however , t h a t the v a l u e o b t a i n e d d i d 

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

a c t us a d i r e c t c o m p a r i s o n between m i x t u r e s . A s i m p l e gas m i x i n g sys tem 



was deve loped t o r e g u l a t e t h e c o n c e n t r a t i o n s o f a r g o n , methane , 

i s o b u t a n e and c a r b o n d i o x i d e n a i n n l l o t a m o t e r s . 

( / )) 

The f o l l o w i n g r e s u l t s were o h t u i n e d by Hruwel1 and S h o r t 

i n advance o f the m a j o r i t y o f p u b l i c a t i o n s on chamber gas d r i f t v e l o c i t y 

c u r v e s . i n a l l cases the e r r o r i n d r i f t v e l o c i t y measured*;tits i s o f 

the o r d e r o f — 1 mm /as 

F i g u r e 3„1U .shows the r e s u l t s o b t a i n e d f o r A r / C H m i x t u r e s 

d e m o n s t r a t i n g the v a r i a t i o n w i t h f i e l d and pe rcen tage methane c o n t e n t . 

A l m o s t comple te s a t u r a t i o n i n d r i f t v e l o c i t y o c c u r r e d f o r f i e l d s above 

6U0 V cm \ D r i f t v e l o c i t i e s were low f o r low methane c o n c e n t r a t i o n s 

and appeared s u i t a b l e f o r the (g—2) a p p l i c a t i o n . However f o r 

c o n c e n t r a t i o n s l e s s t h a n spon taneous breakdown o c c u r r e d sit most 

o p e r a t i n g v o l t a g e s . 

F i g u r e 3 . 1 1 r e f e r s t o a r g o n / i s o b u t u n e m i x t u r e s w h i c h possessed 

h i g h e r d r i f t v e l o c i t i e s and modera te s a t u r a t i o n a t h i g h e r f i e l d s , t he 

c u r v e s b e i n g s t e a d i l y r i s i n g f u n c t i o n s o f f i e l d . Compar i son i s made 
(5 J 

w i t h t h e c u r v e o b t a i n e d by Charpak e t a l „ w h i c h i s o f l o w e r v a l u e . 

T h i s may be a t t r i b u t e d t o the m e a s u r i n g t e c h n i q u e used i n Durham. 

The a r g o n / i s o b t i t a n e / m o t h a n e c u r v e s shown i n f i g u r e 3 . 1 2 e x h i b i t a 

m i x t u r e o f the p r o p e r t i e s o f the above two m i x t u r e s as wou ld be e x p e c t e d . 

The methane c o n t e n t a t low f i e l d s k e p t the d r i f t v e l o c i t y h i g h and 

reduced i t a t h i g h f i e l d s . The i s o b u t a n e c o n t e n t r a i s e d the v e l o c i t y 

s t e a d i l y w i t h f i e l d . 

F i g u r e 3 ,13 compares s e v e r a l o f t h e m i x t u r e s to i n d i c a t e t h e w ide 

range o f d r i f t v e l o c i t i e s a v a i l a b l e . 

D e s p i t e the i m p r e c i s e s p a t i a l r e s o l u t i o n o b t a i n a b l e w i t h the sys tem 

i t was f o u n d , by o b s e r v i n g t h e f u l l w i d t h h a l f maximum (FWIIM) o f t h e 

d r i f t t ime d i s t r i b u t i o n , t h a t measu rab l e d i f f u s i o n e f f e c t s appeared t o be 
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present f o r mix tures c o n t a i n i n g i sohutanc . The e f f e c t va r i ed w i t h 

percentage i MDIIII l.iini' run I.IMI (. ;iml d r i I I , <l i N tuner , Iml. nu MM eh var ia i . iouH 

were observable wi l . l i an Ar mi x l .ure. 

Cons icier ing a l l the mix tures tes ted i t appeared tha t the argon 

methane mixtures were the most s u i t a b l e wi th respect to t h e i r low d r i f t 

v e l o c i t i e s , wide opera t ing region and small v a r i a t i o n s w i t h methane 

concen t ra t ion plus lack of measurable d i f f u s i o n . As Ar i K ^ / U I ^ lUjb 

was obta inable as an accurate standard mix a t low cos t , and t he re fo re 

d id n o t r equ i re a complex mix ing system, i t s use became a t t r a c t i v e as 

the chambers would have to he tested a t iAirham U n i v e r s i t y , Daresbury 

Laboratory and CKHN wi tb subsequent t r a n s p o r t a t i o n of equipment. I t 

was a lso a sa l e r gas to use than those c o n t a i n i n g isohutanc . More 

e x o t i c m i x t u r e s , such as the "magic gas" favoured by CharpaU's group 

of Ar 67 „iJ%/lsobu tane 3U.3/fe plus 2.5J& m e t h y l a l , have been used success­

f u l l y i n d r i f t chambers hut the s i m p l i c i t y of the Ar 90jfc/CH^ 10/o mix ture 

commended i t s e l f as the f i n a l choice f o r the (g—2) chambers. 

I t must be noted tha t a l l the above tes t s were performed us ing a 

pro to type chamber i n the absence of a magnetic f i e l d and w i t h no e l e c t r i c 

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

f i e l d would increase the e f f e c t i v e f i e l d in the chamber and h o p e f u l l y 

ensure opera t ion i n the sa tura ted d r i f t v e l o c i t y r e g i o n . 

3.f> Choice of F i e l d Compensation Mechanism 

Several designs were s tudied i n an at tempt to o b t a i n the best 

e l e c t r i c f i e l d compensation mechanism f o r use i n the (g -2 ) magnetic 

f r i n g e f i e l d . As noted i n the previous s ec t i on a d r i f t f i e l d of a t 



l ea s t (iUO V era was necessary to ensure a an t.u ra ted d r i f t v e l o c i t y i n 

Ar yo£/CII. 10#. Tests wi th pro t.o ty pe chambers had shown tha t the 

p o t e n t i a l on the I I . T . wire opposi te the sense wi re had to he a t l e a s t 

1.3 kV to guarantee high d e t e c t i o n e IT ic i eric i es.̂  ^ Magnetic i ' i e l d 

data taken whi l s t , the ) Omagnets wore under tes t hefore i n s t a l l a t i o n 

i n the Muon Storage l t ing were used in the computation of the 

compensation parameters. Figure .'1.14 shows the r a d i a l median plane 

magnetic f i e l d s , i n terms of the homogeneous I ' i e l d value o f 14,745 kG, 

measured a t the magnet block centre and the j u n c t i o n o f two magnet 

b l o c k s . The azimuthal v a r i a t i o n of the r a d i a l I ' i e l d i s shown and the 

p r o f i l e s o f a (g—2) d r i f t chamber and the magnet block a t the two 

azimuthal p o s i t i o n s are i n d i c a t e d . The experimental d r i f t v e l o c i t y 

data d isp layed i n f i g u r e 3.10 were also used i n the c a l c u l a t i o n s . 

Knowledge of the above parameters allowed three compensation 

mer.hunisras to he considered. The i i r s t involved computing the 

p o t e n t i a l s requi red on each 11.T. wire i n the chamber to e x a c t l y 

compensate f o r the inhomugeneous f r i n g e f i e l d . Such an approach was 

imprac t i cab l e due to the l a rge number of I I . T . connections tha t would 

have been necessary on the ex te rna l connection boards i n the l i m i t e d 

space a v a i l a b l e , and a lso because; of the r e s u l t i n g complex i ty o f the 

vo l tage d i v i d e r network. The second method, which was thoroughly 

tes ted w i t h prototype chambers and a 70r> kti magnet a t the Da re H bury 

Laboratory Test Deara ant! in the (g -2 ) f i e l d a t (JKItN,^^ had three 

d i f f e r e n t f i e l d t i l t s down the l eng th of the chamber. The t i l t i n g was 

performed by s tagger ing the H.T. wi re p o t e n t i a l s on opposi te sides of 

the sense wi re plane by the required number o f 2 mm wi re - spao ings . The 

two c e l l s nearest the vacuum tank had a three wi re - spac ing t i l t , the 
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next three c e l l s a two wi re - spac ing t i l t and the three c e l l s c lo se s t the 

re nt-re of Lite r i n g a one w ire-spac i ng Li 1 I . . This method probably 

provided the most accurate compensutiun throughout the chamber. However 

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

c o n t i n u i t i e s of t i l t va lue , i n the p o t e n t i a l wire r e g i o n , led to i t s 

replacement by the t h i r d and f i n a l mechanism. 

Using the known r a d i a l magnetic f i e l d values a t the magnet block 

cen t r e , an assumed e l e c t r i c f i e l d of b'UU V cm * i n the sense wi re 

(2) 

plane and the experimental d r i f t v e l o c i t i e s , Short computed the 

r a d i a l v a r i a t i o n of d r i f t angle , Q, a long the chamber i n 1 mm steps 

us ing equat ion (2 .19) and k = 0.75 corresponding to a Maxwell ran v e l o c i t y 

d i s t r i b u t i o n . The c a l c u l a t i o n s wen: performed f o r 2, 3 and 4 w i r e -

spacing s l a n t s , w i t h corresponding values of t i l t ang le , Y , and absolute 

e l e c t r i c f i e l d , l i , de f ined by equat ion ( 2 . 2 5 ) . The values of Q 

obtained led to an e v a l u a t i o n of the m o d i f i e d d r i f t v e l o c i t y i n the gas, 

w(E, B ) , as g iven by equat ion (2 .1u) and a knowledge of the corresponding 

values of ( Y - 8 ) a l lowed the d r i f t v e l o c i t y p a r a l l e l to the sense wi re 

p lane , w^_, to be c a l c u l a t e d f rom equat ion ( 2 . 2 4 ) . Figures 3.15 and 

3 . I B show the values obtained by Short f o r ( Y - Q ) and w^ e x h i b i t e d 

r a d i a l l y from the vacuum tank w a l l towards the centre of the r i n g . I t 

was obvious t ha t the three wi re - spac ing t i l t values o f f e r e d the hest 

compensation mechanism throughout the chamber volume w i t h constant values 

of hoth parameters f o r the three most impor tan t c e l l s c loses t t o the 

vacuum tank . The observed d r i f t v e l o c i t y decreased in the h igher 

magnetic f i e l d s close to the vacuum tank as expected. The v a r i a t i o n 

i n d r i f t v e l o c i t y throughout the chamber was small because i n the lower 

magnetic f i e l d s towards the r i n g cen t r e , where w(l<;, n) increased , the 



S E N S E WIRE POSITIONS 

n rr 
t 

30 W»re-jspaq ng 
Tilt Tilt i 

* 25 
t 

20 

15 

T.JJi 10 

20 £0 60 80 100 120 UO 160 180 200 220 

D I S T A N C E A C R O S S CHAMBER mm 

F I G . 3.15 : T H E O R E T I C A L D I F F E R E N C E S 
B E T W E E N DRIFT ANGLE AND E L E C T R I C F I E L D 
TILT ANGLE Ifr-Sl" ACROSS CHAMBER FOR 
D I F F E R E N T TILTS (DUE TO SHORT) 

S E N S E WIRE POSITIONS 

in 3 

In 
£ 28 t 

3 Tilt: 

25 

t 

22 
0 20 40 60 80 100 120 UO 160 180 200 220 

D ISTANCE A C R O S S CHAMBER mm 

F I G . 3.16 : THEORETICAL V A L U E S OF THE 
OBSERVED DRIFT VELOCITY. ACROSS THE 
CHAMBER (DUE TO SHORT) 



- 8 7 -

e l e c t r i o f i e l d compensation became worse. Hence the e l e c t r o n swarms 

d r i f t e d a t l a r g e r angles t o the sense wi r e plane and the cosine 

f u n c t i o n caused w to remain low. The values o f w i n d i c a t e d t h a t the s s 

maximum d r i f t t imes would he of the order of 500 ns and thus would f a l l 

i n the range o f commercial d i g i t i z i n g e l e c t r o n i c s . Hence the vo l t age 

d i s t r i b u t i o n network was designed to provide the necessary w i r e p o t e n t i a l s 

to form a f i e l d i n the sense wi re plane o f (>00 V cm 1 . 

Several p o i n t s must be noted about the above model. The value o f 

E,, was computed f rom the w i r e p o t e n t i a l s as (v - V . ) / 1.4 V cm""\ 0 r \ m u x min ' ' 

as described i n s ec t i on 3 . 3 , which i n no way represented the t r u e f i e l d 

throughout the chamber volume, e s p e c i a l l y once the t i l t i n g mechanism was 

a p p l i e d . Also the c a l c u l a t i o n s used an inter—cathode gap of 6 mm 

r a t h e r than the 6.4 mm chamber s p e c i f i c a t i o n v a l u e . This l ed to h igh 

values o f y and ( Y - Q ) . The va l ue o f k = 0.75 was used as o ther 

(7) 

workers found t ha t a Maxwell ian v e l o c i t y d i s t r i b u t i o n accu ra t e ly 

described t h e i r exper imenta l r e s u l t s . However s tud ies performed by 

Browel l us ing small d r i f t chambers of s i m i l a r c e l l design and ope ra t i ng 

parameters to the ( g - 2 ) chambers suggested a value of k as low as 0 .25 . 

The experimental d r i f t v e l o c i t y data due to Short and Hrowell were used 

as l i t t l e o ther publ ished data e x i s t e d . Also the method of f i e l d 

c a l c u l a t i o n used i n i t s d e r i v a t i o n was i d e n t i c a l to t h a t used to compute 

the compensation mechanism. K l e c t r i c f i e l d s imu la t ions performed by a 

numerical r e l a x a t i o n method y i e l d e d s i m i l a r d r i f t f i e l d s along the 
(2) 

m a j o r i t y o f the d r i f t space to t ha t der ived by the approximate method. 

Therefore the compensation mechanism was modelled on the most 

accurate data a v a i l a b l e a t the t ime . 
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3.6 I n i t i a l Eva lua t ion o f the Product ion ( g - 2 ) D r i f t Chambers 

A f t e r i n i t i a l mechanical i n spec t i on o f the chambers the sense wi re 

p o s i t i o n s were measured w i t h respect t o the chamber f i d u c i a l s u s ing a 

t r a v e l l i n g microscope. A i l sense wires had to be p a r a l l e l to w i t h i n 

50 yum to ensure t h e i r v e r t i c a l i t y when the chambers were mounted i n 

the (g -2 ) r i n g . The chambers were cleaned and then c l e a r mylar windows 

at tached u s i n g T w i n s t i c k . Once the g a s t i g h t p r o p e r t i e s of the chambers 

had been confi rmed and the Ar 905&/Cfi^ 10)6 mix ture hud been f l u s h e d , 

through f o r several hours, the d r i f t f i e l d was app l i ed and a l l chamber 

p o t e n t i a l s checked us ing an e l e c t r o s t a t i c v o l t m e t e r . The chambers 

55 90 

were tes ted f o r breakdown and an ' Fe or Sr source used to produce 

the chamber pu l ses . I n i t i a l l y severe breakdown problems were encountered 

and space charge e f f e c t s noted on the curved end e lec t rode s t r i p s . 

Thorough c lean ing o f the chambers to remove any dust and solder p a r t i c l e s 

f rom the sense wi res and removal o f any spikes o f w i re showing through 

the so lder connections g r e a t l y enhanced the chamber performance. The 

use of corona dope on any remaining po in t s causing continuous breakdown 

e rad ica ted the problem. The chambers operated b e t t e r having had 

continuous f l u s h i n g f o r severa l days and the p o t e n t i a l s app l ied f o r l o n g 

p e r i o d s . 

However the chambers were s t i l l found to break down a t lower app l i ed 

p o t e n t i a l s than the p r o t o t y p e s . Measurement o f the cathode/sense w i r e 

plane gaps along the length of a chamber revealed t ha t ins tead of being 

constant a t 3.2 mm they i n f a c t va r i ed by up to — 0.4 nun f rom the 

s p e c i f i e d v a l u e . Figure 3.17 ind ica tes the v u r i a t i o n i n plane gaps 

measured across a t y p i c a l chamber a t the top and bottom of each sense w i r e . 

The discrepancies were caused by the method of manufac tur ing the 

laminated connection board assemblies and were i r r e v o c a b l e . Therefore 
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the p o t e n t i a l s had t o be modi f i ed around the sense wires to lower the 

f i e l d . Of course the s i t u a t i o n was exacerbated when the three w i r e -

spacing f i e l d t i l t was a p p l i e d . With reference to f i g u r e + j 

would have been opposi te the sense w i r e on one cathode plane and 

V . o on the o t h e r . I n the f i n a l compensation mechanism V . » 1360 V min + <£ nun 

w i t h 120 V increments up to V ^ = 2200 V g i v i n g a d r i f t f i e l d of 

» 600 V cm The vol tage d i v i d e r network had to be mod i f i ed so 

t h a t the f o u r lowest p o t e n t i a l s became 1360, 1430, 1550 and 1730 v o l t s 

r e s p e c t i v e l y . These values lowered the f i e l d around the sense wires 

s u f f i c i e n t l y to almost eradica te spontaneous breakdown. 

90 

r \ i lse he igh ts of 25 mV i n t o 5 0 f i were measured w i t l i a Sr source 

placed close to a chamber. However the e f f i c i e n t ope ra t i ng plateau of 

the chambers was very narrow. An app l i ed vo l tage o f 2.9 kV was requ i red 

across the r e s i s t o r network to produce a d r i f t f i e l d of 600 V cm""* i n 

the sense wi re p lane . An increase o f more than 100 V i n the app l i ed 

vo l t age caused spontaneous breakdown to begin i n many c e l l s . Hence i t 

was imposs ib le to operate the chambers a t h igher f i e l d values w i t h the 

f i e l d compensation mechanism i n o p e r a t i o n . 

I t wus obvious ly impossible to repeat a l l the t e s t s performed on the 

pro to type chambers f o r each of the p roduc t ion chambers. However 

extens ive tes t s were c a r r i e d out a t the Daresbury Laboratory Test Beam 
(2 ) . 

by Short and the author w i t h an opera t ing system very s i m i l a r to the 

TDC system used at CEHN, which i s discussed i n Chapter 4 . A l l t es t s 

were performed i n the absence of a magnetic f i e l d and hence no f i e l d 

compensation was a p p l i e d . A d r i f t f i e l d of 600 V cm * was used. Four 

chambers were used i n several geometr ical arrangements i n order t o 

evaluate t h e i r performance. Clear mylar windows were used f o r ease of 
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i n s p e c t i o n and thus the ea r th planes formed by the a luminized windows 

t ha t were f i t t e d l a t e r d i d not e x i s t . H f l i e i e m : i e s of U u .5# were 

obtained us ing a s t r i n g e n t s c i n t i l l a t o r telescope system and pos i t rons 

i n the range 1-4 GeV. L inear d r i f t time - d is tance r e l a t i o n s h i p s were 

confirmed i n the c e l l s and by s t agge r ing a l t e r n a t e chambers by a h a l f - c e l l 

spacing constant d r i f t v e l o c i t i e s were observed on summing the f o u r d r i f t 

t imes associa ted w i t h a s t r a i g h t t r a c k . Ana lys i s of the data f rom the 

f o u r chambers i n d i c a t e d an a t t a i n a b l e s p a t i a l r e s o l u t i o n o f 150 - 50 /im 

(standard d e v i a t i o n ) f o r the normal c e l l s and 300 - 50 /im f o r the curved 

end c e l l . The r e s u l t s were obtained f rom a l e a s t squares f i t to a 

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

The success fu l ope ra t ion of the chambers i n the absence of a magnetic 

f i e l d , w i t h reasonable s p a t i a l r e s o l u t i o n , i nd i ca t ed t h a t they would 

provide accurate data i n the (g—2) environment so long as the f i e l d 

compensation mechanism was c o r r e c t . 

3,7 Mounting o f the (g"*2) D r i f t Chambers i n the Muon Storage King 

As s p a t i a l r e s o l u t i o n s of the o rder o f 200 )im were a n t i c i p a t e d f rom 

the d r i f t chambers i t was necessary to design a mounting system t h a t 

could be re—locatable to such an uccurucy. 

Figure 3.2 i n d i c a t e d the baseplate that was accu ra t e ly pos i t i oned 

i n the reg ion of magnet blocks 22 and 23. A complete guide to the method 

(8) 

o f de te rmin ing the chamber sense wi re p o s i t i o n s i s d e t a i l e d elsewhere, 

an o u t l i n e to the ser ies o f measurements requi red i s g iven he re . The 

baseplate was mounted h o r i z o n t a l l y on tubu la r supports w i t h the a i d of 

l o c a t i n g dowels which f i t t e d i n t o reamed holes i n the magnet b l o c k s . 

Measurements o f the v e r t i c a l he igh t o f the r i n g centre face of the 

baseplate and f e e l e r gauge measurements of the gup between the baseplate 
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und magnet blocks confi rmed i t s c o r r e c t p o s i t i o n i n g . The 0 datum l i n e 

corresponding t<> the r a d i a l j u n c t i o n o f magnet blocks 22 and 23 was 

checked by v iewing three 4 mm pins tha t could be f i t t e d i n holes reamed 

a t i n t e r v a l s along the datura l i n e . A l l datum l i n e s sc r ibed on the 

baseplate and holes reamed i n i t were performed on an accurate d r i l l i n g 

t a b l e . 

The d r i f t chambers were mounted v e r t i c a l l y i n assigned c r ad l e s , as 

shown i n f i g u r e 3 .7 , The cradles i n t u r n were mounted on the basepla te , 

the centre l i n e s o f chambers A - G and the upstream face o f chamber H 

being r a d i a l . The chamber and c rad le f i d u c i a l s were a l igned and the 

cradle accu ra t e ly p o s i t i o n e d on the baseplate w i t h the a i d o f a spacer 

which had two 4 mm pins pos i t i oned 114.95 mm apar t centre to c e n t r e . 

One end of the spacer was pos i t i oned i n a hole reamed i n the baseplate 

a t a nominal radius o f 6452 mm from the r i n g centre and on the chamber 

centre l i n e s . The o the r end f i t t e d e a s i l y i n t o a hole reamed i n the 

centre l i n e of the c r a d l e , approximately 90 mm from the c rad le f i d u c i a l , 

a f t e r appropr i a t e man ipu la t ion of the r a d i a l adjustment screw. The 

cradle was then locked i n p o s i t i o n and the v e r t i c a l i t y of the chamber 

f i d u c i a l re-checked us ing an accurate s p i r i t l e v e l . Any necessary 

a l t e r a t i o n s were performed us ing the two adjustment screws on the c r a d l e . 

The curved end memher of the chamber was now pos i t ioned approximate ly 

15 mm from the vacuum tank . 

Figure 3.18 shows the se t of measurements requ i red to determine the 

exact r a d i a l sense wi re p o s i t i o n s . An accurate rod and micrometer 

system was used to measure the dis tance f rom the r i n g centre to the r i n g 

centre face of the reamed hole i n the baseplate - i n d i c a t e d by 6425 • Z mm 

i n f i g u r e 3 .18 . The spacer d is tance was known and the dis tances Y 
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bclween the c radle f i d u c i a l s and r i n g centre side of the reamed hole 

were meuaured w i t h v e r n i e r c a l i p e r s . The dis tance F between the cliamber 

f i d u c i a l and sense wire "7" and the o ther sense wire displacements had 

already been determined. Hence a d d i t i o n o f a l l the measurements produced 

the r a d i a l sense wire p o s i t i o n s . A maximum e r r o r of 0,3 mm was quoted 

f o r the ser ies of measurements. 

A small c o r r e c t i o n had to be made, as i n d i c a t e d by f i g u r e 3 .19, t o 

compensate f o r the chambers being mounted r a d i a l l y a long the centre l i n e 

or upstream face ru the r than the sense wire p lane . Hence the dis tances 

measured above r e f e r r e d to It by the nomenclature o f f i g u r e 3 .19 . 

C a l c u l a t i o n of the values of AS a l lowed the corresponding H 1 values to 

bo d e r i v e d . 

Knowledge of the mounting angles Q allowed the sense w i r e angles 8 

to be c a l c u l a t e d and hence a ca r t e s i an co-ord ina te system could be 

o 

der ived w i t h the 0 datum l i n e as one ax i s and the r i n g centre as the 

o r i g i n o f the co—ordinates. Such a system was used i n the data a n a l y s i s . 
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UHAPTKR PUUK 

THE iiXl'E HI MENTAL SYSTEMS USI!D FUR DATA ACQUISITION 

4.1 I n t r o d u c t i o n 

The experimental system required t o operate the (g-2) d r i f t 

chamber array had several independent component purls which covered 

the operation of the chambers themselves and the processing of the 

signals from the sense w i r e s . As described i n Chapter \i the e i g h t 

d r i f t chambers were accurately mounted i n cradles upon a baseplate 

positioned i n the region of magnet blocks 22 and 2J uf the f o r t y 

magnet (g—2) storage r i n g . Immediately downstream of the l a s t d r i f t 

chamber were a n KDM counter - e l e c t r i c d i p o l e moment - and the (g—2) 

shower counter C l U , ^ ^ a Leud p l a s t i c s c i n t i l l a t o r sandwich d e t e c t o r , 

which was used as the t i m i n g t r i g g e r . As shown i n f i g u r e 4.1 three 
(2 i 

jJV/rCs were also p a r t of the system, to give v e r t i c a l co-ordinate 

i n f o r m a t i o n , but these were nut operated i n the t o t u l system and hence 

ore not discussed i n t h i s t h e s i s . 

The pulse, due t<> the passage of un e l e c t r o n , i n counter CIO, was 

used as the t r i g g e r f o r the t i m i n g and the times of a r r i v a l of the 

pulses a t the r e l e v a n t sense wires, corresponding to. the d r i f t chamber 

c e l l s through which the e l e c t r o n passed, were d i g i t i z e d r e l a t i v e to t h i s . 

This chapter describes the various parts of the system in d e t a i l 

and explains the various l o g i c systems in ise during the development 

of the system. The merits of the DTD CAMAC modules - D r i f t Time 

D i g i t i z e r s - over the TIM- modules - Time t o D i g i t a l Converters - are 

discussed i n r e l a t i o n to the (g-2) d r i f t chamber ar r a y . Many aspects 

i n the development of the data a c q u i s i t i o n system f o r t h i s array are 
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re l e v a n t to the a p p l i c a t i o n of d r i f t chambers i n other experimental 

d e t e c t i o n systems so the d e t a i l s are discussed f u l l y . 

4.2 The Overall System 

The o v e r a l l system i s presented i n the form of a block diagram 

i n f i g u r e 4.2 which also shows the l o c a t i o n of the various components. 

The e i g h t d r i f t chambers had independent gas and 11.T. supplies 

to allow i n d i v i d u a l demounting w i t h o u t a f f e c t i n g the o v e r a l l system. 

Each chamber had e i g h t p r e - a m p l i f i e r s ussociated w i t h i t and these 

are shown mounted i n screened boxes i n a rack immediately below the 

baseplate, alongside the gas monitoring rack, i n f i g u r e 4.3. 

Cables were run from the r i n g t o the counting room through an 

u n d e r f l o o r tunnel and conduits. There were s i x t y - f o u r 50ft cables 

f o r the a m p l i f i e d sense wire s i g n a l s running to a patch-panel i n the 

counting room, e i g h t II.T. cables from the d i s t r i b u t i o n box a f t e r the 

Brandenburg power supply i n the counting room to the 11.T. d i s t r i b u t i o n 

boxes mounted on the d r i f t chamber frames, and also several spare cables 

f o r use w i t h the gas monitoring alarm and checking of the system. 

The CIO counter s i g n a l was routed v i a the s h o r t e s t physical path 

as i t had t o be processed i n the e l e c t r o n i c s , i n t r o d u c i n g f u r t h e r 

delays, and B t i l l a r r i v e before the minimum delayed sense wire s i g n a l , 

so as to prevent a dead time occuring i n the d r i f t time d i g i t i z a t i o n . 

This was p a r t i c u l a r l y important when the TDC systems were being used, 

as w i l l be explained i n s e c t i o n 4.3.1. 

I n the counting room,shown i n f i g u r e 4.4, a l l sense wire s i g n a l 

d i s c r i m i n a t i o n and system t i m i n g was performed using NIM modular 

e l e c t r o n i c s and the d r i f t limes d i g i t i z e d using TDC or DTD CAMAC modules. 
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Th e d r i f t times and c e r t a i n other items of data were i n t e r f a c e d w i t h 

the Hewlett Packard 2100 mini-computer through CAMAC using software 

w r i t t e n i n ASSEMHLEH. The data was blocked and read on t o magnetic 

tape, w i t h rudimentary o n - l i n e low p r i o r i t y a n a l y s i s , f o r f u t u r e o f f ­

l i n e a n alysis on the CDC 7600 computer a t CtiKN or the IBM 370/168 a t 

NITMAC (Durham). 

As two t o t a l l y d i f f e r e n t t i m i n g philosophies were used, r e l a t i n g 

to the TOC's and DTD's, the l o g i c systems w i l l be considered 

independently. 

4.2.1. The (iaa Supply System 

The l a y o u t of the gas supply system ia shown, i n f i g u r e 4.5. 

The requirements of the system f o r the (g-2) chambers were a steady 

flow ra t e w i t h no surges, which would e a s i l y have damaged the Beal 

on the t h i n melinex windows, and the a b i l i t y t o operate over long periods 

w i t h no a t t e n t i o n but w i t h the p r o v i s i o n of on ularm to i n d i c a t e when 

the i n p u t flow f e l l below a safe minimum. 

A premixed Ar 90^/CII^ 1UJ& mixture wus used which a l l e v i a t e d the 

need f o r a complex gus mixing system. A reducing head on the gus 

c y l i n d e r and an anti-surge vulve c o n t r o l l e d the gus flow through the 

nylon i n p u t l i n e which puased to the monitoring panel i n the r i n g . A 

Flowstat vulve c o n t r o l l e d the input Clow which was monitored on a 

Kotameter c a l i b r a t e d up to 500c.c /minute. A l i g h t s e n s i t i v e c e l l 

attached t o the glass Rotameter column a c t i v a t e d the gas alarm when 

the f l o a t passed through the l i g h t beam and t r i p p e d a reed s w i t c h . 

The reset was i n the r i n g which ensured t h u t the gus flow was checked 

before r e s e t t i n g . The c e l l was positioned so t h a t the alarm sounded 
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when the input flow f e l l below lfiOcc/minute, i . e . 20oc/minute in p u t 

to each of the e i g h t chambere. The chambers were supplied i n p a r a l l e l 

hut each could be i n d i v i d u a l l y i s o l a t e d hy means of a stop-cock. The 

outputs from each cliuaiber were i n d i v i d u a l l y monitored on Rotameters 

w i t h a maximum c a l i b r a t e d f l o w r a t c of lOOcc/minute - 40cc /minute was a 

t y p i c a l o perating value. The e i g h t exhaust l i n e s passed to the outside 

of the experimental h a l l to prevent build-up of inflammable methune gas. 

Periodic monitoring was performed and the alarm system proved t o 

be adequate. The system continued to f u n c t i o n s a t i s f a c t o r i l y even i f a 

chamber developed a s l i g h t leak. The flow i n a chamber was from the 

l>U8e at the curved end to the top a t the spine end, thus ensuring a 

continuous f l u s h i n g of the a c t i v e area. 

4.2.2. 11.T. D i s t r i b u t i o n 

A layout of the 1!.T. d i s t r i b u t i o n system i s given i n f i g u r e 4.6. 

Immediately a f t e r the output from the Mraudcnburg regulated i l . T . supply 

a fan was made through n i g h t 1U Mft s a f e t y r e s i s t o r s t o l i m i t the c u r r e n t 

i n the cables passing to the r i n g . A safety lock was i n s t a l l e d on the 

Hrandenburg supply to ensure t l i u t the power was switched o f f w h i l s t 

working i n the r i n g . 

A separate length of II.T. cuMe run from a putch panel on the 

p r e - a m p l i f i e r rack t o the l l . T . d i s t r i b u t i o n box on the d r i f t chambers 

f o r ease of removal und also t o ensure t h a t the minimum pressure was 

exerted upon the chambers to prevent a c c i d e n t a l movement. 

As descrihed i n Chapter 3 the l l . T . d i s t r i b u t i o n network was 

contained w i t h i n a small diecast hox mounted on top of the chamber 

spine. Inside the r e s i s t o r network was mounted on a sheet of veroboard 

and the chamber p o t e n t i a l s were patched from the relevant points to the 
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two multiway ribbons supplying the upstream and downstream r a i l s . 

A s t r i n g e n t colour coding wus used as the network had to be completely 

a l t e r e d f o r operation w i t h p o s i t i v e or negative unions. Although t h i s 

method was extremely tedious i t wus considered the most r e l i a b l e 

w i t h i n the volume allowed. No 32-wuy edge connectors small enough, 

or capable of standing o f f the p o t e n t i a l s , were commercially a v a i l a b l e 

t o s i m p l i f y the procedure. The respective p o t e n t i a l s f o r operation 

w i t h p o s i t i v e and negative muon p o l a r i t i e s are shown i n f i g u r e s 4.7a 

and 4.7b. 

During the f i n a l checking of the chambers before a run a l l the 

p o t e n t i a l s on the r u i l s were checked using a 5kV e l e c t r o s t a t i c voltmeter 

to ensure t h a t no s h o r t i n g occurred e i t h e r i n the d i v i d e r box or between 

the r a i l s . 

4.2.3. The P r e - a m p l i f i e r s 

The p r e - a m p l i f i e r s were of a low in p u t impedance type w i t h d i s c r e t e 
(3) 

t r a n s i s t o r s designed by IJ. Verweij a t CEKN ' s p e c i f i c a l l y f o r negative 

d r i f t chamber pulse a m p l i f i c a t i o n . They hud an input impedance of 2ufi 

and a voltage guin of 500 w i t h a r i s e und f a l l time of ubuut 5.5 ns. 

As w i l l be described i n section 4.3.2 they were s l i g h t l y modified when 

the DTD system was introduced. 

The a m p l i f i e r s were b u i l t i n Durham and throughout the experiment 

were used i n preference to o c t a l NiM module versions l a t e r introduced 

at CEHN. They proved to be extremely r e l i a b l e and withstood severe 

mechanical stress and e l e c t r i c a l overload. The s i x t y - f o u r p r e - a m p l i f i e r s 

were powered, through a d i s t r i b u t i o n system designed and b u i l t i n Durham, 
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from a N1M bin power supply s i t e d i n a rack immediately below tlte 

baseplate. The pre-uinplif i e r s hud to be positioned as close to the 

chambers as possible so th a t s i g n a l a t t e n u a t i o n and d i s t o r t i o n did not 

occur, sense wire outputs being t y p i c a l l y 2 mV i n t o 50J} . 10 ns cables 

from the sense wires to the p r e - a m p l i f i e r i n p u t s proved to be the 

minimum p o s s i b l e , due to physical considerations. The need f o r 

remote sensing of the current being drawn on the three power r a i l s 

was not considered e s s e n t i a l a f t e r p e r f e c t r e l i a b i l i t y using 

independent L.T. supplies during development at the Daresbury 

Laboratory and CEIIN. 

4.3 The Data A c q u i s i t i o n System 

The main requirement of the duta a c q u i s i t i o n system, apart from 

processing a d d i t i o n a l items of data such as the energy l e v e l of the 

decay e l e c t r o n and the time i n t o the (g-2) cycle a t which the event 

occurred, was t o d i g i t i z e the d r i f t times i n the c e i l s of the d r i f t 

chambers. I n order to do t h u t accurately the zero time a t which the 

decay e l e c t r o n traversed the chambers had t o be known, and f o r t h a t 

purpose the shower counter CIO was used as a t r i g g e r . The signals 

from the sense wires hud also t o be d i s c r i m i n a t e d and shaped and then 

the times between the CIO t r i g g e r and sense wire s i g n a l s d i g i t i z e d s 

Account had t o be taken of the delay between the a r r i v a l of the CIO 

t r i g g e r and the minimum possible d r i f t time pulse, i . e . zero d r i f t 

l e n g t h , which was cuused by i n e q u a l i t i e s i n the physical delays of 

the system and had to he corrected Tor i n the software. 
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Tuking the maximum d r i f t length i n the (g-2) chambers of 14 mm, 

a possible r e s o l u t i o n o f 100 jim and a predicted maximum d r i f t time 

i n the order of 500 ns implied a ti m i n g r e s o l u t i o n o f 3.5 ns. 

Considering other d r i f t chambers w i t h longer d r i f t spaces and greater 

d r i f t v e l o c i t i e s i m p l i e d an optimum t i m i n g r e s o l u t i o n , without 
(4 5) 

i n t r o d u c i n g undue c o s t , of 2 ns. ' . Two types of CAMAC module 

d i g i t i z e r s were a v a i l a b l e t h a t would perform t o such an accuracy. The 

f i r s t type - TDC's - w i l l be discussed i n s e c t i o n 4.4. They were used 

during the t e s t i n g of the prototype and production chambers a t the 

Dare8bury Laboratory and dur i n g the i n i t i a l runs a t CliHN. Several 

l i m i t a t i o n s were apparent and th e r e f o r e the DTD system wus introduced, 

as w i l l be explained i n section 4.5. With t i m i n g r e s o l u t i o n s required 

t o such an accuracy f a s t e l e c t r o n i c s and low d i s c r i m i n a t i o n l e v e l s of 

sense wire pulses were e s s e n t i a l to reduce time slewing. 

A block diagram of the data a c q u i s i t i o n system i s given i n 

f i g u r e 4.8. The sense wire and C10 pulses were processed i n the 

NIM l o g i c and the d r i f t times d i g i t i z e d i n CAMAC, through which they 

were i n t e r f a c e d w i t h the HP 2100 computer and associated 32K core. 

This was done e i t h e r d i r e c t l y using a dedicated crate c o n t r o l l e r , i n 

the case of the one crate TDC system, or through a Borer i n t e r f a c e i n 

the case of the two crate DTD system. Operating under an a c q u i s i t i o n 

program w r i t t e n i n ASSEMBLER the data was blocked and w r i t t e n on to 

magnetic tape. Display of data or programs on the V.D.U. was performed 

using the CEHN v e r s i o n o f Hewlett Packard BASIC c a l l e d B A M B l / 6 , 7 , S ^ i n 

e i t h e r an on-line or o f f - l i n e mode. A paper tape reader and punch 

and a l i n e p r i n t e r allowed software development and loading of the 

operating system. 
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4.3.1. The NIM Logic 

The e s s e n t i a l tasks of the NIM l o g i c were f i v e f o l d 

i ) Signals were accepted from the main (fi-2) f a s t e l e c t r o n i c s 

corresponding to energy bins f o r the electrons iletected i n shower 

counter CIO, which had a r e s o l u t i o n of - 250 MeV. The counter 

s i g n a l was funned—out l i v e ways and attenuated by various amounts 

and d i s c r i m i n a t e d , thus g i v i n g s ignals i f the energy was greater 

than the preset l e v e l s . The l e v e l s were l a b e l l e d T l u , A, i 1 , C, 

uuri D roughly corresponding to energies greater than 500, U00, lbOO, 

2200 and 2H00 MeV reaper. L i v e l y . T10 could thus be used to i n d i c a t e 

t h a t u p a r t i c l e hud been detected and used as a strobe f o r the other 

l e v e l s . A p u r t i c l e w i t h energy greater than 12200 MeV hut less than 

2H00 MeV would thus hove b i t s T10, A, H and C associated w i t h i t . 

i i ) The second task was to attenuate the CIO pulse and d i s c r i m i n a t e 

u t the - fiO mV le v e l i n order to only detect decay electrons w i t h 

energies greater than 900 MeV and thus ensure th a t they had decayed 

i n the forward d i r e c t i o n i n the muon r e s t frame. 

The gain of the 1J„V1. tube on the shower counter a l t e r e d w i t h 

varying beam c o n d i t i o n s . Also the upplied l l . T . was a l t e r e d on 

occasions i n connection w i t h experiments on the EDM counter immediately 

upstream, so that only e l e c t r o n s w i t h energies greater than 3000 MeV 

fpI I i n t o energy b i n D. Thus the a t t e n u a t i o n had to be checked 

before each run to ensure t h a t only p a r t i c l e s above '->UO MeV were 

accepted. To achieve t h i s u program was w r i t t e n i n HAMHI to 

cu l c u l u t e the energies of one bundled events f r o u t h e i r respective 

energy bins. The a t t e n u a t i o n was increased u n t i l no events occurred 

w i t h only l e v e l T10 t r i g g e r i n g as demonstrated i n f i g u r e 4.9. 

1 4 JUL 1978 ) 
UaWARY^X^ 
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The v a l i d C1U p u l s e s w e r e t h e n u s e d a s t h e t i m i n g r e f e r e n c e f o r 

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

b e l o w . 

i i i ) T h e t h i r d f u n c t i o n was t o f o r m a t i m i n g g a t e w i t h r e f e r e n c e t o 

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

i n j e c t i o n i n t o t h e ( g - 2 ) s t o r a g e r i n g . T h i s was u s e d i n c o i n c i d e n c e 

w i t h t h e p r o c e s s e d C I O p u l s e t o s e l e c t a d e t e c t a b l e p a r t i c l e . 

Mere i t may he n o t e d t h a t t h e d r i f t c h a m b e r s h u d a d e a d t i m e o f 

a p p r o x i m a t e l y 5 0 yus a f t e r t h e i n j e c t i o n of t h e p o l a r i z e d p i o n beam 

i n t o t h e ( g - 2 ) s t o r a g e r i n g . T h i s was due t o t h e e n o r m o u s n u m b e r o f 

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

w h i c h was k n o w n us t h e " i n i t i a l f l a s h " . The d r i f t c h a m b e r a r r a y was 

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

5 

t h e p r o b l e m . A c r u d e e s t i m a t e y i e l d e d 1 0 ' p a r t i c l e s p a s s i n g t h r o u g h 

e u c h chumbt.-r a t t h a t s t a g e . H e n c e a s t h e a v a l a n c h e s o c c u r r e d a r o u n d 

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

1 0 ^ . i t was t h o u g h t t h a t s p a c e c h a r g e e f f e c t s a r o u n d t h e s e n s e a n d 

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

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

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

p a r t i c l e f l u x e s h a d b e e n n o t e d by o t h e r w o r k e r s , u s s t u t c d i n C h a p t e r 2 . 

When o p e r a t i n g w i t h n e g a t i v e p o l a r i t y muons t h e i n j e c t i o n was 

( 9 ) 

c l e a n e r a n d t h e c h a m b e r s w e r e a b l e to d e t e c t t r a c k s u p t o 10 ^us 

e a r l i e r t h a n w i t h t h e p o s i t i v e p o l a r i t y . D u r i n g o n e r u n w i t h n e g a t i v e 

muons o n l y one PS p u l s e was i n j e c t e d i n t o t h e r i n g i n s t e a d o f t h e n o r m a l 

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

t h a t t h e a r r a y o n l y d e t e c t e d a f e w t r a c k s b e t w e e n 3 0 a n d 5 0 / i s a n d o n l y 

became f u l l y e f f i c i e n t t h e r e a f t e r . 



As t h e e l e c t r o n i c s was o n l y c a p a b l e o f s t o r i n g ; one e v e n t p e r 

{ g — 2 ) c y c l e LI i f g a t e was normn I l y o p e n e d t i t . b e t w e e n 5 0 a n d 100 y i s 

i n t o t h e c y c l e a n d extended u n t i l 5 0 0 / i s . As t h e n u m b e r o f d e c a y 

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

5 0 0 f x s was n e g l i g e a b l e a n d i n a n y c a s e p i c k - u p f r o m t h e e l e c t r o s t a t i c 

f o c u s i n g f i e l d e l e c t r o d e s o c c u r r e d b e y o n d ( > 5 0 y u s . 

i v ) F o u r t h l y t h e s e n s e w i r e s i g n a l s h a d t o be d i s c r i m i n a t e d a n d 

s h a p e d f o r i n p u t t o the T U C ' s o r D T D ' s . (Jtie t o h i n h b a c k g r o u n d 

n o i s e i n the c h a m b e r s t h e l e v e l was s e t t o — 1 0 0 uiV w h i c h , a s s u m i n g 

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

Lo 5 0 0 / i V i n L o 5 0 f t f r o m the s e n s e win-So T h i s n e c p s s a r i l } - i n t r o d u c e d 

u n w a n t e d t i m e j i t t e r as a much l o w e r d i s c r i m i n a t i o n l e v e l w o u l d h a v e 

b e e n d e s i r a b l e , hut , i I . wits L|u> lies I . (-iiiiipninii so so 111 f, i o n „ 

v ) M n a l l y t h e r e s t o f t h e N I M l o g i c s e r v e d a s a se r ies o f f a n - o u t s 

l o r v a r i o u s s i g n a l s t o t h e CAtoAC m o d u l e s a n d w i l l l i e d i s c u s s e d l u r L h e r 

i n t h e f o l l o w i n g s e c t i o n s . 

F o r the DTD s y s t e m o n l y the (J lU p u l s e l u i d t o he d e l a y e d t o a c t 

a s a common s t u p f o r the l / l 'D C o n t r o l l e r s A l s o KDM i n f o r m a t i o n was 

i n t r o d u c e d na w i l l be d i s c u s s e d i n s e c t i o n 4 „ 5 . 

4 . 4 The TDC b y s t e c i 

The TDC s y s t e m w i l l he d e s c r i b e d i n o r d e r to d e m o n s t r a t e t h e 

d e v e l o p m e n t o f the s y s t e m a n d the a d v a n t a g e s o f t h e DTD s y s L c i i i , I t 

must lie n o t e d , h o w e v e r , tha t the m a j o r i t y o f the u n u l y s i H , t o be 

d i s c u s s e d i n C h a p t e r s 5 a n d t i , was p e r f o r m e d o n t h e DTD d a t a d u e t o 

i t s g r e a t e r a c c u r a c y , , 

T h e TDC N I M l o g i c s y s t e m 18 p r e s e n t e d i n f i g u r e 4 „ H i w i t h t h e 
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CAMAC s y s t e m i n f i g u r e 4 . 1 1 a n d o n o v e r a l l b l o c k d i a g r a m i n f i g u r e 4 . 1 2 . 

A s p r e v i o u s l y d i s c u s s e d t h e e n e r g y l e v e l s A , M , C a n d 0 w e r e 

s t r o b e d w i t h a s h a p e d T 1 U p u l s e t o g i v e a n i n d i c a t i o n o f t h e d e c a y 

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

P a t t e r n H u n i t i n CMiAC w h i c h p r e s e n t e d a b i n a r y w o r d on t h e d a t a w a y 

d u r i n g r e a d o u t . A c o i n c i d e n c e b e t w e e n a n a t t e n u a t e d a n d d i s c r i m i n a t e d 

(J 10 p u l s e a n d t h e t i m i n g g a t e i n d i c a t e d a v a l i d e v e n t a n d was f a n n e d - o u t , 

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

M i g h t he C r o y q u a d T U C ' s t y p e 2 2 2 0 A a n d f o u r o c t a l T D C ' s t y p e 2 2 2 8 

w e r e u s e d . T w e l v e o f t h e c o i n c i d e n c e f a n — o u t s w e r e r e q u i r e d t o p r o v i d e 

f r o n t p a n e l common " s t a r t ; " s i g n a l s . The U c t n l T D C ' s a l s o r e q u i r e d 

a r t i f i c i a l common s t o p s i g n a l s b e c a u s e i n t h e e v e n t o f no s t o p s 

o c c u r r i n g , i . e . no r e l e v a n t s e n s e w i r e s h i t , no y r e s p o n s e o r LAM was 

g e n e r a t e d a n d t h e a c q u i s i t i o n p r o g r a m saw a n e m p t y CA.UAC s l o t r a t h e r 

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

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

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

s t o p s a f t e r t h e r e q u i r e d d e l a y s . The q u a d T U C ' s I . m l no s u c h o p t i o n a n d 

m e r e l y r e c o r d e d o v e r f l o w v a l u e s . A l l T I ' C ' s h u d a max imum d i g i t i z a t i o n 

t i m e o f 512 n s e x c e p t f o r two o c t a l u n i t s a d j u s t e d t o 1 /us f u l l r a n g e . 

The o t h e r t w o f u n n o d - o u t c o i n c i d e n c e s w e r e u s e d u s a n i n p u t t o 

c h a n n e l 1 o f t h e S t a t u s " A " r e g i s t e r , t o c i v e an e x t e r n a l command t o 

t h e c r a t e c o n t r o l l e r t o r e a d a n d c l e a r t h e c r a t e , a n d u s a " s e t " t o a 

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

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

o u t p u t p u l s e s w e r e u s e d a s s a t e s f o r t h e P a t t e r n 1.1 u n i t a n d a u i i c r o -

s c a l c r . The i u t t e r r e c o r d e d a 10 MHz p u l s e t r a i n o v e r t h e d u r a t i o n 

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

t h e i n v e r s e t i m i n g i n f o r m a t i o n . 

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

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

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

e f f i c i e n c y o f t h e s y s t e m . 

T h e amp I i l i e d s e n s e w i r e p u l s e s w e r e d i s c r i m i n a t e d a t t h e 

- 100 mV l e v e l u n d t h e Le ( J roy o c t a l b2UAL d i s c r i m i n a t o r u n i t s a d j u s t e d 

t o g i v e a n o u t p u t p u l s e o f 15 n s w i d t h a t t h e M M l e v e l f o r i n p u t t o 

t h e TOO s t o p s . 

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

t h e S t u t u s " A " r e g i s t e r o r a s w i t c h o n t h e c o m p u t e r . 

Hy m a k i n g u s e o f t h e p u l s i n g s y s t e m f o r t h e L K U ' s , w h i c h w e r e 

u s e d i n t h e m a i n ( g — 2 ) e x p e r i m c u t t o m e a s u r e t h e g a i n o f t h e s h o w e r 

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

t i m e s a t t h e T U C ' s o f t h e " s t a r t " , m d " s t o p " s i g n a l s . The s t o p s i g n a l 

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

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

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

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

L K I ) , j u s t i n f r o n t o f t h e phu i.m.ui 1 t i ; i l i e r w i n d o w , t h e ( J i l l s t a r t s w e r e 

f o u n d t o a r r i v e 4 u — -\ ns b e f o r e t h e s e n s e w i r e s t o p s . ^ e n c e t h e r e 

wa.'i no d e a d t i i u e i n t h e d i g i t i z a t i o n r a n g e a n d t h i s v a l u e had t o be 

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

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

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



4 . 4 . 1 . C a l i b r a t i o n o f t h e T U C ' s 

T i m e t o d i g i t a l c o n v e r s i o n was nccou ip I i s h e d i n two s t u p e s w i t h 

t h e he C r a y u n i t s . A c a p a c i t o r was i h n r - ; i * i l <ip b y a c o n s t a n t c u r r e n t 

s o i r e e i n i t i a t e d b y t h e common " s t a r I " . s i g n a l a m ! t e r m i n a t e d by t h e 

" s t o p " s i g n a l - p i t c h c h a n n e l b e i n g i n d e p e n d e n t . I i>uice t h e t o t a l 

c h a r g e on a c a p a c i t o r was an a n a l o g u e r i - | , n > s c n L n t i o n o f t h e t i m e 

i n t e r v a l . The c h a r g e was t h e n r e m o v e d a t a c o n s t a n t r a t e w h i l s t a 

20 Ml'.z o s c i l l a t o r , i n t h e c a s e o f t h e o c t a l u n i t s , was g a t e d i n t o a 

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

i . 'uch c h a n n e l had t o he c a l i b r a t e d t o m e a s u r e t h e o f f s e t a t z e r o 

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

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

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

p r o d u c e d u s i n g d e l a y b o x e s . f e n r e c o r d i n g s w e r e made a t e a c h H ns 

s t e p t l i r o i j g h m i t t h e t i m e r a n g e o f t h e T h C ' s . 

l - ' i g u r e 4 . 1 3 s h o w s a t y p i c a l c h a n n e l ' s c a l i b r a t i o n a g a i n s t t r u e 

l i n e a r i t y unci f i g u r e 4 .1 -1 d e m o n s t r a t e s t h a d L f f o r f . M i l d e v i a t i o n s f r o m 

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

'1 be c u r v e s show t h e e x t r e m e n o n - i i n e a r i t v o f c e r t a i n c h a n n e l s , u p 

t o 12 n s c h a n g e i n d e v i a t i o n o v e r f u 1 .1 - ra inze , a n d t h e v u s t v a r i a t i o n 

b e t w e e n t h e c h a n n e l s i n a m o d u l e . ' I b i s was d u e t n t i e d e s i g n 

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

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

m u s t a l s o be n o t e d t h a t TDC c a l i b r a t i o n s t e n d e d t n d r i l l , w i t h t i m e . 

l o u s e 'J'lC d a t a a c c u r a t e l y i n a n a l y s i s p r o g r a m s a l e a s t s q u a r e s 

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

nuide a c c o r d i n g l } ' o 

http://dLfforf.Mil
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4 . 4 . 2 . L i m i t a t i o n s o f t h e TUC S y s t e m 

The m u s t s e r i o u s l i m i t a t i o n o f t h e T D C ' s W H S t h a t t h e y o n l y h u d 

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

h i t o c c u r r e d i n a c e l l a n d t h e h i t n o t c o n n e c t e d w i t h a c o r r e c t t r a c k 

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

e v e n t h o u g h i n c o r r e c t d a t a .mere r e c o r d e d . I n t h e ( g - 2 j e x p e r i m e n t , 

w h e r e t h e d e c a y e l e c t r o n s w e r e d e t e c t a b l e u p t o 5 0 0 /us a f t e r i n j e c t i o n 

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

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

10 f i s . H o w e v e r t h e T D C ' s h a d a d i g i t i z a t i o n t i m e o f 50 / i s ( d u e t o 

t h e 2 0 MHz o s c i l l a t o r s c a l i n g i n 5 0 0 ps b i n s ; w h i c h when a d d e d t o 

t h e CAMAC c y c l i n g t i m e r e q u i r e d t o r e a d a n d c l e a r t h e c r a t e made t h e 

p r o p o s i t i o n u n t e n a b l e o v e r t h e a l l o w e d 4 0 0 / i s t i m i n g g a t e . 

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

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

had b e e n a t t e m p t e d . 

As f a r a s t h e d a t a a c q u i s i t i o n s y s t e m was c o n c e r n e d , s e v e r a l 

f u u l t s w e r e n o t e d . The P a t t e r n H g a t e f o r a c c e p t a n c e o f e n e r g y l e v e l 

s i g n a l s was o p e n f r o m t h e r e c e i p t o f t h e c o r r e c t C I O p u l s e u n t i l t h e 

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

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

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

t r a c k . A n a r r o w e r g u t e a n d a v e t o w e r e a d d e d i n t h e DTD s y s t e m . 

The u s e o f t h e T r i p l e S h u p e r u n i t s f o r CIO a m i e n e r g y l e v e l 

s i g n a l s h a p i n g , u i s h o w n i n f i g i r e 4 . I t . , was n o t t o t a l l y s a t i s f a c t o r y 

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

l e v e l s o r o u t p u t w i d t h s , su t h e y w e r e r e p l a c e d i n t h e !)Tb 3ystem. 
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4 . 5 The DTP S y s t e m 

The ( g - 2 ) d r i f t c h a m b e r a r ray was one o f t i n ; f i r s t e x p e r i m e n t s 

t o u s e t h e C H U N d e s i g n e d D r i f t T i m e D i g i t i z e r s y s t e m . The mode 

( 1 0 , 1 1 ) 

o f o p e r a t i o n o f t h e D T D ' s h a s been d i s c u s s e d i n d e t a i l e l s e w h e r e 

b u t b r i e f l y a n o c t a l d o u b l e w i d t h CAMAC DTD 1 0 4 ^ * ^ was a l l o t t e d t o 

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

c h a n n e l . The D T D ' s t h e m s e l v e s w e r e c o n t r o l l e d by a DTD C o n t r o l l e r 

T y p e 2 1 1 ^ ^ ^ , a l s o a d o u b l e w i d t h C A M a C u n i t . A n i n v e r s e t i m i n g 

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

a d e l a y e d C 1 U p u l s e was u s e d us a common " s t o p " . 

The DTD s y s t e m a c h i e v e d u m u l t i - t r a c k t i m i n g r e s o l u t i o n o f 2 n s 

b y u s i n g a 1 2 5 MiJz c r y s t a l o s c i l l a t o r t o p r o d u c e t h e c l o c k p u l s e s i n 

t h e C o n t r o l l e r , g i v i n g a n 8 ns r e s o l u t i o n . A n i n t e r p o l a t o r was u s e d 

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

o f t h e " s t a r t " p u l s e a n d t h e n e x t p o s i t i v e g o i n g edge o f t h e c l o c k 

p u l s e , t o 2 n s r e s o l u t i o n . A n o t h e r i n t e r p o l a t o r i n t h e C o n t r o l l e r 

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

n e x t p o s i t i v e g o i n g e d g e o f t h e c l o c k p u l s e a l s o ' t o 2 n s r e s o l u t i o n . 

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

t h e more e x p e n s i v e e l e c t r o n i c s t h a t w o u l d have b e e n n e c e s s a r i l y 

a s s o c i a t e d w i t h a 5 U 0 MHz c l o c k a n d w o u l d t h u s h a v e d e f e a t e d o n e o f 

t h e m a i n b e n e f i t s o f d r i f t c h a m b e r s o v e r MViTC ' s - t h e c o s t o f r e a d o u t 

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

A s o f t w a r e CAtoAC command s t a r t e d t h e o u t p u t o f t h e 1 2 5 Mliz c l o c k 
( 1 4 ) 

f r o m t h e C o n t r o l l e r w h i c h was f a n n e d - o u t by a t y p e N 4 1 H 9 l a s t Kan o u t 

t o t h e c l o c k i n p u t s o f t h e DTI) m o d u l e s . The " e n a b l e " o u t p u t was a l s o 

f a n n e d - o u t t o t h e D T D ' s t o a l l o w t h e n t o a c c e p t " s t a r t " s i g n a l s a n d 
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b e g i n s c u l i n g t h e c l u c k p u l s e s . T h e r e w e r e f o u r t i m i n g c l u i n n e l s 

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

a l l o w e d t o h a v e h i t . s a t t h e same t i m e , h e n c e a p o s s i b l e max imum o f 

t l . i r t y - t w o h i t s c o u l d be r e c o r d e d i n o n e m o d u l e . Some r e s t r i c t i o n s 

a p p l i e d t o t h e i n c i d e n c e o f t h e h i t s ; s t a r t s o c c u r r i n g w i t h i n 2 n s 

a f t e r t h e p r e v i o u s o n e w e r e r e c o r d e d as h a v i n g o c c u r r e d a t t h e same 

t i m e , s t a r t s o c c u r r i n g b e t w e e n 1 n s a n d 4 ns a f t e r t h e p r e v i o u s one 

w e r e r e c o r d e d a s h a v i n g o c c u r r e d a t t h e same t i m e a n d a t a t i m e 2 ns 

l a t e r , w h i l e s t a r t s o c c u r r i n g m o r e t h a n 4 us a f t e r t h e p r e v i o u s o n e 

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

c o r r e c t i o n s had t o be made i n t h e c a s e o f e v e n t s o c c u r r i n g a f t e r 

2 t o 4 n s t o a l l o c a t e t h e l a t e r t i m e i t s t h e t r u e d r i f t t i m e . 

When t h e C o n t r o l l e r r e c e i v e d t h e common " s t o p " s i g n a l t h e i n t e r ­

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

c l o c k p u l s e a n d t h e c l o c k was s t o p p e d . The " s t o p " o u t p u t f r o m 

t h e C o n t r o l l e r was s e t a n d f a n n e d - o u t t o t h e D T D ' s r i0 ns l a t e r 

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

On r e a d o u t t h e m o d u l e s p r e s e n t e d a 1 li h i t b i n a r y w o r d f o r e a c h 

h i t on t h e CAALAC d a t a w a y . Tfoe f o u r m o s t s i g n i f i c a n t b i t s r e f e r r e d 

t o t h e s t a t i o n n u m b e r , s e t by f r o n t p a n e l d e c a d e s w i t c h e s t o O — 7 

f o r c h a m b e r s A - H r e s p e c t i v e l y . The n e x t t h r e e b i t s r e f e r r e d t o 

t h e c h a n n e l , and t h u s w i r e , n u m b e r 0 - 7 . T h e l a t r u i n i n g n i n e b i t s 

g a v e t h e d r i f t t i m e , i n c l u d i n g v e r n i e r , i n 2. u s b i n s . T h e t h r e e 

b i t s t o p v e r n i e r , r e a d f r o m t h e C o u t r o L l e r , h a d t o be s u b t r a c t e d 

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

c a u s e d t h e t i m e m e a s u r i n g c h a n n e l t o s t a r t i l i . i » i t i / i n g . To o v e r c o m e 

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

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

T h u s t h e max imum d i g i t i z a t i o n t i m e t » v r . i l a b . l e was 7 6 8 n s . 

4 . 5 . 1 . T h e DTP N'lM S y s t e m 

The f i n a l v e r s i o n o f t h e DTD M i a l o g i c i s s h o w n i n f i g u r e 4 . 1 5 

a l o n g w i t h t h e CA.UAC s y s t e m i n f i g u r e 4 „ l t ) u n d a l>iocl< d i a g r a m i n 

f i g u r e 4 . 1 7 . 

The N I M l o g i c was r a d i c a l l y d i f f e r e n t f r o m t h e TDC s y s t e m b o t h 

b e c a u s e t h e D T D ' s u s e d a n i n v e r s e t i m i n g m e t h o d and b e c a u s e t h e t i m e 

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

The C I O p u l s e w.'is n o t o n l y a t t e n u a t e d a n d d i s c r i m i n a t e d t o 

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

t i m i n g r e f e r e n c e f o r t h e d r i f t t i m e d i g i t i z a t i o n . C I O p u l s e s 

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

a n d a t t e n u a t o r t o c o v e r t h e e x p e c t e d r a n g e o f - 140 n V , f o r f i r i n g 

l e v e l T 1 0 , t o - 5UU m\ , t o f i r e l e v e l u . Hy i n d e p e n d e n t l y a l t e r i n g 

t l i e a t t e n u a t i o n o f Lhe r e s u l t i n g p u l s e f r o m O t o i ( i d l i b e f o r e 

d i s c r i m i n a t i o n a t — 5 0 mV, a s p e r f o r m e d d u r i n g t h e i n n s , t i m e s l e w i n g 

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

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

a r r i v a l t i m e s o f t h e a r t i f i c i a l l y p r o d u c e d C I O p u l s e s a n d s e n s e w i r e 

p u l s e s d e r i v e d f r o m t h e same s o u r c e . .Vi tJi a f i x e d s e n s e w i r e s i g n a l 
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t l i e CIO pulse height ami CIO a t t e n i K i t i on were a l t e r e d independently. 

l-'or i n | i u i pii 1 «c heights to i he p r i — umpl i I i e r ranging I rota 'A to 

13.5 mV, i . e . the expected range, t);e delays i n a r r i v a l times f o r 

v a r i o u s CIO s e t t i n g s agreed to w i t h i n - 1 ns und tlie time slewing 

was i d e n t i c u l f o r . i l l vulues. This i n d i c a t e d t h a t tlie enforced 

high d i s c r i m i n a t i o n l e v e l of - 100 mV l o r tl i e a m p l i f i e d d r i f t chamber 

pulses produced less time j i t t e r tliun t l i u t due to the method of 

a t t e n u a t i o n of the CIO pulse. lie s u i t s are displayed i n f i g u r e 

4.18 f o r CIO pulse heights corresponding to decay e l e c t r o n 

energies which j u s t " f i r e " levels 13, C and 1). The time slewing 

i s shown against various values of CIO a t t e n u a t i o n f o r three 

separate sense wire pulse heights. 

By fanning-out the CIO pulse i n t o a f a s t t i m i n g channel and 

a"pulse height a n a l y s i s " channel the time slewing was reduced to 

less than 2 ns which was considered acceptable. The " f a s t t i m i n g " 

channel was a m p l i f i e d by 12 d.U and d i s c r i m i n a t e d a t - JO mV, to 

reduce time j i t t e r , and then delayed to match the other channel. 

The "pulse height analysis" channel was attenuated and d i s c r i m i n a t e d 

at - 50 tnV, as w i t h the TDC system, and pvit i n coincidence w i t h the 

event timing gate as before. However the coincidence was now 

gated by a veto pulse so t h a t only one p a r t i c l e could be detected 

per (g-2) cycle. This coincidence was shaped to have 40 ns width 

f o r i n p u t to a coincidence w i t h the " f a s t t i m i n g " channel to ensure 

t h a t the t i m i n g s i g n a l corresponded t o a decay e l e c t r o n of c o r r e c t 

energy. This second coincidence wus also gated by the veto pulse 

to ensure the d e t e c t i o n of only one p a r t i c l e per c y c l e . 
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The coincidence pulse was funned—out f i v e ways to perform 

various f u n c t i o n s : 

The f i r s t wus delayed by various methods und amounts, depending 

upon the system i n use, und clipped to act as the DTD C o n t r o l l e r "stop" 

The second wus i n p u t to a t i m i n g u n i t to produce a 1 ms long veto 

pulse to gate the coincidence u n i t . The end t u r k e r from t h i s pulse 

supplied the e x t e r n a l i n t e r r u p t to the Crate C o n t r o l l e r , v i a 

channel FD1 of Hie LAM Grader, t h u t i n i t i a t e d reudout of the CAMAC 

crates . 

The t h i r d was used to "set" a Cable Timed Shaper i n b i s t a b l e 

mode. The "re s e t " wus derived from a preset s c a l e r i n the (g-2) 

e l e c t r o n i c s which produced an end marker from u gated 100 NOIz clock 

855.3b ̂ us a f t e r the proton picW-np pulse. The r e s u l t i n g output 

from the b i s t a b l e produced a f a r more accurate inverse t i m i n g gate 

f o r the determination of the occurrence time of the event. A clipped 

1 MHz clock t r a i n and a 50 Mllz a m p l i f i e d clock t r a i n were used as 

inpu t s t o the CAMAC ̂ i - s c u l e r to measure the gate l e n g t h . 

The f o u r t h output was to a dual Borer s c a l e r to act as an 

event counter t h u t could be compared w i t h the number of proton 

pick-up pulses recorded on the other channel which used the t i m i n g 

gate as i t s i n p u t . j 

The f i f t h o utput was delayed and widened to 80 ns to uct as the 

P a t t e r n 1) gate. As the coincidence u n i t was gated by the veto pulse 

the Fatten) li U n i t could only record the energy l e v e l s of the detected 

p a r t i c l e . The energy l e v e l s were timed i n t o the gate using the LLD 

pulser on the shower counter to adjust Die delays. Hence no shaping 

of the pulses was now necessary. 
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Apart from the f i v e energy l o v e l s tliree h i t s of I1DM in f o r m a t i o n 

wore ulao included i n the DTI) system. The I'.'DM counter, positioned 

between d r i f t c J lumber H und shower counter CIO, WHS i n the form of 

two e q u a l l y sized arms of t h i n s c i n t i l l a t o r mounted v e r t i c a l l y above 

each other and f i l l i n g the magnet poJe gap w i t h un a c t i v e areu 

s i m i l a r to t h a t of the shower counter. The dead space between the 

"up" und "down" counter was kept t o a minimum a f t e r a l l o w i n g f o r 

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

whether a coincidence had occurred between the EDM counter and CIO 

and the other two b i t s recorded whether the "up" or "down" counters 

hud detected u p u r t i d e . i t wan also possible f o r e i t h e r bulb or 

n e i t h e r counters to detect the ib»cuy e l e c t r o n or secondaries *"'. 

hence analysis of l.he e i g h t b i t binary word generated by the F-uttern 

B u n i t i n the software revealed both the energy and liDM status of 

the decay e l e c t r o n . 

4.5.2. M o d i f i c a t i o n of the I T C - a m p l i f i e r s and Dis c r i m i n a t o r s 

Itudimentary unulysis of the f i r s t DTD data revealed u large 

number of double or t r e b l e h i t s ou a wire which appeared to be 

excessive. Such problems would never have been detected w i t h the 

TDC system which only hail s i n gle h i t c a p a b i l i t y . 

Inspection of the d i s c r i m i n a t o r output pulses triggered by 

cli-uii pulses from n pulse generator revealed a small u f t e r pulse of 

MO — lUU raV 30 ns a f t e r the s t a r t of the d i s c r i m i n a t o r output as 

shown i n f i g u r e 4.19a. This appeared to be i n t e r n a l l y generated 

and indeed when the output pulse was adjusted from IU to 18 ns 
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w i d t h , und the two unused outputs of t l i e o c t a l d i s c r i m i n a t o r s 

were terminated hy f>oQ,the secondary j>ulsc wns reduced to less than 

60 mV and the overshoot wtis eliminated as shown i n f i g u r e 4.19b. 

The suppression of the secondary pulse was achieved by t e r m i n a t i n g 

the unused channels despite the Le Uroy s p e c i f i c a t i o n s t a t i n g t h a t 

a l l outputs were independent. Although the s p e c i f i c a t i o n f o r the 

DTD modules quoted an inp u t threshold of J50 uiV i t was found i n 

p r a c t i c e to be i n the 100 - 200 inV region w i t l i some channels as 

s e n s i t i v e as 90 raV 

The p r e — u m p l i f i e r output also revealed an a f t e r jmlse some 

100 ns a f t e r the main pulse us shown i n f i f i u r e 4.20a. This had 
(17) 

been noted hy other workers and was thought to r e s u l t f r o u 

mismatches between the sense wi r e s , which were thought to have a 

t y p i c a l impedance of 3R0$/**^, and the 50ft signal caMe and, also, 

between the cable and p r e - a m p l i f i e r which hud an input inpedance 

of 21ft, Hy a l t e r i n g the p r e - a m p l i f i e r i n p u t r e s i s t o r to 5 l f i 

and changing an i n t e r - s t a g e r e s i s t o r t o 24 ft, to compensate f o r 

the r e s u l t i n g loss i n gain, the cleaner pulse, w i t h o u t damped 

r e f l e c t i o n s at tiie hack end, was produced as shown i n f i g u r e 4,20b. 

The pre—amjil i f i e r c i r c u i t and m o d i f i c a t i o n s areshown i n f i g u r e 4.21. 

These m o d i f i c a t i o n s greutLy reduced the number of f a l s e double 

h i t s recorded by the system. 

4.5.U. C a l i b r a t i o n of the DTI> System 

As w i t h the TDC system the DTD modules were c a l i b r a t e d against 
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a series o f known delays a t 1U us i n t e r v a l s . I t would be 

expected t l i a t as a master clock was used f o r a l l channels the 

c a l i b r a t i o n s would be i d e n t i c a l except f o r 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 i n t e r p o l a t o r s . Due to an i n t e r n a l time delay i n tlie 

C o n t r o l l e r and the f a c t t h a t the clock pulse was stopped on the 

f o l l o w i n g p o s i t i v e going edge a f t e r r e c e i p t of this "stop" pulse, 

at l e a s t one pulse reached the DTD modules. Hence a d i g i t i z e d 

time of 11 ns was recorded f o r a measured zero i n p u t s t a r t / s t o p 

delay. Assuming th a t t h i s property was constant throughout the 

range, the c a l i b r a t i o n was made from 40 ns i n 10 ns i n t e r v a l s . 

This would not only c a l i b r a t e the DTD's but also check the 

randomizing of the i n t e r p o l a t o r as the 11 ns o f f s e t would cause 

the delay to f a l l midway between tlie 2 us r e s o l u t i o n of the t i m i n g 

bins. Figure 4.22 shows the c a l i b r a t i o n o l a t y p i c a l channel 

against l i n e a r i t y w i t h allowance made f o r the 11 ns o f f s e t . As 

may be seen the l i n e a r i t y was f a r b e t t e r than w i t l i the TDC's. 

Figure 4.23 shows the d e v i a t i o n from l i n e a r i t y of a l l e i g h t channels 

i n a module which i n d i c a t e s t h a t a t only two p o i n t s , due to the 

s t a t i s t i c s of the i n t e r p o l a t o r , does one channel vary from the other 

seven. The divergences from exact l i n e a r i t y could, be a t t r i b u t e d 

s o l e l y to the method oT using a series of delay u n i t s to produce tli e 

set delays because these introduced e r r o r s due to f u u l t y switches. 

A more s t r i n g e n t method f u r the c a l i b r a t i o n of the DTD's has been 
(19) 

suggested f o l l o w i n g the c a l i b r a t i o n of the (g-2)Digitrons . 

C a l i b r a t i o n s were uiude of tl i e length of the sense wire si g n a l 

cables from t l i e outputs of the pre-ampli Tiers to the patch panel i n 



s 
o LU 

§ to 
m r-r 

LU 

§ • • 
o CN 
in CSI 

g d 
00*009 00'QOS 

'33SN 3nidA aia 
oooon O0O0E OQ'OOZ OQ'OOl 00 0 



Lul 
8 4̂? 

in Q_ 
_ J 

ul 

in 

Ul 
LiJ 

01 
cr. 

en 

h-
£T. 
LU to 
I—H _ J 

g 
8 or. 

CI 
I— 
CI 13 

in 
LU Lu 

H 
LI 

CO 
CM 

I 
OS'S I 00*01. OS'L 00 'S OS'5 OO'O OS "2 
33SN N0IldIA3Q QIC] 



-11b-

t.be counting room. Cbutinel AO was tukun us tbe absolute l e n g t l i . 

The cables were l e f t open ended u t tbe r i n g end and a pulse 

generator attached to AO and the other channels i n t u r n through a 

r e s i s t i v e s p l i t . The outgoing und r e f l e c t e d s i g n a l s were viewed 

on a c a l i b r a t e d oscilloscope using IJ:!M0 T's a f t e r the r e s i s t i v e 

s p l i t outputs. The length of cable AO was found to be 160.5 — 

0.5 ns and a i l other chnnnels were found to be w i t h i n - 0.5 ns of 

t h i s value. 

A check was ulso made on the d i f f e r e n c e s i n a r r i v a l times of 
» 

pulses i n p u t to the pre-amp1 i f i e r s and passed t o the counting 

room and d i s c r i m i n a t e d , the d i s c r i m i n a t o r outputs being measured 

r e l a t i v e to channel AO. A l l channels were w i t h i n - 1 ns of AO. 

A f i n a l check was made on the time slewing caused by 

v a r i a b l e size inputs to the p r e - a m p l i f i e r s . Using a pulse 

generator and r e s i s t i v e s p l i t followed by uttenuators the pulse 

on channel AO was kept constant w h i l s t the i n p u t to channel A l 

was varied from 1 to 30 mV. The time slewing was less than 3 ns 

over the whole range, as shown i n f i g u r e 4.24, but the maximum 

rat e of slew occurred at the lower i n p u t values corresponding t o 

l i k e l y chamber pulses. The time slewing caused by var y i n g the 

at t e n u a t i o n of the pulse to one channel o n l y , and not the other, 

was less than - 0.2 ns over the range. 

Tbe d i f f e r e n c e i n a r r i v a l times of the s t a r t pulses and the 

C10 pulses were measured at the en t r y p o i n t s to the DTD's and DTD 

C o n t r o l l e r but w i t h the C10 delay (of various values throughout 

the runs) removed. The LED pul s i n g system wus used once uguin t o 

enable a study t o be made of v a r i a b l e chamber pulse heights 
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R E L A T I V E TIME D E L A Y B E T W E E N 
C10 AND S E N S E WIRE P U L S E S ns 

F I G . 4.24 : TIME J I T T E R DUE TO VARIATION 
OF S E N S E WIRE PULSE HEIGHTS 
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ancl CIO pulse heights. Over u l l possible combinations of the two 

v a r i a b l e s the sense wire s t a r t s were found to a r r i v e 24 - 2 ns 

before the CIO stops, account having been made f o r the 3 ns delay 

i n the s c i n t i l l a t o r of tlie shower counter* To ob t a i n the o v e r a l l 

maximum d i g i t i z a b l e d r i f t time a v a i l a b l e w i t l i a p a r t i c u l a r system 

the 11 ns DTD o f f s e t and CIO delay cable l e n g t h must be added to 

the above value. Remembering the inverse t i m i n g method the d r i f t 

time then becomes equal to the maximum d i g i t i z a b l e time minus the 

DTD time recorded plus the C o n t r o l l e r v e r n i e r . A l l such 

c a l c u l a t i o n s were performed i n the software. 

4.8 System Operation 

Before each (g-2) experimental run tlie chumber p o t e n t i a l s 

wero checked and each c e l l tested f o r breakdown. Any bad chumbers 

were removed from t h e system and cleaned. Often when gaseous or 

e l e c t r i c a l breakdown occurred i n one c e l l the r e s u l t i n g U.V. l i g h t 

produced photo-electrons i n neighbouring c e l l s thus producing 

apparent breakdown i n those c e i l s a l s o . I f the bad c e l l ' s i n p u t 

to i t s p r e - a m p l i J i e r was removed, i . e . the c e l l was."flouted", then 

the sense wire p o t e n t i a l rose t o the l o c a l f i e l d value and the 

breakdown was prevented from o c c u r r i n g i n t h a t c e l l . Also the 

neighbouring c e l l s were then found to operate normally. 

The chambers operated b e t t e r w i t h age, a coustuut applied 

p o t e n t i a l o f 3*0 kV across the d i v i d e r network being possible 

during the l a t e r c y c l e s . This was probably due to any i m p u r i t i e s 

i n the chambers being t o t a l l y outgassed and also t h a t a l l d e f e c t i v e 
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c e l l s had been cleaned, or permanently f l o a t e d i f they were i n 

non-important d e t e c t i o n p o s i t i o n s i n the a r r a y . 

Apart from p e r i o d i c checks f o r breakdown and monit o r i n g of 

the gas flow through the chambers i t was found t o be possible to 

run the chambers untouched f o r a period of several days. 

4.7 Data A c q u i s i t i o n and Analysis Software 

The HP2100 computer was a 16 - b i t machine and the data was 
m 

w r i t t e n on to the magnetic tape using a standard CEHN b l o c k i n g 
(20,21) 

technique i n order t h a t o f f - l i n e a n alysis could be performed 
using FORTRAN on any computer with t h e a i d of dedicated unblocking 

(22) 

r o u t i n e s . The a c q u i s i t i o n program was w r i t t e n a t CliltN i n 

ASSKMbLER. 

For the o f f - l i n e a n a l y s i s the standard event block had a 

v a r i a b l e length w i t h the DTD data depending upon the number of 

h i t s recorded i n the event. However tl i e f i r s t f o u r t e e n elements 

were constant and are l i s t e d i n t a b l e 4.1. A l l are e i t h e r s e l f -

explanatory or have been described above. The possible values f o r 

energy and EDM sta t u s recorded by the element corresponding to the 

Patte r n B u n i t are documented i n t a b l e 4.2. 

Knowledge of the above and the system c a l i b r a t i o n s allowed 

the o f f - l i n e a n a l y s i s to be performed to the accuracy of the data 

obtained. 
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TABLfi 4.1 

Array Element D e s c r i p t i o n 

= 101 «= number of elements i n array. 

= Number of words i n event excluding s e l f . 

- LAM number. Always constant f o r t h i s system - can be ignored. 

• ILVent number generated by a c q u i s i t i o n program. 

= Pattern B r e g i s t e r , gives energy and EDM i n f o r m a t i o n . 

- 1 MHz clock s c a l e r f o r event occurrence time. 

- 50 MHz clock s c a l e r f o r event occurrence time. 

DTD C o n t r o l l e r v e r n i e r . 

DTD times. 

Number of f u r t h e r elements depends upon number of h i t s i n arr a y . 
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TABLE 4.2 

Pattern H inputs 

2 7 - 128 EDM DOWN counter coincidence 

2 6 = 64 EDM UP counter coincidence 

2^ = 32 EDM coincidence s ignal 
4 

2 - 16 
2 3 o 8 

c ) 

: i 2 

2 «= 4 B ) (g-2) Energy level pulse heights 

2 1 - 2 A 

2° - 1 T10 ) 

Ene rgy l e v e l B only Energy l eve l s + EDM information 

0 No s i g n a l . Energy f a u l t . ( o No s i g n a l , energy f a u l t . 
1 > 0 MeV ( 1 > 0 MeV 
3 > 900 MeV ( 3 > 900 MeV NO 
7 > 1800 MeV ( 7 > 1800 MeV COINCIDENCE 

15 > 2200 MeV ( 15 > 2200 MeV 
31 > 2800 MeV ( 31 > 2800 MeV 

96 No s i g n a l , energy f a u l t . 
97 > 0 MeV 
99 > 900 MeV 

103 > 1800 MeV COINCIDENCE 
111 > 2200 MeV UP 
127 > 2800 MeV 

Any other values represent a 
pulse height bi t e r r o r . 

160 
161 
163 
167 
175 
191 

224 
225 
227 
231 
239 
255 

No s i g n a l , energy f a u l t . 
> 0 MeV 
> 900 MeV 
> 1800 MeV 
> 2200 MeV 
> 2800 MeV 

COINCIDENCE 
DOWN 

No s i g n a l , energy f a u l t . 
> 0 MeV 
> 900 MeV 
> 1800 MeV COINCIDENCE 
> 2200 MeV UP AND DOWN 
> 2800 MeV 
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CHAPTBB 5 

CALIBRATION OF T11E ( « - 2 ) CHAMBER DRIFT VELOCITIES 

5.1 Introduction 

Before any track reconstruction may be attempted, using the data 

obtained, an accurate knowledge of the d r i f t v e l o c i t i e s in each of 

the chamber c e l l s i s required. 

For more conventional d r i f t chamber appl i ca t ions , e i ther operating 

with no magnetic f i e l d present or in a homogeneous f i e l d , accurate 

scanning methods may by employed to determine the d r i f t time - distance 

re lat ionship across each c e l l . However with the unique form of the 

(g-2) fringe f i e l d no v a l i d pr ior ca l ibrat ions could be attempted 

before i n s t a l l a t i o n of the chambers in the Muon Storage Ring. 

This chapter described the resu l t s obtained with prototype chambers 

using various systems and then discusses the most straightforward method 

avai lable for c a l i b r a t i n g the (g-2) chambers. This involved measuring 

the maximum d r i f t time in each c e l l and compuring the resu l t s 

obtained with the expected theoret ica l r e s u l t s . The lack of ant ic ipated 

accuracy i s explained with reference to the choice of data used i n the 

analys i s and the magnetic and e l e c t r i c f i e l d s present over the act ive 

chamber volume. The f i e l d s calculated by the author are d i f f e r e n t from 

those o r i g i n a l l y used to choose the f i e l d compensation parameters used 

in the chambers. Contributions from the spurious double f i r i n g of 

d i g i t i z a t i o n channels, as discussed i n Chapter 4, were removed and the 

best overa l l estimates of the d r i f t v e l o c i t i e s are presented. 
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An e f f e c t was obaerved which was attributed to a s p l i t t i n g of 

the primury ionizat ion at ce l l boundaries causing simultaneous d r i f t 

of e lectron swarms from a s ingle track towards two adjacent sense 

wires . The mechanisms involved are postulated and the re su l t s used 

to derive further estimates of indiv idual c e l l d r i f t v e l o c i t i e s . 

F i n a l l y an experimental system i s suggested that could have 

provided an accurate c a l i b r a t i o n of the (g-2) chambers. 

5.2 Cal ibrat ion Techniques 

The most accurate technique used in the c a l i b r a t i o n of d r i f t 

chamber v e l o c i t i e s is to prec i se ly .scan a chamber ucross a well 

collimated beam to determine the d r i f t time - distance (space -

time) re lat ionship of a c e l l . The zero timing tr igger and locat ion 

of the incident beatu is determined by a r ig id s c i n t i l l a t o r telescope 

and, sometimes, a lso a pa ir of ident ica l d r i f t chambers to define a 

pencil beam. Such a system is outl ined at the end of th is chapter. 

Not only does th i s method provide a value for the maximum d r i f t time 

in a c e l l , and thus the d r i f t ve loc i ty from a knowledge of the d r i f t 

d is tance , but also i t indicates any non- l inear i ty in the space - time 

re la t ionsh ip . Non-l inearity may be caused by var ia t ions in a non-

saturated d r i f t f i e l d across a c e l l , causing v a r i a t i o n of the d r i f t 

v e l o c i t y , or by local defects in the mechanical construction of the 

chamber. Thus the d r i f t d is tance, x, covered in time t , whi l s t 

d r i f t i n g with ve loc i ty w i s given by: 

w ( t ) dt (5 .1) 
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For a constant d r i f t ve loc i ty th is reduces to x » wt and a 

l inear space - time re lat ionship r e s u l t s . Obviously i t i s preferable 

to operate a chamber with a saturated d r i f t ve loc i ty so that any local 

defects have no e f f e c t upon the space - time l i n e a r i t y and c a l i b r a t i o n 

i s s traightforward. 

Another method which reveals the maximum d r i f t time in a c e l l and 

the d r i f t v e l o c i t y , but not a detai led space - time re la t ionsh ip , 

involves the use of the integral spectrum of the d r i f t times in a c e l l . 

A uniform f lux i s r"nuired across the c e l l and may be provided by cosmic 

rays , a radioactive source or preferably a d i f fuse high energy beam. A 

s c i n t i l l a t o r i s used to determine the zero timing tr iggers and the d r i f t 

times are binned from zero to the maximum d r i f t time to produce the 

frequency d i s t r ibut ion dN/dt defined by: 

dN - dN . ds - dN w(t) (5 .2) 
dt ds dt ds 

where s i s the distance along the sense wire plane. If the f lux i s 

uniform throughout the c e l l the d i s tr ibut ion is proportional to the 

d r i f t ve loc i ty w ( t ) . Integration of the d i s t r ibut ion reveals the 

s » s ( t ) r e la t ionsh ip . Figure 5.1 shows the theoret i ca l d i s tr ibut ions 

expected with ideal condit ions. The slow r i se to the f l a t - top in the 

dN/dt d i s tr ibut ion is due to the reduction in pulse height around the 

sense wire introducing some i n e f f i c i e n c y and also to the lower d r i f t 

ve loc i ty in the high f i e l d region. By the nomenclature the par t i c l e 

traverses the chamber at time t and is detected at time t„ An i n i t i a l 
o 

peak in the d i s t r ibut ion occurs fur angled tracks which may erroneously 

be interpreted as a higher d r i f t ve loc i ty around the sense w i r e . I t i s 

in fact due to the radia l path taken by the electrons close to the sense 



p • 

( t - t j 

( t - t ) 

F I G . 5.1: T H E O R E T I C A L D I F F E R E N T I A L AND 
I N T E G R A L D R I F T T I M E S P E C T R A 
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wire having i n i t i a l ly dr i f t ed along the cathode plane, as discussed in 

Chapter 2. With a uniform f lux across the chamber this geometrical 

e f f ec t causes an apparently higher f lux around the sense wire as the 

electrons have a shorter distance to d r i f t per uni t distance in the 

sense wire plane when moving r a d i a l l y to the sense wire rather than 

p a r a l l e l to the cathode plane. A s imi lar e f f ec t occurs in a magnetic 

f i e l d for angled tracks and also with incorrect compensation which causes 

the electrons to travel in curved t r a j e c t o r i e s and nearly reach the 

cathode plane before moving r a d i a l l y inwards towards the sense wire . 

This method lias two severe l imi ta t ions , however, which are e spec ia l ly 

prevalent in the (g—2) appl icat ion where such a method was used. I f the 

f lux i s not uniform across the c e l l the dN/dt d i s tr ibut ion no 1 onger has 

a f la t - top and (lie integral spectrum does not produce a constant slope 

for a saturated d r i f t v e l o c i t y . Due to the l e f t - r i g h t ambiguity of 

the c e l l the d i s t r ibut ions are the sum of the two halves so the f lux 

must be constant from potential wire to potential wire . Thus for a 

non-uniform f lux the r e s u l t s indicate an apparent non- l inear i ty in the 

space - time re la t ionsh ip and therefore a var iable d r i f t v e l o c i t y , 

which may not be the actual case. For an ideal chamber with a saturated 

d r i f t v e l o c i t y , no magnetic f i e ld present and p a r t i c l e s incident 

orthogonally to the sense wire plane the cut—off a t time T, the maximum 

d r i f t time, for the dN/dt d i s t r ibut ion i s rapid as shown in figure 5*1. 

This i s due purely to geometrical considerations as indicated i n 

figure 5.2a. However i f the chamber i s operated i n a magnetic f i e l d , 

and e l e c t r i c f i e l d compensation is appl ied, a c e l l may be e f f i c i e n t over 

a length greater than the sense wire/potent ia l wire spacing as shown i n 

f igure 5.2b. Thus the cut-off may not he quite as rapid as in the zero 
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f i o l i l case und the maximum d r i f t Lime, T, now re fers to a greater 

d r i f t length. 

A s imi lur e f f e c t i s present in both cases for p a r t i c l e s incident 

non-orthogonalJy to the sense wire plane. Such trucks incident at 

+ r i 0 

- 8 are represented by dotted l ines in figures 5.2a and b. L , s j n g the 

precise scanning method the chambers would appear to be e f f i c i e n t over 

longer detection lengths in the sense wire plane due to the greater 

acceptance at the eel I boundaries. This has been demonstrated hy 

Breskin et a l . f igure 5.3 shows their resul t s for the increase in 

the e f f i c i e n t detection region, meusured ulong the sense wire plane, using 

a chamber operated in a magnetic f i e l d of 10 k(J with exact e l e c t r i c f i e l d 

compensation. For par t i c l e s incident at - 4 2 ° , that i s in the opposite 

d irect ion to the e l e c t r i c f i e l d t i l t of -».'12°, the c e l l was 25% e f f i c i e n t 

over a 2 mm longer distance than for part ic les incident orthogonally. 

However, as described in Chapter 2, for inc l ined tracks the recorded 

d r i f t times correspond to the electron swarms moving the shortest 

distance from the truck to the sense wire ulong the f i e l d l i n e s and 

not to the intercept of the truck on the sense wire plane. Hence 

the maximum d r i f t time recorded corresponds to the distance along the 

cathode plane to the track. Therefore the integral spectrum method 

must be used with care and a f u l l understanding of the chamber geometry 

i s required to accurately interpret the r e s u l t s . 

Any local ized i n e f f i c i e n c i e s in the chamber, e spec ia l ly at the 

c e l l boundaries, d i s t o r t the dN/dt d i s tr ibut ion and mask the true 

cut—off value. 
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5.3 Results of Chamber Cal ibrat ions 

The ca l ibra t ions derived from prototype and production chambers 

using various systems at the Daresbury Laboratory could only he used 

as a guide as the experimental conditions in no way represented the 

actual (g-2) fringe f i e l d . The method of binning whole c e l l d r i f t 

times had to be used to c a l i b r a t e the (g—2) chambers in the Muon Storage 

Ring as h i s t o r i c a l l y a precise scanning method could not be attempted. 

In the f i n a l sect ion of t h i s chapter a method i s proposed which could 

have been used to c a l i b r a t e the chambers accurately i f a s ingle (g-2) 

magnet had been ava i lab le for use in a tes t beam system. 

5.3.1 I n i t i a l Ca l ibra t ions using Prototype Chambers 

Several s e r i e s of c a l i b r a t i o n s were performed at various stages of 

the (g-2) d r i f t chamber development. Although of s i m i l a r c e l l design 

to the f i n a l chambers, many of the prototypes had d i f f e r e n t operating 

parameters and were never ca l ibrated in the (g-2) fringe f i e l d . 

Most of the early work was performed i n the absence of magnetic 

f i e l d s and thus no e l e c t r i c f i e l d compensation was appl ied . Using 

various d r i f t f i e l d s and e i ther col limated beta sources in the 

laboratory, or the positron Test Beam at the Daresbury Laboratory, the 

(2) 

chambers were shown to have reasonably l inear space - time r e l a t i o n ­

ships with only small perturbations around the sense wires . The curved 

end also proved to have a reasonably l inear re lat ionship but with reduced 

s p a t i a l reso lut ion. However an important point to note i s that a l l 

chambers hud c l ear mylar windows for ease of inspection and not the 

earthed alumiuized mylar windows as in the f i n a l chambers. As shown in 
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section 5.4,2 the addition of the earthed planes had a dramatic e f f e c t 

upon the d r i f t f i e l d in the curved end c e l l . 

Tests using a 7.5 kU magnet and a prototype chamber suggested that 

an e l e c t r i c f i e l d t i l t of two wire-spucings provided e f f i c i e n t 

(2) 

compensation at such f i e l d s . ' As a l l tes ts were performed at lower 

magnetic f i e l d values than those experienced in the majority of the 

(g-2) chamber c e l l s , the resul t s are not discussed in de ta i l in th i s 

thes i s . However they did suggest that a suitable compensation mechanism 

could be rea l i sed for the (g—2) chambers which would allow e f f i c i e n t 

detection and a l i n e a r space - time re la t ionsh ip across each c e l l . 

The theoret ica l and experimental f i e l d parameters used to determine 

the f i n a l compensation mechanism, discussed in Chapter 3, led to 

estimates of the expected maximum d r i f t times in each of the chamber 

c e l l s . Figure 5.4 shows the physical c e l l layout in a chamber and the 

corresponding d r i f t time values assuming l i n e a r d r i f t time - distance 

re la t ionsh ips . 

A set of three small d r i f t chambers, of s i m i l a r c e l l geometry to 
(3) 

the (g-2) chambers, were operated in magnetic f i e l d s of up to 13.5 kG 

in the Daresbury Laboratory Test beam. Although the magnetic f i e l d s in 

no way represented the (g—2) case, the resu l t s suggested that the 

detection e f f i c i e n c y would be low for long d r i f t lengths. The chambers 

were operated with a three wire-spacing f i e l d t i l t and a d r i f t f i e l d i n 

the sense wire plane of 600 V cm \ As the magnetic f i e l d in the (g-2) 

chamber c e l l s c loses t to the vacuum tank was higher than 13.5 k(j the 

e f f e c t would be exacerbated. An increase of the e l e c t r i c f i e l d to 

1000 V cm * improved the detection e f f i c i e n c y at longer d r i f t lengths. 

However by this stage the (g-2) chumbers were operational anil as stated 
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in Chapter 3 the potent ia ls opposite the sense wires had already been 

reduced to prevent spontaneous breakdown. hence any increase in the 

f i e l d , although des irab le , wouJd have been d i f f i c u l t to implement with­

out further d i s tor t ion of the compensation mechanism. Figure 5.5 shows 

the expected maximum d r i f t times in the (g-2) chambers derived from the 

d r i f t v e l o c i t i e s recorded in the small test chambers with extrapolation 

to the (g-2) f i e l d s . Note the longer d r i f t times at high magnetic 

f i e l d s , probably i n d i c a t i n g not only the expected decrease in d r i f t 

ve loc i ty but also d r i f t tuotioti in a curved path rather than paru l l e l to 

the sense wire plane. This i s due to the incorrect e l e c t r i c f i e l d 

compensation which explains the lowering of detection e f f i c i e n c y at 

long d r i f t lengths as the electron swarms are l o s t from the unlive 

chumber volume. However the errors in the quoted vulues are large 

due to the l imited data recorded und the luck of u uniform f lux across 

the chamber eel J s. 

5.3.2 Cal ibrat ions Derived from the (g-2) Data 

As stated the ca l ibrat ions had to be performed in s i tu using the 

uctual datu recorded by truck detect ion. Figure 5.6 demonstrates the 

var ie ty of tracks that could produce a trigger in shower counter CIO, 

the chamber c e l l s being indicated in chamber II. The geometrical 

acceptance of the array for the expected range of electron energies i s 

also shown. I t i s apparent thaL the c e l l s c loses t to the vacuum tank 

received the highest number of h i t s . 

The i n i t i a l ana lys i s was performed by binning a l l the recorded d r i f t 

times, i rrespect ive of whether they referred to genuine t r a c k s . As the 

chambers were not staggered there was no resolution of the l e f t - r i g h t 
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w i r e s were summed. I n a d d i t i o n Hie d a t a f r o m u l l chambe rs were summed 

as i t was assumed t h a t l i t t l e v a r i a t i o n i n d r i f t v e l o c i t y o c c u r r e d 

between c o r r e s p o n d i n g c e l l s i n t he e i g h t chambers . F i g u r e 5 .7 p r e s e n t s 

the r e s u l t s o I' t he a n a l y s i s . A p a r t f r o m the l a c k o f the e x p e c t e d f l a t ­

t ops t o the d i s t r i b u t i o n s o t h e r p o i n t s may he n o t e d . 1 ' i r s t l y t he 

maximum d i g i t i z a b l e d r i f t t ime o f° the sys t em i n use was 676 ns w h i c h 

e x p l a i n s the sha rp c u t - o f f s i n some o j ' the d i s t r i b u t i o n s , w h i c h may 

o t h e r w i s e have been i n t e r p r e t e d as t he maximum d r i f t t i m e c u t - o f f . 

A l s o us the DTD's had a f u l l d i g i t i z a b l c range o f 768 ns the n e g a t i v e 

d r i f t t i m e s e x t e n d i n g t o —1)2 ns were v a l i d due t o s p u r i o u s h i t s i n c i d e n t 

upon the a r r a y b e f o r e the CIO t i m i n g t r i g g e r . T h i s a l l o w e d an average 

background n o i s e t o he c a l c u l a t e d and i s d i s p l a y e d us a d o t t e d l i n e . 

The r a i l - o f f i n p a r t i c l e f l u x f r o m c e l l " 0 " to " 7 " i s e v i d e n t . 

The t o t a l number o f h i t s i n each c e l l was c a l c u l a t e d and a l e a s t 

squares l i t u s i n g a t h i r d o r d e r p o l y u o n i u 1 wus p e r f o r m e d to deduce the 

f o r m o f the decrease i n f l u x a c r o s s the c e l l s . The r e s u l t a n t c u r v e i s 

d i s p l a y e d i n f i g u r e 5 .8 w i t h i t s f o u r c o e f f i c i e n t s . I n t u r n a t h i r d 

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

c e l l c o - o r d i n a t e s , measured i n m i l l i m e t r e s f r o m the c u r v e d end ( a l l c e l l s 

assumed t o be 28 mm l o n g ) , y i e l d e d t h e number o f h i t s i n t h a t c e l l as 

g i v e n by the l e a s t squa res f i t . F i g u r e 5 . 9 shows the p l o t o f t h i s 

f u n c t i o n w h i c h , i f d i v i d e d i n t o 1 mm b i n s , r e p r e s e n t e d the e x p e c t e d 

number o f h i t s a c r o s s each c e l l u s suming t h a t the f l u x f e l l u n i f o r m l y 

as d e s c r i b e d by f i g u r e 5 . 8 . As d e s c r i b e d i n s e c t i o n 5 . 2 , t he method o f 

b i n n i n g the d r i f t t ime f r e q u e n c i e s t o d e r i v e t h e d r i f t v e l o c i t y r e l i e s 

upon a u n i f o r m f l u x a c ro s s the chumher . As t h e l e f t - r i g h t a m b i g u i t y was 

http://sen.se
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n o t r e s o l v e d t h e f l u x a c r o s s a c e l l wou ld o n l y appea r u n i f o r m on 

summing the two h a l v e s i !' t he s l o p e o f (.ho f l u x f u n c t i o n was c o n s t a n t . 

F i g u r e 5 .9 i l l u s t r a t e s t h a t a c o n s t a n t s l o p e d i d n o t e x i s t so the summed 

f r e q u e n c i e s t o t h e l e f t and r i g h t of each sense w i r e were computed f o r 

each c e l l i n 1 mm b i n s and a re shown i n f i g u r e 5 , 1 0 . The maximum 

v a r i a t i o n i n b i n f r e q u e n c y ac ro s s a c e l l was l e s s t han 1.5J& o f t h e 

average b i n f r e q u e n c y so a near u n i f o r m f l u x c o u l d be assumed. However 

i t must be n o t e d t h a t the t h e o r e t i c a l d i s t r i b u t i o n s must be compared t o 

the e x p e r i m e n t a l d a t a w i t h c a u t i o n as s e v e r a l a s s u m p t i o n s have n e c e s s a r i l y 

been i n c l u d e d i n t h e i r d e t e r m i n a t i o n . T h e i r shapes may o n l y be compared 

i f c o n s t a n t d r i f t v e l o c i t i e s , 10(//£ d e t e c t i o n e f f i c i e n c i e s a c r o s s the c e l l s 

and e x a c t d e t e c t i o n c u t - o f f s a t the c e l l b o u n d a r i e s a re assumed. Any 

e x t e n s i o n o f e f f i c i e n t d e t e c t i o n a c r o s s the c e l l b o u n d a r i e s due t o t i l t e d 

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

i d e a l i z e d d i s t r i b u t i o n s do i n d i c a t e t h a t i f the chambers were f u l l y 

e f f i c i e n t anil the d r i f t v e l o c i t i e s i n each ee l I were c o n s t a n t then the 

e x p e r i m e n t a l d i s t r i b u t i o n s w o u l d h ive f l a t - t o p s . An i n i t i a l peak and a 

s l o w e r f a l l - o f f a t t he maximum d r i f t t ime w i n I d be e x p e c t e d due t o t h e 

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

S e v e r a l c o n c l u s i o n s may now he drawn f r o m the d i s t r i b u t i o n s shown 

i n f i g u r e 5 . 7 . F i r s t l y as f l a t — t o p s do n o t e x i s t a t any s tage a c r o s s 

the d i s t r i b u t i o n s i t i s o b v i o u s t h a t the d e t e c t i o n e f f i c i e n c y was n o t 

101$. The expec ted i n e f f i c i e n c y a round the sense w i r e s i s observed and 

the d e t e c t i o n e f f i c i e n c y appears t o be h i g h f o r abou t h a l f t h e c e l l l e n g t h s . 

Beyond t h i s the e f f i c i e n c y f a l l s d r a m a t i c a l l y and f o r t he c e l l s i n t h e 

h i g h e s t magne t i c f i e l d c l o s e to the vacuum t a n k the maximum d r i f t t i m e 

appears t o be i n excess o f the 676 ns r e c o r d a b l e . I n c e l l s 3 , 4 and 5 

t h e d i s t r i b u t i o n s f a l 1 and t h e n p l a t e a u above t h e n o i s e l e v e l a t h i g h 
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d r i f t t i m e s i n d i c a t i n g an e x t e n s i o n o f 1 ow e f f i c i e n c y d e t e c t i o n beyond 

the p o t e n t i a l w i r e . O the r e f f e c t s e x i s t w h i c h have an unknown 

c o n t r i b u t i o n t o the f o r m o f t h e d i s t r i b u t i o n s . P r o b a b l e n o n - s a t u r a t i o n 

o f t h e d r i f t f i e l d a l t e r s the d r i f t v e l o c i t y i n any l o c a l i z e d l ow f i e l d 

r e g i o n s . The o b s e r v e d i n e f f i c i e n c i e s a r e p r o b a b l y due t o n o n - e x a c t f i e l d 

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

than p a r a l l e l t o t h e sense w i r e p l a n e , w i t h subsequen t l o s s o f t h e swarms 

a t l o n g e r d r i f t d i s t a n c e s . A l s o as t he maximum d r i f t t i m e s f a l l t o w a r d s 

t h e r i n g c e n t r e i t i s l i k e l y t h a t the d r i f t v e l o c i t i e s on t h e l e f t and 

r i g h t - h a n d s i d e o f the sense w i r e s a r e d i f f e r e n t . As i n d i c a t e d i n 

f i g u r e 5 , 7 , by e x t r a p o l a t i n g the f a l l - o f f s o f the d i s t r i b u t i o n s t o t h e 

n o i s e l e v e l s the maximum d r i f t t i m e s i n each c e l l may be r o u g h l y a s s i g n e d 

as 770 , 750 , 7 0 0 , 615 , 5 8 0 , 530 and 500 ns f o r c e l l s " 0 " t o " 6 " 

r e s p e c t i v e l y . The d a t u i n c e l l " 7 " i s i n a d e q u a t e f o r f i r m c o n c l u s i o n s 

t o be d r a w n . 

The shapes o f t h e d i s t r i b u t i o n s d e m o n s t r a t e t h a t t h e a s s u m p t i o n o f 

u n i f o r m p a r t i c l e f l u x r e d u c t i o n a c r o s s t h e chambers and t h e use o f t h e 

number o f h i t s i n each c e l l t o deduce t h e t h e o r e t i c a l d i s t r i b u t i o n s were 

i n c o r r e c t . However an i n c r e a s e t o 100J6 e f f i c i e n c y w o u l d have r a i s e d 

the number o f h i t s i n each c e l l by s i m i l a r f a c t o r s and the f l u x f u n c t i o n 

wou ld have had a s i m i l a r f o r m . 

5 . 3 . 3 S tudy o f M u l t i p l e H i t s on a Wire 

The d i s t r i b u t i o n s o f f i g u r e 5 .7 d i s p l a y e d a l l the d a t a s t o r e d on 

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

t i m i n g t r i g g e r and breakdown n o i s e b u t a l s o m u l t i p l e T i l i n g s o f t h e 

d i g i t i z a t i o n c h a n n e l s due t o t h e a m p l i f i e r and d i s c r i m i n a t o r o u t p u t s 
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aa d i s c u s s e d i n C h u p t e r 4 , These w o u l d l e a d t o a f a l s e i n d i c a t i o n o f 

t h e mux i mum d r i f t t i m e . A p r o g rum w r i t t e n to a n a l y s e such o c c u r r e n c e s 

r e v e a l e d a h i t h e r t o unknown p r o p e r t y o f the D T D ' s . I t was assumed t h a t 

i f the d a t a b l o c k was a n a l y s e d i n o r d e r the r c s u l t u n t d r i f t t i m e s on u 

w i r e wou ld he i n c r e a s i n g i n v a l u e . However when the f i r s t h i t d r i f t 

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

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

o c c u r r e d i n a chamber - each chamber b e i n g a s s o c i a t e d w i t h a DTD module 

h a v i n g f o u r t i m i n g c h a n n e l s - and the f i r s t t i m i n g channe l hud o v e r f l o w e d 

due to a s p u r i o u s h i t o c c u r r i n g b e f o r e the t i m i n g t r i g g e r , t h e n the 

d r i f t t i m e o f the f i f t h h i t was s t o r e d i n the f i r s t c h a n n e l . I f t h e 

l a t e s t w i r e t o he h i t had a l s o been h i t p r e v i o u s l y t h e n the l o n g e r d r i f t 

t i m e wou ld be r e c o r d e d f i r s t . Such e v e n t s were d i s c a r d e d f r o m t h e 

a n a l y s i s and the p r o p e r t y o f t he DTD's n o t e d f o r f u t u r e p r o g r a m m i n g . 

The d i f f e r e n c e between the f i r s t and second d r i f t t i m e s on a w i r e 

were b is tograuimed and a re d i s p l a y e d i n r i g u r e 5 . 1 1 f o r r u n s p e r f o r m e d 

b e f o r e the a m p l i f i e r s and d i s c r i m i n a t o r s were a l t e r e d as d e t a i l e d i n 

C h a p t e r 4 . F i g u r e 5 , 1 2 shows s i m i l a r a n a l y s i s f o r runs p e r f o r m e d a f t e r 

the m o d i f i c a t i o n s . The r e s u l t s were summed o v e r a l l chambers and c e l l s , 

the r e s u l t s f o r i n d i v i d u a l c e l l s b e i n g o f s i m i l a r f o r m . The f r e q u e n c i e s 

o f 0 und 2 ns t ime d i f f e r e n c e s were h i g h i n b o t h d a t a s e t s . Indeed the 

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

i d e n t i c a l - 1HJ& and 2Jb f o r each d a t a s e t . T h i s i n d i c a t e d some s y s t e m a t i c 

d o u b l e f i r i n g o f t he d i g i t i z a t i o n channels w h i c h was d i f f i c u l t to e x p l a i n . 

for the d a t a t a k e n b e f o r e t h e m o d i f i c a t i o n s s m a l l peaks were seen a t 

3 2 , 64 and 9b' ns i n d i c a t i n g m u l t i p l e r e f l e c t i o n s between the sense w i r e s 

and a m p l i f i e r s , the c a b l e l e n g t h b e i n g 16 n s . A l s o a v e r y b road peak 



o z 
LU 

O 
ID 

u. 

700 ! 

• t:. CM 
- — l f>- r -

: . . ^ :. 
rri- in •-: 
.-!;-• A i • 
• I : 

T O T A L N U M B E R . Q F D A T A . P O I N T S = 3 0 4 8 0 . 

80 100 120 U 0 160 180 200 220 240 260 280 300 

D I F F E R E N C E IN D R I F T T I M E S ns 

F I G . 5.11 : D I F F E R E N C E IN D R I F T T I M E S B E T W E E N 
F I R S T AND S E C O N D H I T S ON A W I R E 
B E F O R E M O D I F I C A T I O N S TO A M P L I F I E R S 
AND D I S C R I M I N A T O R S 



I 

Ul 

LU 

LL 

li J 1000 J 

ffl 
I 

900 

TOTAL NUMBER OF DATA. POINTS-?: 50.675 

i i 800 
1 

I 
I 

T 

700 
i 

600 

500; 

1 
400 

J 

300 
i 

t i i 
200! 

i 

100 i 
1 

t 
1 
T 

I 

I 

0 20 40 60 80 100 120 U0 160 180 200 220 240 260 280 300 
D I F F E R E N C E IN D R I F T TIMES ns 

F I G . 5.12: D I F F E R E N C E IN D R I F T T I M E S B E T W E E N 
F I R S T AND S E C O N D H I T S ON A W I R E A F T E R 
MODIF ICATIONS TO A M P L I F I E R S AND 
D I S C R I M I N A T O R S 



- 1 3 f t -

a round 9 0 - 10 ns i n d i c a t e d the d e f o r m a t i o n o f t h e a m p l i f i e r p u l s e , as 

n o t e d i n C h a p t e r 4 , c a u s i n g don h i e f i r i n g o f t he d i g i t i z a t i o n c h a n n e l s . 

I n compar i son the d a t a taken a f t e r the m o d i f i c a t i o n s i n d i c a t e d an 

e n h a n c i n g o f t h e f i r s t r e f l e c t i o n a t 32 n s , un i d e n t i c a l p e r c e n t a g e 

o f t h e t o t a l d a t a f o r t he second r e f l e c t i o n a t 04 ns as i n t h e p r e -

m o d i f i c a t i o n d a t a , and the removal o f the b r o a d a m p l i f i e r i n d u c e d peak 

a round 90 n s . The t h i r d and f o u r t h r e f l e c t i o n s a t 96 and 128 ns were 

more d i s t i n c t . The t a i l s i n b o t h d a t a s e t s were due t o genu ine d o u b l e 

h i t s i n a c e l l caused by s h o w e r i n g o f t h e e l e c t r o n s i n t h e vacuum t a n k 

w a l l o r a c t u a l d o u b l e decay t r a c k s . A d d i t i o n a l a n a l y s i s , n o t p r e s e n t e d 

i n d e t a i l h e r e , r e v e a l e d t h a t the t ime d i f f e r e n c e s between the second 

and t h i r d o r t h i r d and f o u r t h h i t s on a w i r e , i f t h e y o c c u r r e d , were 

p r e d o m i n a n t l y 32 ns w i t h the m o d i f i e d s y s t e m . b e f o r e m o d i f i c a t i o n t h e 

H4 ns and 96 ns r e f l e c t i o n s were more d o m i n a n t . 

C o r r e c t a n a l y s i s o f t he d a t a w o u l d remove any l o n g e r d r i f t t i m e s 

r e c o r d e d on a w i r e * T h i s w o u l d g u a r a n t e e t h a t o n l y the t r u e d r i f t t i m e 

was p rocessed a l t h o u g h i n some i n s t a n c e s two g e n u i n e t r a c k s may have passed 

t h r o u g h the same c e l l . However i t wou ld be u n l i k e l y t h a t t h e y passed 

t h r o u g h the same c e l l s t h r o u g h o u t the a r r a y and i n the t r a c k i n g a n a l y s i s 

i f any chamber had two w i r e s h i t s the e v e n t was r e j e c t e d . 

A l l o w a n c e f o r t he r e — c y c l i n g o f the t i m i n g c h a n n e l s a f t e r o v e r ­

f l o w s and the a r r i v a l o f f i v e o r more h i t s d i d n o t remove a l l 

e r r o n e o u s r e c o r d s . Many i n s t a n c e s o f i n c o r r e c t d r i f t t ime o r d e r were 

obse rved when o n l y two h i t s o c c u r r e d on a w i r e and no o t h e r h i t s were 

r e c o r d e d i n the m o d u l e . Some m a l f u n c t i o n o f e i t h e r the DTD i n p u t o r 

r e a d o u t sys t em wus i n d i c a t e d and any such e v e n t s were r e j e c t e d f r o m a l l 

a n a l y s i s . 
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5 . 3 . 4 C a l i b r a t i o n s u s i n g S t r i n g e n t Data S e l e c t i o n 

H a v i n g no ted t h a t e r r o n e o u s d r i f t t i m e s c o u l d be r e c o r d e d more 

s t r i n g e n t c o n s t r a i n t s were a p p l i e d t o t h e e v e n t s h i s togrammed i n 

a t t e m p t s t o d e r i v e more c o n c l u s i v e c a l i b r a t i o n s . A n a l y s i s was 

p e r f o r m e d upon d a t a t a k e n f o r n e g a t i v e tnuuns a f t e r m o d i f i c a t i o n t o 

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

F i g u r e 5 ,13 d i s p l a y s t h e f i r s t , l o w e s t d r i f t t i m e s r e c o r d e d on 

each w i r e i n an e v e n t summed o v e r a l l chambers f o r each c e l l . A l l 

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

t ime t a i l s seen i n f i g u r e 5 .7 wou ld be e x p e c t e d t o d e c r e a s e . T h i s 

does indeed o c c u r , b u t n o t t o t h e e x p e c t e d d e g r e e . As b e f o r e f l a t -

topped d i s t r i b u t i o n s w o u l d be e x p e c t e d i n i d e a l c o n d i t i o n s . B e t t e r 

p l a t e a u s a r e obse rved w i t h the l a t e s t a n a l y s i s h u t s t i l l no d e f i n u t e 

c o n c l u s i o n s may be d e r i v e d about the maximum d r i f t t i m e c u t - o f f s . 

I n an a t t e m p t t o s e l e c t i r r e f u t a b l y c o r r e c t d a t a a r o u t i n e was 

w r i t t e n t o s e l e c t unambiguous s i n g l e t r u c k s i n the a r r a y . The 

c r i t e r i a w e r e : a s i n g l e w i r e h i t i n a chamber , no more t h a n two h i t s 

on a w i r e — w i t h a s s o c i a t e d c h o i c e o f c o r r e c t d r i f t t ime — and c o r r e c t 

c u r v a t u r e towards the c e n t r e o f the r i n g f o r s u c c e s s i v e downstream 

chambers i n the a r r a y . W i t h o u t r e s o l u t i o n o f the l e f t - r i g h t a m b i g u i t y 

the l a t t e r r e s t r i c t i o n was a c h i e v e d by demanding t h a t the w i r e h i t 

was the same as i n t h e p r e v i o u s ups t r eam chamber o r n e a r e r to the r i n g 

c e n t r e . Succes s ive chambers d i d n o t n e c e s s a r i l y have t o be h i t , 

a l l o w i n g f o r i n e f f i c i e n c i e s i n d e t e c t i o n . The r e s u l t s a re p r e s e n t e d i n 

f i g u r e 5 , 1 4 . They a re n o t d i s s i m i l a r to those o f f i g u r e 5 .13 b u t t he 

peak a round 17U ns i n c e l l " 0 " i s more p r o m i n e n t . T h i s gave the f i r s t 

i n d i c a t i o n t h a t the c e l l may have o n l y been e f f i c i e n t f o r a s h o r t 

d i s t a n c e on the vacuum tank s i d e o f t h e sense w i r e . T h i s w o u l d cause 
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a peak and a r a p i d f a l l - o f f i n t h e d i s t r i b u t i o n i f o n l y one s i d e o f 

the c e l l was e f f i c i e n t beyond t h i s d i s t a n c e . 

I t may be seen t h a t r e a s o n a b l e f l a t - t o p s t o t h e d i s t r i b u t i o n s 

o n l y o c c u r i n c e l l s " 4 " t o " 6 " , c e l l " 7 " h a v i n g i n s u f f i c i e n t d a t a t o 

enab le f i r m c o n c l u s i o n s t o be made. T h i s sugges t s t h a t t h e c o m p e n s a t i o n 

mechanism was more e x a c t f o r the Jower m a g n e t i c f i e l d s p r e s e n t i n t hese 

ee l I s . 

I n a l l the d i s t r i b u t i o n s d i s p l a y e d no o s c i l l a t i o n s a r e obse rved 

due t o the i n c i d e n c e o f l a r g e a n g l e t r a c k s . A n g l e s o f up t o 2f>° f o r 

900 MeV e l e c t r o n s i n c i d e n t upon c e l l " 7 " may be e x p e c t e d , l o w e r a n g l e s 

a p p l y i n g f o r c e l l s c l o s e r t o the vacuum tank and f o r h i g h e r ene rgy 

e l e c t r o n s . 

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

( g - 2 ) ene rgy l e v e l s and d i d n o t r e v e a l any d i f f e r e n c e i n t h e f o r m o f t he 

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

o f the s i x t y — f o u r c e l l s r e v e a l e d no d i s c e r n i b l e d i f f e r e n c e between 

c o r r e s p o n d i n g c e l l s i n d i f f e r e n t chambers , e x c e p t o f cour se the number 

o f d a t a p o i n t s . 

A n a l y s i s o f the l i m i t e d d a t a t a k e n w i t h the DTD sys tem w h i l s t 

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

t o the d i s t r i b u t i o n s . As the e l e c t r i c f i e l d was a m i r r o r image o f the 

n e g a t i v e p o l a r i t y f i e l d , and the m a g n e t i c f i e l d was m e r e l y r e v e r s e d i n 

d i r e c t i o n , t h e d i s t r i b u t i o n s wou ld n a i v e l y he e x p e c t e d t o be i d e n t i c a l . 

One p o s s i b l e e x p l a n a t i o n i s t h a t the d i r e c t i o n o f f i e l d t i l t f o r t he 

p o s i t i v e p o l a r i t y was i n the same d i r e c t i o n as the p o s i t r o n decay 

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

was l e s s than i n t h e n e g a t i v e case where t h e decay c u r v a t u r e was i n the 
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o p p o s i t e sense t o U ie f i e l d t i l t . A l s o the p r i m a r y i o n i z a t i o n was 

d e p o s i t e t l i n the same sense as the e q u i p o t e n t i n 1 l i n e s For t he | ) O H i t i v e 

p o l a r i t y r a t h e r t l i a n c r o s s i n g them i n the n e g a t i v e ca se . T h i s i m p l i e d 

t h a t a l l t h e r e s u l t a n t e l e c t r o n swarms f o r m e d a c ro s s the i n t e r - c a t h o d e 

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

t h e i r d r i f t p a t h s , and hence e q u a l v e l o c i t i e s . On t h e o t h e r hand any 

i n h o m n g e n c i t i e s i n t he e l e c t r i c f i e l d wou ld have caused the e l e c t r o n 

swarms fo rmed i n t h e n e g a t i v e case t o have v a r y i n g d r i f t v e l o c i t i e s . 

Hence the p u l s e on the sense w i r e w o u l d have had a s h o r t e r t i m e d e v e l o p ­

ment i n the p o s i t i v e case and thus a g r e a t e r a m p l i t u d e , l e a d i n g to a 

h i g h e r d e t e c t i o n e f f i c i e n c y a t l o n g e r d r i f t t i m e s and an ex tended f l a t ­

t o p to t h e d r i f t t ime d i s t r i b u t i o n . 

5.-1 Study o f the M a g n e t i c and E l e c t r i c F l u i d s 

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

c l o s e r s t u d y was made o f the m a g n e t i c and e l e c t r i c f i e l d s p r e s e n t i n 

t h e d r i f t chambers . 

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

mapping runs o f the m a i n (g— £!) e x p e r i m e n t w h i l s t the vacuum t ank was 

r emoved . The i n t e n t i o n was t o c o n t r u c t an a c c u r a t e s e t o f mesh p o i n t s 

o v e r t he chamber a r r a y volume f o r use i n t h e f i n n l t r a c k i n g a n a l y s i s . 

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

had been comple t ed i n an a t t e m p t t o e x p l a i n the p o o r c a l i b r a t i o n s . 
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5 . 4 . 1 M a g n e t i c F i e l d P l o t s 

The measurements o f the (g—12) f r i n g e f i e l d were p e r f o r m e d u s i n g u 

c a l i b r a t e d H a l l l ' robe w h i c h enab l ed a c c u r a c i e s o f 10 gauss t o be a c h i e v e d . 

The probe was a t t a c h e d t o a t r a v e r s i n g t a b l e w h i c h was a c c u r a t e l y mounted 

h o r i z o n t a l l y i n t h e r e g i o n o f magnet b l o c k 2 2 . P o s i t i o n a l e r r o r s o f 

™ 0 . 5 mm are q u o t e d f o r a l l t h e d a t a p r e s e n t e d i n t h i s s e c t i o n . 

As no v e r t i c a l c o - o r d i n a t e was o b t a i n a b l e f r o m t h e d r i f t chamber 

sys tem w i t h o u t t he use of the MWPC's t h e a s s u m p t i o n was made t h a t t h e 

m a j o r i t y o f the decay e l e c t r o n s o r i g i n a t e d f r o m a round the med ian p l a n e . 

Data t aken w i t h t he t h r e e MWPC's b e f o r e i n s t a l l a t i o n o f the c o m p l e t e 

d r i f t chamber a r r a y i n d i c a t e d t h a t the e l e c t r o n s decayed i n a h o r i z o n t a l 

( 4 ) 

p i ano w i t h a l a r g e pe r cen t age a round the median p l a n e . A n a l y s i s o f 

t he EDM d a t a sugges t ed a s e m i - c i r c u l a r f i l l i n g o f phase-space i n t h e 

v o r t i c a l d i r e c t i o n , ^ ^ i n d i c a t i n g t h a t a l a r g e p r o p o r t i o n would be 

expec t ed to decay f r o m w i t h i n - 20 mm o f the median p l a n e . 

F i g u r e 5 .15 shows the v a r i a t i o n i n f i e l d r a d i a l l y a t two p o i n t s i n 

a z i m u t h c o r r e s p o n d i n g to the boundary o f two magnet b l o c k s and a p o s i t i o n 

o f f s e t 65 mm f r o m the c e n t r e l i n e o f b l o c k 2 2 . The r a d i a l d i s t a n c e s 

measured f r o m the c e n t r e o f the r i n g and the c e l l b o u n d a r i e s a r e 

i n d i c a t e d . The v a l u e s o b t a i n e d are i n agreement w i t h those o b t a i n e d 

w h i l s t the magnets were u n d e r t e s t b e f o r e i n s t a l l a t i o n i n the Muon 

S to rage R i n g . 

V a r i a t i o n s between the two a z i m u t h a l p o s i t i o n s o f up to 1.4 kO 

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

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

i n a magnet b l o c k w o u l d be e x p e c t e d . However f o r c e l l s 0 , 1 and 2 , 

w h i c h c o n t a i n the m a j o r i t y o f the d a t a , the v a r i a t i o n s i n f i e l d were 

n o t so g r e a t . 
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Figure 5.16 demonstrales the f i e l d p l o t der ived f rom a set of 

measurements taken r a d i a l l y a l var ious v e r t i c a l p o s i t i o n s a l Lhe 

boundary of two magnet b l o c k s . i ' l o t s obtained a t other azimuthal 

p o s i t i o n s r e f l e c t e d tlie v a r i a t i o n o f f i e l d w i t h azimuth shown i n 

f i g u r e 5 .15. However the o v e r a l l form of the f i e l d p l o t s were s i m i l a r 

w i t h the i n d i c a t i o n t h a t the f i e l d was reasonably constant over a 

v e r t i c a l dis tance - 20 mm from t in- median p lane . The homogeneous 

f i e l d present over the storage volume extended i n t o the reg ion covered 

by the f i r s t two d r i f t chamber c e l l s . Thus the m a j o r i t y o f decay 

e l ec t rons t raversed a near i d e n t i c a l f r i n g e f i e l d i r r e s p e c t i v e of t h e i r 

azimuthal b i r t h p o s i t i o n . W i t h i n - 20 mm v e r t i c a l l y of the median plane 

"the magnetic f i e l d decreased towards the centre o f the r i n g . For 

g rea te r v e r t i c a l displacements f i g u r e 5.16 i l l u s t r a t e s t h a t due to edge 

e f f e c t s f rom the pole pieces the f i e l d rose from the homogeneous value 

of 14.75 kG to about 18 k(j before f a l l i n g i n value towards the centre o f 

the r i n g . Hence e l ec t rons decaying a t large displacements f rom the 

median plane would have complex t r a j e c t o r i e s and the d r i f t v e l o c i t i e s 

i n the e x t r e m i t i e s of the d r i f t chamber c e l l s would be d i f f e r e n t f rom 

the median plane va lues . 

I t i s obvious t h a t an i n d i c a t i o n o f t h e v e r t i c a l co -ord ina te o f the 

decay e l e c t r o n would have teen des i r ab le to enable a more accurate 

c a l i b r a t i o n of the d r i f t v e l o c i t i e s . However, as s t a t e d , no measurable 

v a r i a t i o n i n the d r i f t time d i s t r i b u t i o n s of corresponding c e l l s i n 

var ious chambers was no ted . Therefore e i t h e r the magnetic f i e l d 

v a r i a t i o n had on ly a small i n f l u e n c e upon the d r i f t v e l o c i t i e s or the 

v a r i a t i o n s in the f i e l d v e r t i c a l l y masked any v a r i a t i o n s i n the r a d i a l 

f i e l d a t d i f f e r e n t az imuths . 
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Any exact c a l i b r a t i o n method would have to s tudy both v e r t i c a l and 

r a d i a l d r i f t v e l o c i t y v a r i a t i o n s w i t h az imuth. 

5 .4 .2 E l e c t r i c F i e l d l ' l o t a 

A more d e t a i l e d eva lua t i on than had p r e v i o u s l y been attempted was 

made of the e l e c t r i c f i e l d s present i n the chambers, The values used 

(2 3) 

by Browell and Short ' were der ived us ing a numerical r e l a x a t i o n 

method computed by hand. They a lso only extended the p l o t to the 

cathode planes , r a t h e r than the earthed windows, so i n c o r r e c t boundary 

cond i t i ons r e s u l t e d . As no s u i t a b l e sof tware was a v a i l a b l e the 

r e l a x a t i o n method was employed i n a computer r o u t i n e w r i t t e n to determine 

the f i e l d s w i t h several c e l l geometries and wire p o t e n t i a l s . U n f o r t u n ­

a t e l y the method proved to be ra ther time consuming. 

The area to be s tudied was d i v i d e d i n t o a g r i d o f square c ross -

s e c t i o n . The boundary could be o f any r ec t angu la r shape and any 

boundary cond i t i ons and wire p o t e n t i a l s could e x i s t w i t h s u i t a b l e 

adap ta t ion of the program. The t h i r d c o - o r d i n a t e , p a r a l l e l to the 

sense w i r e s , was considered t o be i n f i n i t e . Figure 5.17 demonstrates 

the g r i d , the step s ize being at most h a l f the I I . T , wire spacing. From 

the nomenclature o f f i g u r e 5.17 the residues a t each of the mesh p o i n t s , 

except the s i n g u l a r i t i e s a t the boundary and w i r e s , were s y s t e m a t i c a l l y 

reduced u n t i l they were a l l below a f i x e d v a l u e . The residue was 

de f ined as: 

H. . - V. . , + V. , . + V. . , + V. . . - -1V. ( 5 . 3 ) 

wln-re V de f ines the p o t e n t i a l s a t the r e l evan t mesh p o i n t c o - o r d i n a t e s , 

i n i t i a l a r b i t r a r y values were g iven to the p o t e n t i a l s a t non—singular 

mesh p o i n t s . 
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As the wi rea were t i t f i x e d p o t e n t i u l s they formed l o c a l s i n g u l a r i t i e s , 

i t hus been shown tha t the npproximate s o l u t i o n der ived by t h i s method 

i s r e l a t e d to the exact s o l u t i o n f o r wires o f radius r sac 2 

a t the s i n g u l a r i t i e s , where a i s the step mize. For a l l the p o t e n t i a l 

maps displayed below <iie s tep s ize was 0.4 mm lead ing to an equ iva l en t 

wi re diameter o f ~H0 ^um. This was i n good agreement w i t h the 120 ^im 

11.T. and p o t e n t i a l wires but too large f o r the 2U/im sense w i r e s . 

Thus the r a d i a l f i e l d computed around the sense w i r e was lower than the 

t rue v a l u e . However such a compromise step s ize produced the best 

o v e r a l l p o t e n t i a l map a v a i l a b l e us ing such a method. 

The values obtained by Hrowo I I. and Short were der ived us ing the 

11.T. planes as the boundaries of the g r i d . As earthed windows were 

used i n the (g-2) chambers and the dis tances between the windows and 

the upstream and downstream I I . T . planes were d i f f e r e n t , i t was necessary 

to compute the f i e l d f o r the e n t i r e volume between the windows. I t 

(7 * 

had been noted ' tha t the presence of earthed windows tended to decrease 

the expected angle of f i e l d compensation t i l t . E l e c t r i c f i e l d 
( y ) 

s imula t ions performed by Wylie i n d i c a t e d the a l t e r a t i o n i n f i e l d 

a long the sense wi re plane caused by v a r y i n g the cathode plane to earthed 

window d i s t ance . These observat ions h i g h l i g h t e d the need f o r the 

extended f i e l d p l o t s . 

Figure 5.18 shows the equ i .po ten t ia l s present over the in t e r - ca thode 

gap of two neighbouring h a l f — c e l l s . The equ ipo t en t i a Is between the 

cathodes and earthed windows were computed but are not shown. The 

e q u i p o t e n t i a l s are e x h i b i t e d i n t h i s way as the c e l l boundaries are of 

most i n t e r e s t . The r a d i a l f i e l d s around the sense wi res are soon 

d i s t o r t e d by the three wire—spacing f i e l d compensation s l a n t . 
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The equi p o t e n t i a l s of the d r i f t space on {.lie vacuum lank side of the 

.sense wi re are reasonably evenly spaced over the m a j o r i t y oj ' the d r i f t 

reg ion and t h e i r t i l t s are almost constant but j u s t below the design 

o 

angle of 43 . However around the p o t e n t i a l w i r e the e q u i p o t c n t i a l s 

are wide ly spaced, e s p e c i a l l y on Lhe downs Lieani side ol' the sense wi re 

p lane , and hence the f i e l d values are extremely low. This i s a d i r e c t 

consequence of the compensation being equal to an odd number o f wipe— 

spacings. Had the t i l t been equal to two o r f o u r wire—spacings, such 

an asymmetry would not have e x i s t e d . The; f i e l d p l o t s of Hrowell arid 

Short d id not i n d i c a t e the h igh f i e l d s around the h igher p o t e n t i a l 

cathode wi res as the ea r th planes were not inc luded in t h e i r c a l c u l a ­

t ions . Hence the model used to design the f i e l d compensation mechanism 

had a r t i f i c i a l l y h igh p o t e n t i a l s a t the c e l l boundaries. Therefore the 

f i e l d s were g rea te r and the boundary between the two d r i f t spaces was 

more d i s t i n c t . 

The immediate consequence of the low f i e l d region was to d r a s t i c a l l y 

a l t e r the d r i f t v e l o c i t i e s i n the area. More i m p o r t a n t l y , however, as 

no d i s c e r n i b l e f i e l d t i l t ex i s t ed i n the r e g i o n , many of the e l e c t r o n 

swarms were swept out o f the a c t i v e chamber volume by Uie magnetic f i e l d 

and d e t e c t i o n i n e f f i c i e n c i e s r e s u l t e d . 

i n s p e c t i o n of the d r i f t space on the r i n g centre side of the sense 

wire reveals t ha t not only was the f i e l d much Lower over the m a j o r i t y of 

the d r i f t space than on the vacuum chamber side of the sense w i r e , but 

also the equ ipo ten t i a1 t i l t angles were sma l l e r . Hence not on ly were the 

d r i f t v e l o c i t i e s d i f f e r e n t i n t h i s h a l f o f the c e l l but a l s o , as the f i e l d 

compensation was too s m a l l , the d e t e c t i o n e f f i c i e n c i e s were lower . 
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Also d isp luyed i n f i g u r e 5.18 i s (lie e l e c t r i c f i e l d measured a long 

the sense wi re p lane . For comparison Uie value obtained from the 

formula (V - V . ) / '1.4 Vcm * i s shown as a do t ted l i n e a t 590 Vcm max min ' 

The f i e l d s over the e n t i r e i n t e r - ca thode gap were comparable to the sense 

wi re plane values except near the cathode p lanes , where there were 

d i s t o r t i o n s due to the I I . T . wi res being poles o f p o t e n t i a l , and around 

the p o t e n t i a l wi re where severe f i e l d d i s t o r t i o n e x i s t e d . 

As a l ready mentioned the t rue r a d i a l f i e l d s around the sense wi re s 

were of h igher values than shown. Therefore the e q u i p o t o u t i a l s were 

more c l o s e l y spaced around the sense wi res and the p e r t u r b a t i o n o f the 

t i l t i n g mechanism close to the sense wires was less than i n d i c a t e d . As 

a consequence lower f i e l d s ex i s t ed i n t i i e remainder o f the d r i f t spaces 

and the re fo re h i g h e r d r i f t v e l o c i t i e s r e su l t ed i f the f i e l d s were not 

above the s a t u r a t i o n v a l u e . 

The mechanical i m p e r f e c t i o n s i n chamber c o n s t r u c t i o n , noted i n 

Chapter 3, led to i n l e r ca thode gups o f 6,4 • 0.0 mm. Hence the 
o o 

t h e o r e t i c a l t i l t i n g angle was 43 4 and the f i e l d s around the sense 

wi res could vary by over 10$. Also as the p o t e n t i a l wi res were not 

surveyed as accura te ly as the sense wires the h a l f - c e l l lengths were nut 

e x a c t l y equa l . A l l these d iscrepancies led to v a r i a t i o n s i n d r i f t 

v e l o c i t i e s between c e l l s , a l though t h e i r e f f e c t s were not d i s c e r n i b l e i n 

the d r i f t time d i s t r i b u t ions, as discussed above. 

F .quipoten l ia l maps were c a l c u l a t e d f o r the curved end c e l l . Separate 

p l o t s were performed f o r the e q u i p o t e n t i a l s a t the top and bottom of the 

chamber, where the sense wi re to curved end dis tance was 8 mm, and i n the 
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mettian plane of the chamber wliere the sense wi re t o curved end d is tance 

was 18 mm. The r e s u l t s are shown i n f i g u r e s 5.10 and 5.2U. The 

de t r imen ta l e f f e c t of the a d d i t i o n o f the earthed window on the curved 

end member i s immediately apparent . Heyond the p o t e n t i a l w i r e , 

pos i t i oned 4 mm from the sense w i r e , the d r i f t f i e l d was d i r e c t e d towards 

the curved end r a t h e r than the sense w i r e . Hence t racks could o n l y be 

detected over the f i r s t 4 mm of the d r i f t space r a t h e r than the e n t i r e 

h a l f — c e i l . I f the earthed window had n o t been present on the curved end 

member the high f i e l d s around the s t r i p e lec t rodes would not have e x i s t e d . 

The nearest e a r t h plane would have been the vacuum tank s i t u a t e d a p p r o x i ­

mately 15 Him from the curved end member. Therefore a low d r i f t f i e l d , 

i n the c o r r e c t d i r e c t i o n , would have ex i s t ed throughout the c e l l . However 

the earthed chamber s ide windows would have u f f e c t e d the t i l t angle o f the 

e q u i p o t e n t i a l s i n the median plane due to the l ack o f p o t e n t i a l wi res over 

the 14 mm d r i f t space a l l o w i n g f i e l d p e n e t r a t i o n . Hence the d e t e c t i o n 

e f f i c i e n c y a t long d r i f t lengths would have been low. I t should be noted 

tha t os reported i n Chapter 3 the curved end c e l l s operated s a t i s f a c t o r i l y 

i n a zero magnetic f i e l d environment w i t h no earthed chamber windows. 

As the d i e l e c t r i c constant of the ( i l l ) ma te r i a l i s about 4 , the 

thickness of the curved end w a l l was taken to be 1.0 mm, ra the r than 0.5 mm 

i n r e a l i t y , when the g r i d was const ructed to c a l c u l a t e the p o t e n t i a l s . 

This compensated f o r the d i f f e r e n c e between the d i e l e c t r i c constants of 

Ar/CH^ and 010, i n the d i sp layed p l o t s the t rue thickness o f ( i l l ) i s 

presented and the p o s i t i o n s of the e q u i p o t e n t i a l s between the s t r i p 

e lec t rodes and ear thed window are es t imated . The 1 mm wide s t r i p 

e lec t rodes were each represented by three adjacent equal valued s i n g u l a r 

po in t s on the g r i d . As w i t h the normal c e l l p l o t the e q u i p o t e n t i a l s 
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between the cathode planes and earthed chamber windows were computed 

but are no t shown. In a l l p l o t s the equipot .en t ia l 1 ines were cons t ruc ted 

by hand us ing the p o t e n t i a l s c a l c u l a t e d a t the g r i d p o i n t s . A l t e r 

computat ion a l l non - s ingu la r residues were less than 0,1V and hence from 

equat ion ( 5 . 3 ) the g r i d p o t e n t i a l s were more accura te . 

The median plane p l o t o f f i g u r e 5.2o a l so shows the f i e l d i n the 

sense wi re plane. Apart from the low f i e l d region on the downstream 

side of the p o t e n t i a l w i r e , the oqui p o t e n t i a l s were almost c i r c u l a r 

and t h e r e f o r e a r a d i a l f i e l d e x i s t e d , e s p e c i a l l y a long the sense wi re 

p lane. The s l i g h t e l l i p t i c i t y seen i n the 1200V o q u i p o t e n t i a l would 

be removed i f the t rue higher f i e l d around the sense wi re could h, v e 

been c a l c u l a t e d us ing the r e l a x a t i o n method. 

The normal c e l l p l o t d i sp layed i n f i g u r e 5.1H, a l though not t o t a l l y 

accurate i n the sense wire reg ions , has i nd i ca t ed why the c e l l s were 

i n e f f i c i e n t a t long d r i f t lengths due to the poor f i e l d compensation i n 

the p o t e n t i a l wi re reg ions . i t also i n d i c a t e s t h a t d i f f e r e n t d r i f t 

v e l o c i t i e s are to be expected i n the two d r i f t spaces on e i t h e r side of 

a sense w i r e . Figures 5,10 and 5,20 show tha t the a d d i t i o n o f the 

earthed chamber windows d r a s t i c a l l y a l t e r e d the d r i f t f i e l d in the 

curved end reg ion and made the f i n a l 14 mm of the a c t i v e volume i n the 

median plane redundant. Adding the 15 mm spacing between the curved 

end member and the vacuum tank gives a t o t a l dead space of 30 mm i n the 

a v a i l a b l e r a d i a l d e t e c t i o n r e g i o n . Hence very few high energy e l ec t rons 

could be detected unless they decayed a long way upstream of the chamber 

a r r a y . Only then could they he d e f l e c t e d 30 uuii r a d i a l l y inwards by the 

magnetic f i e l d and be detected in the downstream chambers. 
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5.5 T h e o r e t i c a l D r i f t V e l o c i t y Ca l cu l a t i ons uai ng the F i e l d l ' l o t s 

Using the magnetic and i - l e c t r i c f i e l d s der ived in the Just two 

sec t ions a t h e o r e t i c a l assessment of the d r i f t v e l o c i t i e s across a 

chamber could be made. The magnetic and e l e c t r i c f i e l d s were 

c a l c u l a t e d a t 1 mm i n t e r v a l s from the p o t e n t i a l wi re in the curved end 

c e l l to the sense w i r e i n c e l l " 5 " . The t i l t angles of the 

e q u i p o t e n t i u l s, H , were measured and hence the true e l e c t r i c f i e l d , l i , 

could be der ived from the e l e c t r i c f i e l d E i n the sense wire p lane: 
o 

E = K / cos JT ( 5 . 4 ) o 

Using the equations presented i n Chapter 2 the d r i f t angles to the 

sense wi re p lane , 8 , could be der ived u s i n g : 

tan 8 - U) 1 = Bw , c . . 

k E 

where k - 0.75 f o r a Maxwel l ian v e l o c i t y d i s t r i b u t i o n and the zero 

magnetic f i e l d d r i f t v e l o c i t y va lues , , were taken from f i g u r e 5 . 2 1 . 

(0) 

These values are due to Walenta and are i n good agreement w i t h o ther 

publ ished resu 1 l.s. ^ ^ ' * Comparison w i t h f i g u r e 3 a l U shows tha t 

the d r i f t v e l o c i t i e s are much h igher than those der ived by Biowe 11 and 

S h o r t ^ ' ^ a t low e l e c t r i c f i e l d va lues . This i s probably due to the 

l a t t e r s 1 methods of measurement und c a l c u l a t i o n of the e l e c t r i c f i e l d . 

Knowing the values of 8, and thus OjT , the magnetic d r i f t v e l o c i t i e s 

w(E, H) could be c a l c u l a t e d : 

w(E,l») - w [ l + (U) l ) J ] ( 5 . 0 ) 

The non-exact compensation angle given by ( K - 8 ) was then used to 

conver t w(E, B) i n t o the measured d r i f t v e l o c i t y , w^, along the sense 

wi re piane : 
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w «• w (E,B) C O S (JT-9) ( 5 . 7 ) 

The vulues o f ( I f -8) c a l c u l a t e d i n 1 nun steps across a chamber 

arc presented in f i g u r e 5 .22. Only the f i v e c e l l s which contained 

the m a j o r i t y of the data are shown, the sense and p o t e n t i a l wi re 

p o s i t i o n s being i n d i c a t e d . A l a r g e r scale diagram of c e l l " 1 " i s 

g iven i n f i g u r e 5.23, The most obvious fea tures of the diagrams are 

the la rge values o f (J - 8 )c lose to the p o t e n t i a l wires i n the h a l f - c e l l 

on the r i n g centre side of the sense w i r e s . These e x p l a i n the low 

d e t e c t i o n e f f i c i e n c i e s a t long d r i f t t imes as the e l e c t r o n swarms 

d r i f t e d ut the angle (If-8) to the sense wi re p lane . Over the f i r s t 

b mm of d r i f t along the sense wi re p lane , s t a r t i n g from the p o t e n t i a l 

w i r e , the average value o f (Jf -8) was g rea te r than 30° and hence the 

swarms also moved about 4 ram p e r p e n d i c u l a r l y to the sense wi r e plane. 

T h e r e f o r e , assuming a u n i f o r m d e p o s i t i o n of the pr imary and secondary 

e l ec t rons across the in t e r - ca thode gap, t w o - t h i r d s of the swarms were 

l o s t . Towards the sense wi re the discrepancy was less and i n the 

high f i e l d reg ion the f l o w - l i n e s fo l lowed by the e l e c t r o n swarms were 

almost r a d i a l . For the d r i f t space on the vacuum tank side of the 

sense wi re the values of ( i f -8 ) were lower and hence the d e t e c t i o n 

e f f i c i e n c y was h i g t i e r . Larger values of (i - 8 ) occurred 3 mm from 

the sense w i r e , but i n t h i s region the e l e c t r i c f i e l d was r a d i a l so 

d e t e c t i o n was not impa i r ed . 

Al though the form of the v a r i a t i o n i n ( I f -8) was s i m i l a r i n each 

c e l l , the absolute values became smal le r towards the centre o f the r i i 

Indeed i n c e l l "4" over-compensation occurred , denoted by p o s i t i v e 

values of (If - 8 ) , and loss o f e l e c t r o n swarms on the vacuum tank s ide 

of the sense w i r e was u n l i k e l y . This exp la ins the f l a t t e r tops 
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observeri in the drift time distributions for the cells closest the 

ring centre. 

Figure 5.24 shows the computed values of w , the observed drift 
s 

velocity parallel to the sense1 wire plane, across a chamber. Very 

low values are observed in the areas of incorrect field compensation. 

The values on the vacuum tank sides of the sense wires are inure 

constant. This indicates that flatter drift time distributions would 

be expected in these half-cells. Corresponding values of wg in 

successive cells towards the centre of the ring ure seen to rise in 

value. This is due to both the decrease in magnetic field causing 

w {i£,U) to increase, and also the decrease in (If-8) values which 

increase the magnitude of the cosine term in equation (5,7). The 

values of ŵ  in the two drift spaces of cell "1" are shown in more 

detail in figure 5.25. 

The space-time relationships across each drift space were computed. 

The average values of ŵ  over the discrete 1 mm stops were used to . 

calculate the step drift times and the summed values across each cell 

are shown in figure 5.i2t>, A larger scale representation of the two 

cell "1" drift spaces are shown in figure 5,27. The space-time 

relationships of the vacuum tank side drift spaces are reasonably 

linear wi tb only small deviations close to the sense and potential 

wires. However the relationships of the drift spaces on the ring 

centre sides of the sense wires are of complex form and cannot 

accurately he approximated by a linear relationship. 

Certain comments must be made about the values presented in 

figure 5.2(i, As noted, the consequences of the true higher fields 

aruund the sense wires caused higher drift velocities than indicated 

over the remainder of the drift spaces. This was due to the chambers 
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being operated below the saturat ion d r i f t ve loc i ty and uny lowering of 

the f i e l d caused the d r i f t ve loc i ty to rise ,as demonstrated in figure 

5.21. The higher f i e l d s immediately around the sense wires caused Uie 

e lectron swarms to d r i f t at the miniuium-valued saturated d r i f t v e l o c i t y . 

However as the high f i e l d regions extended over shorter distances than 

indicated i n the p lo t s , the low d r i f t v e l o c i t i e s applied for a smaller 

fract ion of the total d r i f t time than in the above ca l cu la t ions . 

Therefore, assuming that a l l other parameters used in the ca lcu la t ions 

were c o r r e c t , the maximum d r i f t times calculated over 14 mm were too 

high. In consequence the precise form of the displayed space-time 

re lat ionships may he s l i g h t l y in e r r o r . 

The d r i f t time d i s tr ibut ions for c e l l "0" indicated a peak and 

then a rapid f a l l - o f f around 171) ns. This was attr ibuted to 

ine f f i c i ency on the curved end side of the c e l l at longer d r i f t lengths. 

Figure 5,26' indicates a maximum d r i f t time of 120 ns over the 4 mm to the 

potential w i r e . E i t h e r the wrong conclusion was drawn from the d r i f t 

time d i s t r ibut ions or the suturated d r i f t ve luc i ty at high f i e l d s was 

less than the 40 mm fis * used i n the c a l c u l a t i o n s . indeed the published 

data for Ar/CIl^ , previously referenced, only applied to d r i f t f i e l d s up 

to 1200 V cm The data derived by Hroweil and Short indicated a 

continued slow decline in d r i f t ve loc i ty at higher f i e lds with a 

minimum value us low as 25 mm yus Such a value would accurately 

produce the suggested maximum d r i f t time of 170 lis i f used i n the 

c a l c u l a t i on s . 

Referring to the detai led plots of w in figure 5.25, some con­

clusions may be drawn about the resul t ing form of the d r i f t time 

d i s t r i b u t i o n s . The value of ŵ  f a l l s s teadi ly from the sense wire to 

the potential wire on the ring centre side of the c e l l , except in the 
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iuunediate v i c i n i t y of the potential wire where the value r i s e s sharply . 

This would cause the d i s t r ibut ion frequencies to decrease with increase 

in d r i f t time u n t i l near the end of the d i s t r ibut ion where a plateau 

would occur assuming a uniform incident f lux of p a r t i c l e s . Hence the 

f a l l - o f f in the d i s tr ibut ions i s p a r t i a l l y explained without reference 

to the detection i n e f f i c i e n c i e s at long d r i f t times. The vacuum tank 

side of the c e l l has more constant d r i f t v e l o c i t i e s over the majority 

of the d r i f t space. between four und eight mil l imetres from the sense 

wire the values of w are s imi lar in each half of the c e l l und almost 
s 

constant in value. In the other parts of the two d r i f t spaces the 

values of ŵ  are e i ther d i s s i m i l a r or are rapidly varying, or at longer 

d r i f t times only the ring centre h a l f - e e l I i s contributing to the d r i f t 

time d i s t r i b u t i o n . Therefore with a uniform flux of p a r t i c l e s across 

the whole ce l l , the greatest number of p a r t i c l e s per unit length in the 

sense wire plane that can be detected in the narrowest d r i f t time band 

are incident between four and eight mil l imetres from the sense wire. 

This explains the extended peaks seen in the middle of a l l the d i s t r i b u ­

tions displayed in f igures 5,1,'i and 5*14, Although higher frequencies 

would be expected at short d r i f t times due to the high values of 

around the sense w i r e s , the lowering of the pulse height in these areas 

caused detection i n e f f i c i e n c i e s and the peak commenced at l a t e r times. 

Therefore from the theoret ical ca lcu lat ions the d r i f t time d i s t r ibut ions 

would be expected to r i s e gradually to a maximum frequency, have a 

reasonably f l a t - t o p , corresponding to about a ttiird of the d r i f t length, 

and then f a l l rapidly due to the decrease in d r i f t ve loci ty on one side 

of the c e l l and the decrease in detection e f f i c i e n c y . At long d r i f t 

times a low frequency plateau occurs due to only one h a l f - c e l l contri— 
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buting to the d i s t r i b u t i o n . Any extension of the low frequency 

detection region beyond the potential wires would increase the length 

of th i s plateau. 'I'llis descr ipt ion c lose ly resembles the experimental 

d i s tr ibut ions displayed in f igures 5.13 and 5.14. 

Comparison between figures 5.22 and 5.24 for the values of (Jf~8) 

and ŵ  cal culated across the chamber with the corresponding values 

obtained by Short in deriving (lie compensation mechanism, previously 

shown in f igures 3.15 and 3.16, highl ights the poor f i e l d compensation 

that ac tua l ly ex i s ted . The ideal ized ca lculat ions due to Short used a 

constant e l e c t r i c f i e l d value across the chamber which produced a 

constant value for (If-8) in the c e l l s c loses t the vacuum tank and a 

maximum value of 3U° in c e l l "7" a f t e r a steady r i s e from c e l l "3" 

onwards. in comparison figure 5.22 shows var ia t ions of up to 55° in 

a h a l f - c e l l . S imi lar ly in Shorts' ca lcu lat ions was constant close 

to the vacuum tank and rose towards the r ing centre , varying by t#» 

o v e r a l l . The computed values of f igure 5.24 show var ia t ion by a factor 

of three in a h a l f - c e l l . 

The above theoret ical r e s u l t s , although not prec i se , have given an 

insight to the true space-time re lat ionships in the individual h a l f - c e l l s 

and have explained the poor shapes of the d r i f t time d i s tr ibut ions used 

for c a l i b r a t i o n purposes. 

5. fi Observed S p l i t t i n g of the T r a i l of 

1'rimary Ionization at the Ce l l Houndarics 

The study of the e l e c t r i c d r i f t f i e l d s and subsequent ca lcu la t ion 

of the theoret ica l space-time re lat ionships was inst igated not only to 
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explain the shapes of the d r i f t time d i s t r i b u t i o n s , but also to confirm 

the resu l t s of other a n a l y s i s . A high frequency of h i t s on adjacent 

sense wires in a chamber was noted during preliminary data a n a l y s i s . 

I t was too high for genuine double tracks or showering so the data were 

studied to see i f the two recorded d r i f t times could have originated 

from a s ingle travers ing p a r t i c l e . I t was postulated that at the c e l l 

boundaries the t r a i l of primary ionizat ion could be s p l i t by the f i e l d 

t i l t i n g mechanism and be detected independently at the two neighbouring 

sense wires . With perfect f i e l d compensation the three wire—spacing 

t i l t would exactly define d r i f t d irect ions in the two h a l f - c e l l s and 

s p l i t t i n g would occur along the K mm boundary meusured in the sense wire 

plane — or more fur angled t r a c k s . However to produce a detectable 

number of electron swarms in each d r i f t space the p a r t i c l e would have to 

cross a cer ta in depth of chamber associated with each d r i f t d i r e c t i o n , as 

demonstrated in f igure 5.28. Therefore a 4 mm overlap appears to allow 

a f i n i t e detection e f f i c i e n c y at both sense wires . i f such a process 

could occur a resolution of the l e f t - r i g h t ambiguity in each c e l l i s 

inherent. This would present the only d irec t solut ion rea l i sab le in 

the (g-2) array . 

A program was writ ten to scan the data to find any events with j u s t 

two adjacent wire h i t s in a chamber. The two d r i f t times of such events 

were histogrammed in the respective arrays associated with the vacuum 

tunk or ring centre d r i f t spaces of each c e i l . The sums of the two 

d r i f t times were also histogrammed. The values for the ring centre 

side of c e l l "U", the vacuum tank side of c e l l "1" and the sum are shown 

in f igure 5.2 (J with the corresponding values for c e l l s "4" and "5". 

The re su l t s are summed over a l l chambers in the array . Only the relevant 



to a: < 
o 

c o 
o 

UJ 

a 
u 

a 

x 

z 
o 
ID 
o 
< 
Q_ 
CO 

or o 

UJ 
Q 
CO 
ID 

LU 
U 

O 
z 
a: 

HI 
a: 

ID 
CO 
Z 
LU 
V) 
u_ o 

6» 
c *-» o O w • ™» 

*-» i _ 
u Q. 

O 
k-

ft! CL 
Q. 
O c 

o 
V) 

a "O 
N w 

a C $ o o 
>• i 
ik-
CS 

c 

c W 
c C 

w T3 i n 

13 
O 
CD 

LU 
O 

< 
N 

, , „ > J 11 1 1111 1111 
el 1 11 I \ 

e 

Urn 
a •o 
c 
3 in 
O w o 

a a. 
"5 in 

u 

•*-» 
V • — 

or
 

«» 
. e 
i — o 

rr 
< 

a. 

LL 
O 

< 

E 
E 

CM z o 
UJ 
u 
< 
Q_ CO 
LL 

Q 

UJ 
O 

< 

ID 
Z) 

< > 

ID 
a: 

ID 
CO 
z 
ID 
CO 
LL 
O 

LL 
O 

O 

QL 
CO 

CO 
CN 

CO 



o 

to 
— J 
_ J UJ 
u 
z 

O V) o c 
CN 
— UJ 

S t 

o o un 
o o 8 8 o 

CO CN — 

Q 

O UJ 

(/> 
o o m 

in 
• 

to _ i 
- J LU O 

ID 

o in 
CM 

CO 
_ l 
_J 
LU 
a 
o z 
o m 
o 
UJ 

UJ 
u 
UJ 
a 

z 
< 

ZD 
o < > o m 

CN 

. 5 " 

O (/) 
i o c 

UJ 

Su­
lk: 
Q 

o o 

o 
o o • o 9 

CN - S " » 
s $ 

IT) 
_ l 
_ J UJ O 
UJ 
a 
(75 

< 

o 
5 o o 

OH 
DC 

O 
O 

o 
CO 
LU 

a 

UJ 
o 
UJ 
a 
175 
UJ 

UJ 
o 
o 

o w 
^ LU 

o in 
CN 

s 
CN 

o in o o 

A0N3nO3yd 

UJ 
o 
UJ 
a 
J75 
UJ 
or y— 
Z 
UJ 
o 
o oc o o 

A0N3nD3dd 

co 
to 
>-
< 
< 

O) 
CM 
Lf> 

b 



-154-

purts of Ltic histograms uri> displuycd. The d r i f t times in Un1 ring 

c m In.' and vacuum Link si dew uf the sense wires are markedly d i f f e r e n t , 

as expected from the theoretical results, , The cut—off on the ring 

centre side of c e l l "0" is due to the 07b ns d i g i t i z i n g l i m i t of the 

system. 

Table 5.1 summarizes the theoretical and experimental values 

obtained for the d i s t r ibut ions uf d r i f t times at the c e l l boundaries. 

The theoret ical d r i f t times derived in the previous sect ion were used to 

culculate the sum in neighbouring d r i f t spaces, measured i n the sense 

wire plane, and also the expected ranges of values over the ent ire in ter -

c e l l boundaries. The boundaries were defined by the theoretical 

maximum equ i po ten t i a l describing the three wire—spue i ng Meld t i l t shown 

in f igure 5,28. Detection e f f i c i e n c y was assumed to e x i s t along the 

whole length of the boundary. Indeed non-orthogonally incident decay 

electrons would extend this overlap region, as nuasured in the sense wire 

plane, so such an assumption was v a l i d . The theoretical potential wire 

to sense wire d r i f t Limes were mult ipl ied by the relevant geoiue t r i c a l 

factors to obtain the theoretical range of d r i f t times in the boundary 

regions. This approximation was val id as s imi lar f i e l d and compensation 

angle values existed in the boundary regions us in the main parts of the 

associated d r i f t spaces. These d r i f t time values in neighbouring h a l f -

c e l l s were added to give the summed d r i f t time ranges across the boundaries 

Corresponding values derived from the computer ana lys i s of the experimental 
i 

da t.a are shown. The peak values ol the d r i f t time distribution..; j n the 

half—cells are taken to represent the values in the sense wire plane for 

p a r t i c l e s traversing the potential wire, where detection e f f i c i e n c i e s in 

both c e l l s are greatest . 
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Cotnpurison of the two seta of values indicates thai, the theoreti cal 

model was accurate for the half—cells on the ring centre side of the 

sense wires , where f i e l d compensation was poor, but underestimated the 

d r i f t v e l o c i t i e s on the vacuum tank s i d e . These discrepancies may be 

understood with reference to f igure 5.18 and the comments of section 5.5 

where i t wus stated that the true f i e l d around the sense wires was 

higher than calculated and hence lower throughout the rest of the d r i f t 

spaces. In the r ing centre h u l f - c e l l s the lowering of the d r i f t f i e l d , 

which would raise the d r i f t v e l o c i t i e s , would be accompanied by a 

worsening of the f i e l d compensation angles due to the dominant role 

played by the low f i e l d region around the potential wire . Hence the 

observed d r i f t v e l o c i t y , w^, would remain almost constant. However on 

the vacuum tank side the d r i f t f i e l d would he lowered, the compensation 

improved and hence ra i s ed . I t should be noted that agreement between 

experiment and theory was better in the lower magnetic f i e l d regions 

towards c e l l "5". This indicates Uiat the approximations included in 

the equations to derive the theoretical r e su l t s are more exact at f i e l d s 

or 10 kG. 

Summation of the d r i f t time pairs gave the experimental d i s t r ibut ions 

whose ranges and peak values are tabulated. Note the range in values 

compared to the addition of the experimental h a l f - c e l l d r i f t times at the 

boundaries, which would produce ranges in the sum of only 0—'10 ns. 

Comparison of the peak values with the theoret ical values indicate 

agreement at lower magnetic f i e l d s but much higher d r i f t v e l o c i t i e s towards 

the vacuum tank. Also the var ia t ion in summed d r i f t times across the 

chambers is much lower than theoret ica l ly predicted. This i s due to the 

increase in observed d r i f t ve loc i ty in the vacuum tank side d r i f t spaces 

from c e l l s "0" to "3", followed by a decrease in d r i f t v e l o c i t y . This 
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wu.s riot p red ic t ed i t i the t h e o r e t i c a l c a l c u l a t i o n s . A probable 

cxp l aua t i on is tha t tin; f i e l d compensation i n h u l f - c e l l s "U" to "3" 

was good anil the increase i n observed d r i f t v e l o c i t y was mainly due to 

the increase i n w(U,l l ) w i t l i g r a d u a l l y decreasing magnetic f i e l d . 

Beyond c e l l " 3 " , however, the magnetic f i e l d f e l l mure r a p i d l y and 

a l though the value o f w ( l i , l t ) rose , the f i e l d t i l t overcompensated the 

d r i f t angle and the observed d r i f t v e l o c i t y consequently f e l l . The 

increase i n observed d r i f t v e l o c i t y i n the r i n g centre h a l f - c e l l s was 
f 

due to a s i m i l a r r i s e i n the value o f w(E,B) and, more i m p o r t a n t l y , to 

the lower f i e l d t i l t angles p r o v i d i n g more exact compensation i n the 

lower magnetic f i e l d s experienced beyond the boundary of c e l l s " i i " and 

"3" . 

The t rend towards near c o r r e l a t i o n o f d r i f t v e l o c i t i e s i n both the 

d r i f t spaces of c e l l s c l o s e s t the r i n g centre presents a b e t t e r explana­

t i o n of the f l a t t e r tops to the d r i f t time d i s t r i b u t i o n s o f these c e i l s 

d isp layed i n f i g u r e s 5.13 and 5,14, The experimental peak values 

presented i n t ab le 5 .1 agree w e l l w i t h f a l l - o f f p o s i t i o n s noted i n the 

d r i f t time d i s t r i b u t i o n s . 

I t must be noted tha t a l though the peaks of the exper imental 

d i s t r i b u t i o n s have i n d i c a t e d the most l i k e l y d r i f t v e l o c i t i e s , and have 

been r e l a t e d to the t h e o r e t i c a l r e s u l t s , the widths of the d i s t r i b u t i o n s 

are large and necessa r i ly in t roduce u n c e r t a i n t i e s . Although l i m i t e d , 

the experimental data probably i n d i c a t e the t r u e v a r i a t i o n s i n d r i f t 

v e l o c i t i e s throughout the chamber volumes. The d i s t r i b u t i o n s are so 

s i g n i f i c a n l . above the background o f genuine two t rack events and noise 

t h a t the pos tu la ted s p l i t t i n g o f the t r a i l o f pr imary i o n i z a t i o n must 

have occur red . The w i d t l i of the d i s t r i b u t i o n s may lie expla ined wi t l i 

reference t o severa l f a c t o r s . The d i s t r i b u t i o n s associated w i t h the 
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i n d i v i d u a l ha l f—ce l l s n a t u r a l l y have a range due to the v a r i a t i o n i n 

d r i l l d is tances a long tin; c e l l boundary, Socondary e f f e c t s are due 

to the f i e l d s experienced hy the m a j o r i t y o f e l e c t r o n swarms running 

the observed sense wire pulses . In cases where a l l the e l e c t r o n 

swarms associated w i t h a d r i f t s|jace are formed close to a cathode 

p lane , the f i e l d s experienced over the i n i t i a l p a r t o f t h e i r d r i f t 

length are much lower than those i n the sense wire plane, as shown 

in f i g u r e F>. 18, Hence the space-time r e l a t i o n s h i p s vary across the 

in te r -ca thode gap. The e f f e c t of the v a r i a t i o n i n magnetic f i e l d 

p a r a l l e l to the sense wires has already been d iscussed . V a r i a t i o n s 

of over 1U# in f i e l d value occur i n c e i l s close to the vacuum tank, 

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

same o r d e r . The a/imii tha i v a r i a t i o n i n magnetic f i e l d plays a minor 

r o l e i n comparison. 

The values f o r the sum of the associated pa i r s of d r i f t times 

would only he s i ng l e valued i f constant d r i f t v e l o c i t i e s ex i s t ed 

throughout the e n t i r e chamber volumes. I n each d i s t r i b u t i o n the sums 

of the d r i f t times vary hy over + 1 o f the mean va lue . This gives 

an i n d i c a t i o n of the v a r i a t i o n in d r i f t v e l o c i t i e s throughout the e n t i r e 

volumes a t the i n t e r - c e l l boundaries . The t a i l s to the d i s t r i b u t i o n s 

a t high d r i f t times r e f l e c t the very low f i e l d values between the 

p o t e n t i a l w i re and cathodes. The peak values are taken to represent 

the d r i f t v e l o c i t i e s i n the sense w i r e planes o f the chambers and the 

median plane of the magnet po los , where d e t e c t i o n e f f i c i e n c i e s and 

i n c i d e n t p a r t i c l e f l uxes are g r e a t e s t . 

The ana ly s i s associated wi th the study of the s p l i t t i n g phenomenon 

has not only c l a r i f i e d the mean chamber d r i f t v e l o c i t i e s but also 
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h i g h l i g h t e d Lite v a r i a t i o n i n d r i l l v e l o c i t i e s , espcc i t i l l y a t Lh<; c e l l 

I) oundarie s. The long t a i l s and imprecise shape of the w h o l e - c e l l 

d r i l l , time d i s t r i b u t i o n s arc a l so more r e a d i l y unders tood. 

ft. 7 1'ruposed System f o r Precise (/ham her Cal i hra t i on 

The r e s u l t s presented in the p rev ious sec t ions have h i g h l i g h t e d the 

poor d r i f t v e l o c i t y c a L i o r a t i o n s a t t u i n u h l e w i t h o u t an accurate scanning 

system. Using the d r i f t chamber ar ray i n s i t u the only accurate 

scanning t h a t may have been performed would have requi red a complex 

s c i n t i l l a t o r c o l l i m a t o r system and cosmic rays moving in a ho r i y.cni La 1 

plane to t r i g g e r ihe t i m i n g channels . Such an arrangement would have 

taken a lung time t o accumulate s u f f i c i e n t data and a lso necess i ta ted 

ope ra t ion outs ide the normal ( g - 2 ) experiment running t ime . Kconomic 

and opera t iona l cons ide ra t ions r u l e d ou t such an approach. H i s t o r i c a l l y 

no chambers were b u i l t a t the t ime (g—2) magnet blocks were a v a i l a b l e f u r 

use i n a testheani c a l i b r a t i o n system. Also the need f o r such accurate 

c a l i b r a t i o n s wits no t evident u n t i l o p e r a t i o n i n the (g—2) experiment had 

commenced. T h e r e f o r e , w i t h h i n d s i g h t , the f o l l o w i n g system is proposed 

to provide accurate c a l i b r a t i o n of the (g-<!) d r i f t chambers. 

For a fu IJ c a l i b r a t i o n the d r i f t v e l o c i t i e s a t a l l rad ia l , v e r t i c a l 

and azimuthul p o s i t i o n s i n the chambers need to hi; determined. Due to 

the 1111 i i | i 1 1 • form o f the (g—2) f r i n g e f i e l d the chamber would have to be 

moil I I Led between the magnet poles i n the experimental p o s i t i o n and the 

i n c i d e n t beam ami c o l l i m a t o r system moved in r e l a t i o n to i t . To 

provide an accurate se r i e s of scans a t d i f f e r e n t a/.iiuuthul p o s i t i o n s , i t 

i s probable t h a t a t l e a s t two \ g - 2 ; magnet blocks would he requi red to 
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a c c u l a t e l y reproduce the f r i n g e f i e l d o f the t o t u l r i n g . Hence the 

l u l l sy.sl.ein would cons i s t of two (g -2 ) magnet blocks antl the baseplate 

to a l l ow chamber mounting i n the var ious experimental a / imut l iu l p o s i t i o n s . 

'J'lie c o l l i m a t o r system would have to be f i r m l y mounted on a t r a v e r s i n g 

tah le which al lowed independent adjus tment i n v e r t i c a l and rndiuL 

d i r e c t i o n s . The beam would be s tee rab le and probably d i f f u s e to a l low 

coverage o f the e n t i r e chamber volume w i t h v a r i a t i o n o f i n c i d e n t angle , 

cinch a system i s presented i n f i g u r e 5 .30 . 

As low energy e l ec t rons have a high curva ture i n the ( g - 2 ) f i e l d 

i t i s necessary to use higher energy p a r t i c l e s such as protons or p ious . 

The c o l l i m a t o r system must a ccu ra t e ly de f ine the t r a j e c t o r y o f the 

p a r t i c l e , g i v i n g the p o s i t i o n of t r a v e r s a l in the sense w i r e plane of 

the chamber and the angle o f i nc idence . The most accurate system would 

inc lude u combination of t h i n s c i n t i l l a t o r s and d r i f t chambers. The 

v e r t i c a l (SV 1-4) and h o r i z o n t a l (Sil i - 4 ) t h i n f i n g e r s of s c i n t i l l a t o r 

would be pos i t i oned upstreum and downstream o f the (g—2) d r i f t chamber 

to d e f i n e a beam of small c ro s s - s ec t i on and provide the t i m i n g t r i g g e r . 

The p a i r s o f s i n g l e c e l l d r i f t chambers, pos i t i oned as close us 

poss ib le to the (g -2 ) chamber, p rov ide more precise v e r t i c a l and r a d i a l 

c o - o r d i n a t e s . They need to be small but do not requi re c a l i b r a t i o n . 

The pa i r s of h o r i z o n t a l l y and v e r t i c a l l y a l igned sense wi res are 

accu ra t e ly surveyed so tha t t h e i r i n t e r s e c t i o n s occur at i d e n t i c a l 

r a d i a l and v e r t i c a l c o - o r d i n a t e s . 

The recorded d r i f t t imes i n a l l f i v e d r i f t chambers, t r i g g e r e d by 

the s c i n t i l l a t o r c o l l i m a t o r , are analysed. Only d r i f t times w i t h i n a 

very narrow t ime band tire accepted from the c o l l i m a t o r chambers, a l l 

o the r events being r e j e c t e d . As the chambers are not c a l i b r a t e d the 

http://sy.sl.ein
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i l r i f t times must correspond to p a r t i c l e s t r a v e r s i n g very close to the 

sense w i r e s , where f i e l d compensation and c a l i b r a t i o n i s not r e q u i r e d , 

A s u i t a b l e range would be U - 3 ns , d e f i n i n g a p e n c i l beam of square 

c ros s - sec t i on w i t h dimensions o f a few hundred microns . Such a 

"sof tware c o l l i m a t o r " has been s u c c e s s f u l l y used by o ther workers i n 

chamber c a l i b r a t i o n s . ^ ^ An accurate knowledge of the c o l l i m a t o r 

co-ord ina tes a l lows the exact t r a j e c t o r i e s of the i n c i d e n t p a r t i c l e s 

to be c a l c u l a t e d and t h e r e f o r e t h e i r po in t s of i n t e r s e c t i o n i n the sense 

wi r e plane o f the ( g - 2 ) chamber. Series o f d r i f t t ime d i s t r i b u t i o n s 

are recorded i n r a d i a l scans across the (g -2 ) chamber a t va r ious v e r t i c a l 

d isplacements . From the r e s u l t i n g space-time r e l a t i o n s h i p s the d r i f t 

v e l o c i t i e s may be determined throughout the chamber volume. The 

minima i n the space-time r e l a t i o n s h i p s denote the sense wi re p o s i t i o n s , 

so checks may be made upon the a l ignment of the c o l l i m a t o r system. 

Also from the widths of the d r i f t t ime d i s t r i b u t i o n s the s p a t i a l 

r e s o l u t i o n s may he computed. Sets o f c a l i b r a t i o n s may be performed a t 

each o f the azimuthal p o s i t i o n s i n the magnet blocks normal ly occupied 

by the ( g - 2 ) chambers. A d d i t i o n a l s tudies may also be made o f the 

v a r i a t i o n i n d r i f t t imes w i t h angle of incidence of the p a r t i c l e s . The 

beam would have to be r ea l igned and the c o l l i m a t o r system manoeuvred 

a c c o r d i n g l y . Such measurements would indicate any v a r i a t i o n i n the 

space—time r e l a t i o n s h i p s f o r decay e l ec t rons o f d i f f e r e n t energ ies . 

The c a l i b r a t i o n system described above would n e c e s s a r i l y i nvo lve a 

complex, non-magnetic scanning t a b l e to mount the c o l l i m a t o r . In 

a d d i t i o n i t would have to be surveyed p r e c i s e l y to produce the requi red 

accuracy. The number of sets o f readings requi red to determine the 

d r i f t v e l o c i t i e s over the e n t i r e chamber volume i s h igh and would be 
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time consuming. However due to t l ie form o f the (g -2 ) f r i n g e f i e l d 

uud the n o n - u n i f o m i i ty of tl ie d r i f t v e l o c i t i e s , such u complex system 

i s requi red to provide a complete und accurate c a l i b r a t i o n . i f such 

a c a l i b r a t i o n had been performed the v e r t i c a l co-ord ina tes o f t l ie decay 

e l e c t r o n s detected by the ar ray would a lso have been requi red to 

determine the exact d r i f t v e l o c i t i e s i n each case. 
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C1IAPTKH. 0 

DbTEHMlNATlUN UK Till : DECAY b'LKCTUUN TltAJ UCTUKIKS 

( J , 1 I n t r o d u c t i o n 

The main purpose of the d r i f t chamber ar ray was to r econs t ruc t 

the c i r c u l a t i n g muoii beam p r o f i l e by e x t r a p o l a t i n g the decay e l e c t r o n 

t r a j e c t o r i e s buck i n t o the storage volume. I d e a l l y the t r a c k i n g 

programs would be developed w i t h c a l i b r a t e d d a t a . Knowing the general 

bounds of the expected d i s t r i b u t i o n , any e r r o r s i n ttie programs would 

be immediately apparent . However, as recorded i n Chapter 5, the 

c a l i b r a t i o n s were very imprec ise . The more accurate t h e o r e t i c a l 

c a l c u l a t i o n s were on ly completed dur ing the w r i t i n g of t h i s thes is and 

u n f o r t u n a t e l y time d i d no t a l l ow program m o d i f i c a t i o n to t e s t the most 

probable space—time r e l a t i o n s h i p s . Indeed i n the ea r ly stages of 

program development the r e s u l t s of the t r a c k i n g a n a l y s i s were used to 

t e s t the d r i f t v e l o c i t y c a l i b r a t i o n s . Other members of the Nuclear 

Ins t rumenta t ion Croup had attempted to analyse the data but had der ived 

mu'on r u d i i t ha t were too s m a l l , i n d i c a t i n g the impossible c o n d i t i o n o f 

a c i r c u l a t i n g beam ou t s ide the storage volume. Therefore a new 

ca r t e s i an co -o rd ina te system was devised by the author to ac t as a 

check o f the previous r e s u l t s . 

This chapter i n i t i a l l y evaluates the ar ray i n terms o f d e t e c t i o n 

e f f i c i e n c y and then presents a d d i t i o n a l i n f o r m a t i o n obta ined from the 

da ta . The co-ord ina te system and an o u t l i n e o f the method o f t r ack 

r e c o n s t r u c t i o n f o l l o w s . The r e s u l t s of the a n a l y s i s , i n c l u d i n g 

several manipula t ions o f the ar ray geometry performed i n the programs, 

are presented. A manual check o f the methods of de te rmin ing the 

t r a j e c t o r i e s was performed to .ensure t h a t computat ional e r r o r s were not 
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producing the low muon r u d i i v a l u e s . 

The mil on r u d i i d i s t r i b u t i o n s oh tui ned ure il i scusssed und f u r t h e r 

approaches to the anu lys i s are suggested. F i n a l l y more complex 

t r a c k i n g methods are o u t l i n e d . These could he used on e x a c t l y 

c a l i b r a t e d data in c o n j u n c t i o n w i t l i a g r i d o f magnetic f i e l d values over 

the array volume, which had been produced. 

(>.2 Kva lua t ion of the Array Performance 

The performance of the chambers, as regurds d r i f t times and t h e i r 

v a l i d i t y , has a l ready been discussed. Also the data a c q u i s i t i o n systems 

used have been compared. However the o v e r a l l e f f i c i e n c y of the system 

i n record ing decay e l ec t rons o f both p o l a r i t i e s , a f t e r the i n i t i a l 

75 ns d e t e c t i o n dead—time, has n o t ye t been presented. 

tt.LI.l Chamber Ivf f i c i e n c i e s 

The o v e r a l l data t a k i n g ra te o f the a r ray depended u l t i m a t e l y upon 

the number o f inuoris s tored w i t h euch i n j e c t i o n . As the chandlers were 

only f u l l y e f f i c i e n t 75 us a f t e r i n j e c t i o n and c o u l d only de tec t one 

decay e l e c t r o n each c y c l e , d e t e c t i o n was dependent upon mi e l e c t r o n 

decaying at l a t e r times i n the c o r r e c t s ec t i on of the r i n g . A t r i g g e r 

from the downstream shower counter C1U, i n coincidence w i t h the t i m i n g 

gate , was recorded i n up to liQjfe of a l l cycles w i t h good beam cond i t i ons 

when opera t ing wi t l i negat ive p o l a r i t y unions. With bud beam the 

p r o p o r t i o n f e l l as low as 20jl». The cleaner i n j e c t i o n associated wi th 

s t o r i n g p o s i t i v e p o l a r i t y muons a l lowed d e t e c t i o n a t e a r l i e r times 



167-

i n the cycle and t r i g g e r rates o f uj) t o 70$ were recorded. 

5-10$ of the shower counter t r i g g e r s had no associated d r i f t 

t imes . This was due to the rep:ion extending 30 mm r a d i a l l y from the 

p o t e n t i a l wires i n the curved end ha l f—ce l l s to the vacuum tank, where 

d e t e c t i o n was not p o s s i b l e . The t r a j e c t o r i e s oJ some high energy 

decay e lec t rons would be conf ined to t h i s region over the sec tor de f ined 

by the d r i f t chamber a r r a y . They would t r i g g e r the shower- counter but 

not be detected by the a r r a y . de t ec t i on i n e f f i c i e n c i e s in the curved end 

c e l l s of the downstream chambers wuuiri a l so be inc luded i n t h i s f i g u r e . 

The data were analysed f o r s i n g l e t r ack e v e n t s . These were de f ined 

rod i men t a r i . l y as those events which had only one w i r e h i t i n a chamber 

and no more than two d r i f t t imes recorded on t h a t w i r e , the c o r r e c t 

choice of time being made as p r e v i o u s l y desc r ibed . In a d d i t i o n the 

c e l l s h i t i n successive downstream chumbers had to t rend towards the 

r i n g cen t r e , thereby as su r ing c o r r e c t curva ture o f the decay e l e c t r o n . 

These c o n s t r a i n t s removed events c o n t a i n i n g spurious h i t s due to chamber 

no i se , showering or genuine m u l t i p l e t r a c k s . However events w i t h 

ad jacen t c e l l s h i t in a chamber, due t o the s p l i t t i n g of the primary 

i o n i z a t i o n , were a l so r e j e c t e d . S ing le t r ack events were obtained f o r 

50$ of the shower counter t r i g g e r s w i t l i the f i n a l data a c q u i s i t i o n system 

and negat ive p o l a r i t y rations. However before the m o d i f i c a t i o n s Lo the 

a m p l i f i e r / d i s c r i m i n a t o r c i r c u i t s only 25$ of the t r i g g e r s produced 

s i n g l e t r ack events . 

The r e su l t s of a long run taken w i t h negat ive p o l a r i t y unions arc 

presented in f i g u r e ( > . l . The s i n g l e t r uck events are sub—divided i n t o 

the f o u r (g—2) energy l eve l s and also i n t o the number of chamber's h i t on 

each t r a c k . These are presented as percentages o f the t o t a l i n each 

c l a s s i f i c a t i o n . I t w i l l he noted t h a t the higher- energy e l e c t r o n s 



TOTAL NUMBER OF T R I G G E R S =40 .360 

NUMBER W I T H NO D R I F T T I M E S = 4.497 = 11-14% 
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t ruve r seda grea te r number of chambers due to the smal le r radius oF 

rn rva tu re of tin* i r t r a j e c t o r i e s . However OU/b ol" the eventM had only 

one I I r two po in t s de f ined on the t r a j e c t o r i e s and heme r e c o n s t r u c t i o n 

was imposs ib le , a minimum o f three being r e q u i r e d . Hence w i t h the 

data presented only 2Zjjo of the o r i g i n a l t r i g g e r s produced candidates 

f o r t r a c k i n g a n a l y s i s . He fore m o d i f i c a t i o n s to the a c q u i s i t i o n system 

t h i s f i g u r e was as low as lUJfe. 

The i n d i v i d u a l c e l l e f f i c i e n c i e s are morn d i f f i c u l t to d e f i n e . 

During t r i a l s a t the Da res bury Laboratory c o l l e f f i c i e n c i e s of 'Jl$ had 

been achieved in the absence of magnetic f i e l d s , ^ ' ^ No s p e c i f i c 

measurements wen: performed i n the (g— 2) ar ray and o f f - l i n e ana lys i s 

would be rather- s u b j e c t i v e . The two outer chambers of an adjacent, 

t r i p l e t could be used as a c o l l i m a t o r mid the c e l l e f f i c i e n c i e s i n the 

middle chamber c a l c u l a t e d . However the exis tence o f a genuine 

t r a V I M ' S iug p a r t i c l e may be de f ined in many ways and the removal of 

spurious h i t s presents a problem. The f a c t tha t a l l three h i t s need 

not occur in corresponding c e l l s i n each chamber also int roduced problems. 

Therefore a more r e a l i s t i c est imate was der ived f o r the a r r ay as a whole. 

Obviously some c e l l s may be more i n e f f i c i e n t than o t h e r s , normal ly due 

to median i i - i a 1 i m p e r f e c t i o n s , hut an aye'ragc value would yiivo an 

i n d i c a t i o n o f t he lower l i m i t o f chamber per f o r i innco. 

From the data presented i n f i g u r e 0.1 may he c a l c u l a t e d the number 

of c e l l s h i t in a l l s i ng l e t racks w i t h a t l e a s t three data po in t s 

recorded. Fur ther a n a l y s i s i nd i ca t ed whether the t r a c k was f i r s t 

detected in c e l l "0" and whether i t was detected in successive chambers 

u n t i l the end o f the a r r u y . The number of exceptions i nd i ca t ed the 

i n e f f i c i e n c y of the c e l l s . However f rom geometr ica l cons ide ra t ions the 
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t r uck would not always he detected i n c e l l "U" due to the large 

a-/, i tin i t ha i spuciug ol' the upstrcum chambers. Also some sense wires 

were disconnected due to breakdown problems. Therefore the average 

e f f i c i e n c y o f H2% de r ived from Lhe data represents an underestimate 

of the t r u e va lue . 

( i . 2.2. Ilesu I l.s from the LiDM Counter 

The f u n c t i o n o f the twin—armed s c i n t i l l a t o r counter pos i t ioned 

between chamber " I I " and shower counter C1U has been described i n 

Chapter 1. As s t a t e d , e i t h e r the "up" or "down" counter could be i n 

coincidence w i t h the shower- counter , or b o t h , or n e i t h e r . The r a t i o 

of counts i n the up and down counters i n d i c a t e d the p o s i t i o n o f the 

s p l i t between the two s c i n t i l l a t o r arms i n r e l a t i o n to the median 

plane of the v e r t i c a l muun d i s t r i b u t i o n . Figure 0.2 showy the average 

d i s t r i b u t i o n of coincidences over a twenty-two day per iod r eco rd ing the 

decay of negat ive p o l a r i t y inuons. The percentages va r i ed by only 

+ U.HJ>, even when the s c i n t i l l a t o r s were i n v e r t e d but maintained a t the 

same v e r t i c a l p o s i t i o n . This demonstrated the equal e f f i c i e n c i e s o f 

the two independent s c i n t i l l a t o r s and a l so the s t a b i l i t y o f the s tored 

c i r c u l a t i n g muon beam. 

Also shown in f i g u r e b.2 i s a breakdown o f the "no coincidence" even 

in to the f o u r (g—2) energy l e v e l s . The high percentage of low energy 

events suggested tha t the decay e l e c t r o n s , a l though detected i n the 

chambers and shower counte r , passed on the r i n g centre s ide of the 

a c t i v e area of the I'IDM counte r . A check of the c e l l s t raversed by tin-

pa i t i d e s confirmed t ha t the t r a j e c t o r i e s were of high curva ture and 
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t h a t the p I e c t r o n s t r a v e r s e d c e l l " o " o r " 7 " i n t h e most downst ream 

( I r i l ' t . chamber a d j a c e n t t o t l i e HUM c o u n t e r . T h i s i n d i c a t e d t h a t t he 

e f f i c i e n t d e t e c t i o n a rea o i t h e ISDM c o u n t e r d i d n o t e x t e n d us Ja r 

towards t h e r i n g c e n t r e as t h a t o f t h e shower c o u n t e r . 

( i . ' d . u. C a l c u l a t i o n o f the ( g - 2 ) 1 ' recess ion r ' reuuency 

The o c c u r r e n c e t imes o f the d e t e c t e d decay e l e c t r o n s , i n r e l a t i o n 

to the i n j e c t i o n o f t h e p i on beam, were r e c o r d e d u s i n g 50 MHz and 

1 MHz c l o c k s us d e s c r i b e d i n C h a p t e r 4 . The t i m e s were h i s t o g r a i u n e d 

f o r a l l s i n g l e (.rack e v e n t s w i t h agreement between the two t i m i n g 

c h a n n e l s . The r e s u l t a n t d i s t r i b u t i o n i s shown i n f i g u r e b , J f o r a 

s e r i e s o f runs r e c o r d i n g n e g a t i v e p o l a r i t y muon d e c a y s . The 

c h a r a c t e r i s t i c e x p o n e n t i a l decay w i t h super imposed (g—Li) p r e c e s s i o n 

f r e q u e n c y i s o b s e r v e d . The d i s t r i b u t i o n b e g i n s a t 75 ^is due t o the 

d e l a y s e t i n the sys tem t i m i n g ga te t o ensu re f u l l chamber e f f i c i e n c y . 

The uverage p r e c e s s i o n p e r i o d o v e r t h e t w e n t y — e i g h t o s c i l l a t i o n s r e c o r d e d 

i s 4 , ; i l + 0 .04 y i s , w h i c h agrees w i t h t h e computed ( g - 2 ) v a l u e o f 

'I„21H)5T> f.m. T l i i s c o n f i r m s t h a t t he a n a l y s i s program s u c c e s s f u l l y 

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

n o n - n i ta t i n g b a c k g r o u n d . 

T r a c k i n g A n a l y s i s 

As p r e v i o u s a t t e m p t s a t t r a c k r e c o n s t r u c t i o n by o t h e r a u t h o r s 

hud produced h o r i z o n t a l muon d i s t r i b u t i o n s o u t s i d e the vacuum tank 

volume a t o t a l l y new c a r t e s i a n c o - o r d i n a t e sys tem was d e v i s e d . T h i s 



o 
o 

. ^ 

^ 1 1 1 1 1 U r \ j 
rvi 

in 

ca 
CJ 
LU UJ 

IT) C\J 

LU 
CM 

CJ 
LU 

LU 

L3 

O CO 
LU 

in 
UJ LL­
CS 
UJ 

LU 

on LO 
UJ 

UJ 
UJ 

LU 

or 
or 
CJ 

CO 

CO 

L O 
LL " O S E 0 0 0 0 E 0 0 0 5 2 0 0 0 0 2 0 0 O S I 0 0 0 0 1 0 0 - 0 5 

A0N3n03Ud 



- 1 7 1 -

n o t o n l y d e f i n e d t l i e sense w i r e p o s i t i o n s more a c c u r a t e l y b u t used the 

h u s c p l a l e dutum l i n e us the o r d i n a t e a x i s und the c e n t r e o f the r i n g 

as the o r i g i n o f t he c o - o r d i n a t e s y s t e m . T h e r e f o r e t h e computed sense 

w i r e p o s i t i o n s c o u l d he d i r e c t l y checked w i t h the p h y s i c a l measurements 

d e s c r i h e i i i n C h a p t e r 3 . 

The p r i n c i p l e s o f t he a n a l y s i s programs a r e e x p l a i n e d and t h e 

r e s u l t s p r e s e n t e d . A d e t a i l e d s t u d y o f compute r r o u n d - o l f e r r o r s was 

made to ensure t h a t t h e low muon r a d i i v a l u e s were n o t the r e s u l t o f 

t r u n c a t i o n e r r o r s . The e f f e c t s o f v a r y i n g t h e a r r a y geomet ry by 

m o d i f i c a t i o n o f t h e compute r programs a r e d i s c u s s e d . 

f i . 3 . 1 The C o - o r d i n a t e System 

liach d r i f t t i m e r eco rded r e p r e s e n t e d a p a i r of p o s s i b l e chamber 

p o s i t i o n s c o r r e s p o n d i n g t o d r i f t l e n g t h s on e i t i l e r s i d e o f t i i e sense w i r e . 

A knowledge o f the ( X , Y ) c o - o r d i n a t e s o f t he a p p r o p r i a t e sense w i r e , the 

chamber a / i i n u t h a l a n g l e 8 and the d r i f t l e n g t h , x , a l l o w e d t h e e x a c t 

c o - o r d i n a t e s o f the two p o s s i b l e t r a v e r s a l p o s i t i o n s i n the sense w i r e 

p l ane t o be c a l c u l a t e d . F i g u r e 15,4 shows t h a t t h e method o f c o - o r d i n a t e 

d e t e r m i n a t i o n was i d e n t i c a l t o t he chamber m o u n t i n g p r o c e d u r e d e s c r i b e d 

i n s e c t i o n 3 . 7 . The sense w i r e ( X , Y ) c o - o r d i n a t e s were c a l c u l a t e d f r o m 

the measured r a d i a l d i s t a n c e s , I t , and t h e c o r r e c t i o n f a c t o r s , A l t , used 

to compensate f o r t h e non— r a d i a l m o u n t i n g ol ' the sense w i r e p l a n e s . 

The chamber a n g l e s , N , were p o s i t i v e f o r chambers mounted u p s t r e a m o f 

the datum I ine and n e g a t i v e f o r downst ream chambers . The c o r r e c t i o n 

a n g l e s , A N , c a l c u l a t e d f o r each sense w i r e , were a l w a y s d i r e c t e d down­

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

and the c a l i b r a t e d d r i f t v e l o c i t y , was measured a l o n g the sense w i r e 
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p l a n e . Tin? two p o s s i b l e p a i r s o f co—ordinu tes f o r t i n ; t r a v e r s a l 

p o s i l i o n s were g i v e n b y : 

XA «= X + x s i n 61 
YA = Y + x cos N 

XJ) » X - x s i n N 

YH = Y - x cos W ( 0 . 1 ) 

where s u f f i x " A " deno tes t h e vacuum tunJi s i d e o f the sense w i r e and 

" H " the r i n g c e n t r e s i d e . The s i g n o f t h e a n g l e H ensures t h a t 

e q u a t i o n s ( O . l ) h o l d f o r s o l u t i o n s i n chambers on b o t h the u p s t r e a m anil 

downst ream s i d e o f t h e datum l i n e . 

An u n c e r t a i n t y o f + 0 . 1 mm i n the v a l u e o f R t y p i c a l l y p roduces 

u n c e r t a i n t i e s o f + 0 . 0 1 mm i n X and + 0.01*9 mm i n Y . 

I f the sense w i r e p l anes hud been mounted r a d i a l l y the use o f a 

p o l a r c o - o r d i n a t e sys tem would have been adop ted i n p r e f e r e n c e to t h e 

c a r t e s i a n sys tem u s e d . 

Curve K i t t i n g P rocedures 

Ueeay e l e c t r o n s t r a v e r s i n g the (g—2) f r i n g e f i e l d had t r a j e c t o r i e s 

o f complex f o r m . However , as d e m o n s t r a t e d i n f i g u r e 5 . 1 5 , the m a g n e t i c 

f i e l d f e l l l e s s t h u n 1 kCi o v e r c e l l s " 0 " t o " 2 " . T h e r e f o r e a c i r c l e f i t 

wou ld r e p r e s e n t a good a p p r o x i m a t i o n i n these t h r e e c e l l s w h i c h c o n t a i n e d 

the m a j o r i t y o f t h e d a t a . F i g u r e 0 .5 i n d i c a t e s t h e method o f d e t e r ­

m i n i n g t h e r a d i u s o f t he union o r b i t f r o m the assumed c i r c u l a r t r a j e c t o r y 

o f the decay e l e c t r o n . The e l e c t r o n decayed t a n g e n t i a l l y i n the 

f o r w a r d d i r e c t i o n f r o m the mtion o r b i t i n the l a b o r a t o r y r e f e r e n c e f rame 

as o n l y decay e n e r g i e s above DUO MeV were s e l e c t e d , 

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

i n i -a rh o f the t h r e e chambers , r e p r e s e n t e d i n f i g u r e 6 ,5 by I h i ; p o i n t s 

( X 1 , Y 1 ) , ( X , , , Y , , ) , and (X , Y ) , u c i r c l e o f r a d i u s H und c e n t r e 

c u - o r d i u a t e s ( p , q ) c o u l d tie f i t t e d i n t l i e f o l l o w i n g manner. The b a s i c 

e q u a t i o n o f such a c i r c l e , i n c l u d i n g t h e p o i n t ( X , Y ) , i s : 

X 2 + Y 2 + p 2 + q 4 5 - 2Xp - 2Yq = R p

2 ( b . 2 ) 

S u b s t i t u t i n g f o r each o f the t h r e e known p o i n t s i n t u r n , t h r e e 

e q u a t i o n s i n t h r e e unknowns may be d e r i v e d : 

+ Y j 2 + p 2 + q 2 - 2 X t p - 2 Y t q = R 2 ( b . 3 ) 

X 2

2 + Y 2

2 • p 2 + q 2 - 2X 2 |> - 2Y 2 «, = R e

2 ( 6 . 4 ) 

X . 2 + Y 2 + p 2 + q 2 - 2X.J1 - 2Y.,q = R 2 ( 6 . 5 ) 

The f o l l o w i n g p a r a m e t e r s were computed , each o f w h i c h were a lways 

p o s i t i v e v a l u e d : 

A = X 1 - X^ D = Y j - Y„ l i = X ^ + Y j 2 

II - X 1 - X 3 E = Y j - Y 3 H - X g

2 • Y* 

C = X.. - X.. F « Y„ - Y,. 1 = X , 2 + Y. 2 ( 6 . 6 ) 

Kroio e q u a t i o n ( 6 . 3 ) 

R e = [ G + p 2 + q 2 - 2 ( X j P + Y i q ) ] ( 6 . 7 ) 

S u b t r a c t i n g e q u a t i o n ( 6 . 4 ) f r o m ( 6 , 3 ) g i v e s : 

q - (K - H - 2 p A ) / 2 D ( 6 . 8 ) 

S i m i l u r l y by s u b t r a c t i n g equat i . on ( 6 . 5 ) f r o m ( 6 , 3 ) and s u b s t i t u t i n g 

the d e r i v e d e x p r e s s i o n f o r q i n e q u a t i o n ( 6 , 8 ) and r e - a r r a n g i n g , an 

e q u a t i o n f o r p s o l e l y i n t e rms of t he known pa rame te r s o f ( 6 . 6 ) i s d e r i v e d 
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C - H - I D((i - I ) /E1 
p : [ : 1 

a [ A - ( I U ) / K ) | 

I t may be seen t h a t t h r e e e x p r e s s i o n s e x i s t f o r It^ depend! ng u pon 

wli i c h o l ' e q u a t i o n s ( b , 3 , 4 , 5 ) i s chosen as t h e s o u r c e . S i m i l a r l y 

t h r e e p a i r i n g s a r e a v a i l a b l e t o d e r i v e q and s i x c o m b i n a t i o n s t o d e r i v e 

p . Hence the v a l u e o f 11 may be deduced f i f t y - f o u r ways , Much u ses 

d i f l e r e u t c o m b i n a t i o n s o f the p a r a m e t e r s l i s t e d i n ( b . 6 ) and t h e r e f o r e 

d i f f e r e n t t r u n c a t i o n e r r o r s may be e x p e c t e d . U s i n g doub le p r e c i s i o n 

a r i t h m e t i c i n the F0KT11AN programs t h e v a l u e s o f I t ^ , p and q ag reed t o 

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

i n e q u a t i o n s ( b . 7 , d , y ) gave r e s u l t s c l o s e t o the mean v a l u e s o 1" a l l 

c o m b i n a t i o n s and t h e r e f o r e were used i n the a n a l y s i s p r o g r a m s . 

T a u g e n t i a l i t y between the imion o r b i t , c e n t r e d on the o r i g i n , and 

the e x t r a p o l a t e d e l e c t r o n decay c i r c l e o c c u r r e d a t the p o i n t (XMU.YMU). 

T h i s was d e f i n e d by the o u t e r i n t e r s e c t i o n o f the l i n e j o i n i n g the o r i g i n 

and the p o i n t ( p , q ) w i t h the e l e c t r o n c i r c l e . The e q u a t i o n o f the l i n e 

i s s i m p l y : 

Y - q X / p ( 6 . 1 0 ) 

and t h e e q u a t i o n o f t h e e l e c t r o n c i r c l e w h i c h i n c l u d e s the b i r t h 

p o s i t i o n (XMIJ.YMU) i s i 

(XM1I - p ) 2 + (YMU - q ) 2 •= 11 2 ( t i . 1 l ) 

Hence s u b s t i t u t i o n f r o m e q u a t i o n ( b ' . l U ) f o r XMU and c a l c u l a t i o n o f 

the p o s i t i v e r o o t o f the q u a d r a t i c e q u a t i o n g i v e s t h e v a l u e o f YMU a s : 

i . 

YMU - q + [ l t e

2 / ( 1 + p 2 / q a ) ] ( 0 . 1 2 ) 

http://ti.1l
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and honee XMU = p YMU/q (6.13) 

l e a d i n g I ' i n u l l y to the r a d i u s o f the Dtuon o r b i t : 

R - ( j f t l U 2 • YMU 2 ) (6.14) 

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

t o the d a t a p o i n t s w o u l d p roduce a s m a l l e r v a l u e f o r 11^ t h a n t h e 

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

u n d e r v a l u e d w i t h u c i r c l e f i t , t he a d o p t i o n of a more a c c u r a t e f i t t i n g 

p r o c e d u r e w o u l d e x a c e r b a t e the p r o b l e m . For t h i s r e a s o n t h e c i r c l e 

f i t was persued a t l e n g t h i n t h e a n a l y s i s . 

( i . J . i i . D e s c r i p t i o n o f the T r a c k i n g l ' rograi . is 

A H the programs hud a s i m i l a r s t r u c t u r e , any d e t a i l e d v a r i a t i o n s 

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

I n i t i a l l y the sense w i r e c o - o r d i n a t e s , chamber a n g l e s , maximum 

d r i f t t i m e s and c e l l d r i f t v e l o c i t i e s were r ead f r o m permanent f i l e s 

and a l l c o u n t e r s , f l a g s and h i s t o g r a m a r r a y s were z e r o e d . The t a p e s 

were p o s i t i o n e d a t t he b e g i n n i n g o f t h e r e q u i r e d runs u s i n g t h e 

s t a n d a r d tape r e a d i n g s u b r o u t i n e s and t h e i n d i v i d u a l e v e n t s r end i n 

t u r n . l iach e v e n t was t e s t e d f o r c o r r e c t t ape f o r m a t , number o f d r i f t 

t i m e s r e c o r d e d and the ( g - 2 ) ene rgy l e v e l and EDM c o i n c i d e n c e v a l u e s 

deduced . The d r i f t t i m e s , c e l l and chamber numbers were u n b l o c k e d and 

t e s t e d t o see i f a s i n g l e t r a c k w i t h c o r r e c t c u r v a t u r e had been r e c o r d e d . 

C a n d i d a t e t r a c k s had t o have a t l e a s t t h r e e d a t a p o i n t s . I f t h e t r a c k 

was n o t f i r s t r e c o r d e d i n c e l l " U " o r n o t r e c o r d e d i n s u c c e s s i v e chambers 

u n t i l the enil o f the a r r a y u c o u n t e r was i n c r e m e n t e d b u t t h e e v e n t s t i l l 



- 1 7 6 -

a c c e p t e d . I f a l l t h r e e h i t s o c c u r r e d i n e e l 1b "(J ' 1 , " 1 " o r " 2 " t h e 

chamber and c e l l numbers p l u s d r i f t t imes were p u t i n t o a r r u y s f o r 

t r u u s f e r to t l i e f i t t i n g s u b r o u t i n e s . The d r i l ' t t i m e s were checked 

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

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

c o u n t e r s b e i n g i n c r e m e n t e d . 

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

t r a v e r s a l c o - o r d i n a t e s as d e s c r i b e d i n s e c t i o n b , 3 . 1 . The c i r c l e 

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

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

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

o r i g i n o f the . three p o i n t s and i f t he v a l u e s d i d n o t decrease i n 

s u c c e s s i v e downst ream chambers t h e n t h e f i t was r e j e c t e d as t h e 

c u r v a t u r e was i n c o r r e c t . The pa rame te r s o f e q u a t i o n ( 6 . 6 ) were 

computed and the v a l u e s o f p and q d e r i v e d f o r t h e c o - o r d i n a t e s o f 

the c e n t r e o f the e l e c t r o n c i r c l e . A n e g a t i v e o r d i n a t e v a l u e , q , 

wou ld i m p l y e i t h e r an e l e c t r o n r a d i u s g r e a t e r t h u n t h e p a r e n t muon r a d i u s , 

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

the d r i f t chamber a r r a y . Such s o l u t i o n s were n o t p e r m i s s i b l e so t h e 

f i t s were r e j e c t e d . The r a d i a l d i s t a n c e o f t h e p o i n t ( p , q ) was 

c a l c u l a t e d and compared w i t h t h e known range o f p o s s i b l e r a d i i f o r 

9UU - 310U MeV e l e c t r o n s d e c a y i n g i n a 14 .7 kG f i e l d f r o m any p o i n t i n 

t h e s t o r a g e v o l u m e . Any s o l u t i o n o u t s i d e t he se bounds was r e j e c t e d . 

A f u r t h e r check was made k n o w i n g the p o s s i b l e ranges o f e l e c t r o n r a d i i 

f o r each o f t h e f o u r ( g - 2 ) e n e r g y l e v e l s . A l l o w i n g some l a t i t u d e i n 

these r a n g e s , t h e computed v a l u e o f 11^ was compared and t h e f i t r e j e c t e d 

i f i t d i d n o t f a l l w i t h i n the a p p r o p r i a t e r a n g e . The b i r t h p o s i t i o n 
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(XMU,YMU) and the uiuon r a d i u s 11^ were c a l c u l a t e d f o r c o r r e c t f i t s . 

A l s o the decay e l e c t r u n energy c o u l d he c a l c u l a t e d f r o m the v a l u e o f 

11^. U y i n g the e x p r e s s i o n f o r an e l e c t r o n d e s c r i b i n g a c i r c u l a r 

t r a j e c t o r y i n a m a g n e t i c f i e l d : 

llev - Xm vd I I I ( 6 . 1 5 ) 

e ' e ' 

and i g n o r i n g the s m a l l r e s t mass ene rgy o f t h e e l e c t r o n , t h e e n e r g y 

i n MeV i s c a l c u l a t e d f r o m H r , measured i n m i l l i m e t r e s , f o r an average 

m a g n e t i c f i e l d o f 1 4 . 4 k U , by the f o r m u l a : 

li - 2 f m vc - ecHH - 0 . 4 3 2 11 ( 6 . 1 6 ) 
e e e 

The computed v a r i a b l e s , o r e r r o r f l a g s , were r e t u r n e d f o r each 

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

and i n c r e m e n t e d the c o u n t e r s . The muon r a d i u s was checked t o see i f 

i t was i n the range U70U - 7100 turn, a much g r e a t e r range t h a n e x p e c t e d . 

I f no c o r r e c t f i t s were o b t a i n e d f o r an e v e n t , an e r r o r f l a g was 

s e t and a r e t u r n made to t i i e ma in p r o g r a m . 

I f a s i n g l e good f i t was o b t a i n e d a l l t h e p a r a m e t e r s were r e t u r n e d 

t o the main p r o g r a m . W i t h l a t e r t r a c k i n g p r o g r a m s , i f a f o u r t h h i t 

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

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

o f t he two p o s s i b l e t r a v e r s a l p o s i t i o n s i n t h e f o u r t h chamber were 

s u b s t i t u t e d i n the c i r c l e e q u u t i o n , w i t h known v a l u e s o f p and q , t o 

c a l c u l a t e the r a d i u s , i t . The two v a l u e s o f 11 were compared w i t h R g 

and the s m a l l e r o f the d i f f e r e n c e s t a k e n as t h e d e v i a t i o n . The 

d e v i a t i o n s were h i s t og rammed a c c o r d i n g t o ( g - 2 ) e n e r g y l e v e l and c e l l 

number . 

I f more t han one good f i t was o b t a i n e d f o r an e v e n t t h e computed 
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o l e c t r o n ene rgy was compared w i t h the range o f t h e a p p r o p r i a t e r e c o r d e d 

( g - ~ ) energy l e v e l . 1 I' o n l y one l i t f e l l w i t h i n the r ange , t hen i t was 

t a k e n as the c o r r e c t l i t a n d , i f a p p l i c a b l e , t h e d e v i a t i o n o f t he f o u r t h 

p o i n t computed lie I d I T r e t u r n i n g a l l p a r ame te r s t o the main p r o g r a m . 

O t h e r w i s e a m b i g u i t y s t i l l e x i s t e d and an e r r o r f l a g was r e t u r n e d . . 

I n t he main p rogram the c u u u t e r s were i n c r e m e n t e d and the r e t u r n e d 

pa ramete r s s c a l e d f o r i n c l u s i o n i n t h e h i s t o g r a m a r r a y s . The c o n t e n t s 

o f the c o u n t e r s were d i s p l a y e d a t the end o f eacl i r u n t o i l l u s t r a t e t h e 

number o f t r a c k s s e l e c t e d and a breakdown o f the t y p e s o f f i t s and 

r e j e c t i o n s made. The c o u n t e r s were a l s o summed o v e r a s e r i e s o f runs 

on an e n t i r e tape anil a summary p r i n t e d . The h i s t o g r a m s were d i s p l a y e d 

u s i n g a g e m ; i a I purpose r o u t i n e w r i t t e n hy the a u t h o r . I n t h e l a t e r 

programs the v a l u e s o f p , 4, U , XMU and YMU were d i s p l a y e d f o r a l l f i t s 

w i t h a c o u n t e r I n r a l l e r r o r f l a g s r e t u r n e d . S i m i l a r pa r ame te r s were 

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

geome t r y anil d r i l l , v e l o c i t i e s c o u l d be s t u d i e d c l o s e l y w i t h t hese 

h i s t o g r a m s . The d e v i a t i o n s o I' the f o u r t h p o i n t s , i f computed , were 

d i s p l u y e d n e x t , f o l l o w e d by the c a l c u l a t e d e l e c t r o n e n e r g i e s sub—div ided 

i n t o the ( g - 2 ) ene rgy l e v e l s r e c o r d e d f o r each e v e n t . F i n a l l y t h e muon 

r a d i i were p r e s e n t e d , i n i t i a l l y d i v i d e d i n t o the f o u r ene rgy l e v e l s and 

then t o t a l l e d o v e r a l l e n e r g i e s . 

l i . : j . <1 Re si 11 t s o f t l x ; T r a c k A n a l y s i s 

The a x i s o i t h e s t o r a g e Lank had a r a d i u s o f 7000 mm and the t a n k 

w a l l s had r a d i i o f ( i ' JH mm and 70d(> ruin. However the a c t i v e s t o r a g e 

volume was l i m i t e d i n most s e c t i o n s o f the r i n g by t h e e l e c t r o s t a t i c 
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f i e l d e l e c t r o d e s w h i c h wurn o n l y + l )U ,8 una f r o m t i n ; a x i s i n the 

h o r i /.on Lai p l a n e . The re I 'D re Lhe e x p e c t e d tl i n L r i h u t i on u l ' muon r a d i i 

wou ld e x t e n d i'roiu 004 0 mm Lu 70 (>0 mm, w i t h a peak a round 7 0 0 0 mm as t h e 

opt imum s t o r a g e c o n d i t i o n * a p p l i e d f o r the a x i s . As the v e r t i c a l 

c o - o r d i n a t e s o f the decay e l e c t r o n s were n o t r e c o r d e d , t he computed 

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

d i m e n s i o n u l ' the a c t i v e s t o r a g e v o l u m e , w h i c h e x t e n d e d + 4 0 mm f r o m 

the median p l a n e . T h i s wou ld a c c e n t u a t e t h e peak a round the a x i s 

v a l u e . 

When the f i r s t t r a c k i n g program was d e v e l o p e d the d r i f t v e l o c i t i e s 

were v e r y u n c e r t a i n . T h u r e f o r e <i s e r i e s o f f i t s were made o v e r a range 

o f v a l u e s . A r i g o r o u s t r a c k s e l e c t i o n demanded a t l e a s t t h r e e h i t s on 

a t r a c k and the f i r s t r e c o r d e d h i L had t o be i n c e l l " 0 " w i t h c o n s e c u t i v e 

chandlers h i t u n t i l the end o f the a r r a y . C o n s t a n t d r i f t v e l o c i t i e s 

were assumed I h r u u g h o t i 1. each c e l l ; t he maximum d r i f t t imes i n c e l l s " 0 " , 

" 1 " and "2" ranged f r o m tibU, 8 1 0 and 7 8 0 ns r e s p e c t i v e l y , down to 

0 1 0 , r>\H) and 5 7 0 ns i n n i n e e i | i i a l s t e p s . A t y p i c a l d i s t r i b u t i o n f o r 

the union r a d i i , summed o v e r a l l e n e r g i e s , i s shown i n f i g u r e fi.O f o r the 

l o w e s t max imiiin d r i f t t ime v a l u e s . Over the e n t i r e range o f d r i f t 

v e l o c i t i e s the peak o f the d i s t r i b u t i o n s h i f t e d f r o m 0 0 1 4 mm t o 0 1 ) 2 1 mm, 

u i a i i i t a i n i ng a s i m i l a r shape t h r o u g h o u t . A l s o the number o f f i t s o b t a i n e d 

w i t h Lhe same da ta rose by 25ft> o v e r Lhe r a n g e . Thus the l o w e r maximum 

d r i f t t i m e s , aud hence maximum d r i f t v e l o c i t i e s , gave the b e s t r e s u l t s . 

However the m a j o r i t y o f t he d i s t r i b u t i o n s t i l l l a y o u t s i d e the a c t u a l 

s t o r a g e r e g i o n and a f u r t h e r l o w e r i n g o f the maximum d r i f t t imes w o u l d 

n o t move the d i s t r i b u t i o n an a p p r e c i a b l e amoun t . i t was n o t e d t h a t t h e 

f i t s f o r h i g h e r ene rgy decay e l e c t r o n s d i d produce h i g h e r union r a d i i , t h e 
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peuks o f these (I i s t r i hu t i o n s a p p r o a c h i n g 694U miu, However t h e m a j o r i t y 

o f the d u l u were f o r lower ene rgy decays and the h i g h e r r a d i i l ' i t s o n l y 

fo rmed the t a i l o f t h e t o t a l d i s t r i b u t i o n . The b e t t e r f i t s were 

p r o b a b l y due to the h i g h e r energy decuy e l e c t r o n s h a v i n g l ow c u r v a t u r e 

and t h e r e f o r e the h i t s o c c u r r e d m a i n l y i n the vacuum t a n k h a l f — c e l l s 

o f w i r e s " U " and " 1 " , where the l i n e a r s p a c e - t i m e r e l a t i o n s h i p s were 

mo re v u l i d . 

A n o t h e r s e r i e s o f programs had m o d i f i e d i n p u t pa rame te r s t o 

r e p r e s e n t d i s t o r t i o n s i n the p o s i t i o n s o f t h e d r i f t chamber a r r a y . 

T r u c k s w i t h a t Least t h r e e h i t s were chosen , h u t t hey d i d n o t n e c e s s a r i l y 

have to be d e t e c t e d f i r s t i n c e l l " 0 " o r i n c o n s e c u t i v e chambers . 

I n i t i a l l y the a/, i im.i t h a i chamber u n g l e s w e r e a l t e r e d by + 1 ° , f a r 

more than uny p o s s i b l e e r r o r i n the m o u n t i n g o f the b a s e p l a t e . As the 

f i t t i n g p r o c e d u r e was u / i i n u t . h u I l y s y m m e t r i c the d i s t r i b u t i o n s s h o u l d be 

u n a l t e r e d . T h i s was indeed t h e case w i t h i d e n t i c a l d i s t r i b u t i o n s f o r 

u l l h i s togrammed p u r u i i i e t e r s . N O L o n l y d i d t h i s c o n f i r m the c o r r e c t n e s s 

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

d i d n o t o c c u r i n the c o m p u t a t i o n . 

The second s e r i e s o f t e s t s compared the n o r m a l d i s t r i b u t i o n w i t h 

those o b t a i n e d when i n c r e a s i n g and d e c r e a s i n g the sense w i r e r a d i i by 

ID mm. The e f f e c t was t o s l i g h t l y a l t e r the f o r m s o f t h e d i s t r i b u t i o n s 

and i n move the peaks s l i g h t l y l e s s t h a n 10 mm i n the a p p r o p r i a t e 

d i r e c t i o n s . A l t h o u g h s m a l l e r r o r s were q u o t e d f o r the measured sense 

w i r e p o s i t i o n s ^ they c o u l d n o t e x p l a i n the e r r o r s i n t he muon r a d i i 

d i s t r i hu t i ons , 

f i n a l l y the c o r r e c t i o n a n g l e s Q 8 , t o a l l o w f o r the n o n - r a d i a l 

o 
m o u n t i n g o f the sense w i r e p l a n e s , were a l t e r e d by + 0 , 1 . T h i s 

http://iinut.hu


- 1 8 1 -

c o r r c s p o u d e d t.u an n r n i r i n Liu: m o u n t i n g o f the chamber c r a d l e s on the 

hasepl at o and al .su I n a n o n - p a r a l l e l a l i g n m e n t o f t h e sense w i r e p l ane 

w i t h the c r a d l e a x i s . No d i s c e r n i b l e s h i f t s i n the peak v a l u e s were 

no ted and the d i s t r i tin l . i on shapes were o n l y s l i g h t l y a l t e r e d . 

As I he b a s e p l a t e was shaped to f i t c l o s e l y t o t h e f a c e s o f t he 

inagnel. b l o c k s i t , was t h o u g h t u n l i k e l y t h a t any mi s—al igmncn t o f the 

whole a r r a y o c c u r r e d , , From the r e s u l t s p r e s e n t e d above i t was c l e a r 

t h a t any p o s s i b l e ehamlie r mi s—a I i gi iment c o u l d n o t account, f o r t h e t o t a l 

e r r o r i n t i n 1 D I M o n r a d i i d i s t r i b u t i o n . The re fo re ; f u r t h e r s t u d i e s 

c o n c e n t r a t e d on (.be d r i f t v e l o c i t i e s used i n the d e t e r m i n a t i o n o f the 

d r i l ' l . d i s Unices , 

The whole e e l ! d r i f t t ime il i s Lr ibu L ions o b t a i n e d d i n i n g the i n i t i a l 

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

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

were a p p l i e d to i.he r e c o r d e d d r i f t t i m e s to compensate f o r t h e r e s u l t a n t 

I I O I I — I i n r n r i t y of the s p a c e - t i m e r e l a t i o n s h i p s . F i g u r e 6,7 d e m o n s t r a t e s 

t h r e e assumed fo rms o f the space—time r e l a t i o n s h i p w h i c h c o u l d be 

reduced to l i n e a r i t y by the f o r m u l a : 

M ' = W - [ ( l i T / M A X ) " x COUIt] ( 6 . 1 7 ) 

The c o r r e c t e d d r i f t t i m e , l)T , was c a l c u l a t e d f r o m the r e c o r d e d 
C H I T 

d r i f t t i m e , l / l ' , by s u b t r a c t i n g a t e r m d e r i v e d f r o m t h e maximum r e c o r d e d 

d r i f t t ime i n the c e l l , doAX, and i t s d i f f e r e n c e f r o m the maximum l i n e a r 

r e l a t i o n s h i p v a l u e , dIMJt. The e x p o n e n t i a t i o n f a c t o r , n , d e t e r m i n e d the 

p r e c i s e f o r m o f d e p a r t u r e f rom l i n e a r i t y , as shown i n f i g u r e 6 . 7 , The 

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

t i m e s . The v a l u e s o f MAX and COltlt used i n c e l l s " 0 " , " 1 " and "12" f o r 

a l l f i t s a r e shown, t h e d i s p l a y e d c u r v e s a p p l y i n g to c e l l " 0 " . The 

http://al.su
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->pare— t i m e re 1 it L i mi . s l i i |>s w c i d as s inned t o b e v a l i d l o r t h e d r i f t s p a c e s 

i>n • • i l l n - i " s i d e i l l ' 111«- Mrn.-ic » i I ' I ' M , 

(,'ompai- i s u n D I I . I K - r e s u l t s o b t a i n e d w i t h n « 2,1] a n d 4 r e v e a l e d 

h i g h e r i i iuini r a d i i w i t h i nc r e n s i n g v a l u e s o l ' n , a n d a l s o a n i n c r e a s e d 

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

t h a t l l i e s pace—i. i u i i ; r e l a t i o n s h i p s d e s c r i b e d b y it = 4 m o s t c l o s e l y 

r e s e i u h l i . " l (.he e x p e r i m e n t ; ! I v a l u e s . As b e f o r e , he I be r f i t s w e r e o b t a i n e d 

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

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

e I oc t r u n s . A l s o m o r e a m b i g u o u s f i t s renin! n e d f o r t i n - l o w e s t e n e r g y 

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

f i t t i n g p r o c e d u r e s f o r ear .h ( g - i i ) e n e r g y l e v e l w i t h n « 4 . F i g u r e 6 . 9 

p r e s e n t s t i n . ' itiiion r a i l i i d i s t r i b u t i o n s o b t a i n e d f r o m t h e same a n a l y s i s . 

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

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

l o w v a l u e s . As (.he l o w e r e n e r g y p a r t i c l e s t r a v e r s e c e l l s c l u s e r t o 

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

p r o b a b l e i.ha I t h e p o s t u l a t e d s p a c e — t i m e r e l a t i o n s h i p s a p p l i e d m o r e 

a c c u r a t e l y f u c e l l s " 0 " a n d " 1 " . I n d u e d t h e t h e o r e t i c a l s p a c e - t i m e 

r e l a t i o n s h i p s d e r i v e d i n C h a p t e r 5 s h o w e d c l o s e a g r e e m e n t b e t w e e n t h e 

r i n g c e n t r e s i d e h a l f - c e l l v a l u e s , s h o w n i n f i g u r e 5 . 2 7 , a n d t h e 

n - 4 f i t . H o w e v e r t h e v a c u u m t a n k s i d e h a l f — c e l l s a p p e a r e d t o h a v e 

m o r e l i n e a r r e l a t i o n s h i p s a n d t h e r e f o r e t h e n = 4 f i t s d i d n o t r e p r e s e n t 

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

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

i.o (.he r i n g t e n I . r e , w o u l d t e n d t o i n c l u d e m o r e d a t a p o i n t s i n t h e v a c u u m 

( a u k b a l l - c e l l s a n d t h e r e f o r e i n t r o d u c e a s y s t e m a t i c d i s t o r t i o n o f t h e 
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I , f i l e i l r i l ' l . l e n g t h s a n i l h e n c e d e c a y t r a j e c t o r i e s . S u c h a d i s t o r t i o n 

• s urn i r l i k e l y I. it e x p l a i n I l ie I nw ii iuuii r a d i i v a l u e s i . l ian a n u i i i l e t e c I . I M I 

gcoinc L r i i:a I mi sa L i gni ' ien I o 1' I.he a r r a y . 

I ' l l r I.he r a n a l y s i s a l l o w e d t h e i n c l u s i o n o f d i f f e r e n t d r i f t v e l o c i t i e s 

i n t h e v a c u u m t a n k a n d r i n g c e n t r e s i d e h a l f - c e l l s . U n l y c o n s t a n t 

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

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

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

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

m o r e a c c u r a t e d r i f t v e l o c i t i e s t o be u s e d . A l s o t h e max imum d r i f t 

t i m e on Lht : v a c u u m t a n k s i ' d e o f t i n : 1:11 r v e i l e n d c e l l was l i m i t e d t o 

1 7 U us o v e r Hie !1 mm a c t i v e l e n g t h . P i t s w h i c h i n c l u d e d d r i f t t i m e s 

b e y o n d ( h i s v a l u e w e r e r e j e c t e d by s u b s t i t u t i n g f a l s e c o - o r d i n a t e s i n 

t h e f i f t i n g r u n t i u e . 

A i i a i ) . . i - - u : . i n g s e n s e w i r e t o p o t e n t i a l w i r e d r i f t t i m e s o f 1 7 U , 

a i iU and o - ' . l ns i n t h e v a c u u m t a n k s i d e d r i f t s p a c e s o f c e l l s " U " , " 1 " 

a n d " L l " , a n d .V .Hi , !">)•>() a n d fit iO ns i n t h e r i n g c e n t r e s i d e d r i f t s p a c e s 

g a v e c l o s e r e s e m b l a n c e t o ( h e v a l u e s p r e s e n t e d i n T a b l e 5 , 1 . T h e 

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

o c c u r r e d a t I i;mi„ H o w e v e r t h e d a t a w e r e l i m i t e d a s o n l y t r a c k s 

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

u p o n t h e s e c o n d , t h i r d and f o u r t h h i t s o n a t r a c k a n d t h e d e v i a t i o n o f 

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

was r e p e a t e d w i t h t h e f i t s made t o t h e f i r s t , s e c o n d a n d t h i r d h i t s a n d 

t h e d e v i a ( i m i s t o t h e f o u r t h . The p e a k v a l u e was s h i f t e d t o i'lDIiU + 4 mm 

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

d a t a j i o i n l s i n c e l l " i t " a n d t h e v a c u nil t a n k s i d e o f c e l l " 1 " , a f u r t h e r 
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i n d i c a t i o n D I ' t i n ' b e t t e r a p p r o x i m a t i o n t o l i n e a r s p a c e - t i m e r e l a t i o n ­

s h i p - , i n l l i i ' s r l i . i I I ' - r e I I s u . i s g i v e n . 

Tlu ' d i s t r i b u t i o n n | ' d e v i a t i o n s o f t h e f o u r t h | ) o i n t o n t r a c k ' s i n 

I l ie l o w e s t . (i>— i i ) e n e r g y l e v e l , w h i c h o c c u r r e d i n c o l l " 2 " , i s g i v e n 

i n l i m i n e ( > , l ( ) u i l h a schema t. i c o I ' t h e de r i v a L i o n o f t h e d e v i a t i o n 

\ a l u e s . I I ' I lie d r i l l v e l o c i t i e s no r e f u l l y ca I i l i r a Led and t h e c i r c l e 

t i l a f f o r d e d an c . v a i l s o l u t i o n i n e e l I n " U " t o " i i " , t h e d e v i a t i o n s 

won I d i C J I i !• .si- i i I. a m e a s u r e o f (,lie s p a t i a l r e so I u t i o n s o l ' t h e c h a m b e r s , 

s ay j+ U,r> him. h o w e v e r f i g u r e l i . 1 0 .shows t h e m a j o r i t y o f t h e d a t a 

l y i i i f j , w i t h i n + 7 mm n l ' I l i e peak a t + 2 uini w i t h many l a r g e r d e v i u t i OILS . 

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

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

ivnr.se r e s u l t s . The r e f o r e s i n g l e t r a c k e v e n t s s a t i s f y i n g t h e s e l e c t i o n 

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

I he l a r g e r d e v i a t i o n . - : - e s p e c i a l l y t h o s e o v e r J ' l IIII.I w h i c h i n d i c a t e a 

t r a v e r s a l p o s i i i o u i n a n a d j a c e n t c e l l . The I acU o f r i g i d c o n s t r a i n t s 

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

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

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

run.-, i a n I d r i f t v e l o c i t i e s i n t h e h a l f - c e l l s . T h e p o s i t i v e d i s p l a c e m e n t 

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

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

h e n c e o l t h e union r a d i u s a l s o . D e v i a t i o n d i s t r i b u t i o n s i n c e l l s c l o s e r to 

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

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

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

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

do n o t t r a v e r s e so c l o . s e t o t h e r i n g c e n t r e . 

http://ivnr.se
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F I G . 6.10 : D I S T R I B U T I O N OF D E V I A T I O N S OF 

FOURTH H I T S F R O M T R A C K S AND 

S C H E M A T I C OF D E R I V A T I O N 



' I ' IK. ' l a t e r a n a l y s i s p r o g r a m s d i s p l a y e d t h e r e c o r d e d d r i f t l i m e s i t i 

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

r e s o l v e d I.l ie l e f t - r i g h t a m b i g u i t y i n c e l l s " 0 " Lo "2" u n d l l i e max imum 

d r i l l l i m e v a l u e s c l o . - > e l y r e s e m b l e d Che e x p e r i m e n t a l v a l u e s r e c o r d e d i n 

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

c e l l s e x c e e d e d t h o s e i n t h e v a c u u m t a n k h u l l — c e l l s ; t h e o p p o s i t e w o u l d 

be e x p e c t e d c o n s i d e r i n g U n i t t h e f l u x o f d e c a y e l e c t r o n s f e l l t o w a r d s 

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

f o r c e d t h e w r o n g t r i p l e t s o f t r a c k c o - o r d i n a t e s t o be c h o s e n to p r o d u c e 

t h e b o s t f i I s . 

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

r a d i i u s i n g e . n i a t i o n 'J . 1 0 . The v a l u e s w e r e h i s t o g r a m m e d f o r e a c h 

( g — 2 ) e n e r g y l e v e l t o c h e c k t h e c a l i b r a t i o n o f t h e s h o w e r c o u n t e r s . 

H o w e v e r as t h e c o m p u t e d e l e c t r o n r a d i i w e r e k n o w n t o he u n d e r v a l u e d , t h e 

d e r i v e d e n e r g i e s w e r e a l s o au f u i i i n t i c a I l y l o w , r ' i g u r e 0 , 1 1 d i s p l a y s t h e 

v a l u e s f o r ( g - ~ ) e n e r g y l e v e l s A , 11 a n d (J t a k e n f r o m t h e a b o v e a n a l y s i s . 

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

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

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

inn on r a d i i d i s t r i bu t i o n s . Hence no f i r m c o n f i r m a t i o n o f t h e s h o w e r 

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

I • . ' I M a n u a l C h o c k »l t h e _ T r a c k I ' i t t i i i g Itou t i l i e s . 

i n o r d e r t o c h e c k t h e a c c u r a c y o f t h e f i t t i n g r o u t i n e s , a n d a l s o t o 
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D I S T R I B U T I O N S 



c o n f i r m t h a t L1 • e c o r r e <: I. f i I. was s e l e c t e d , a i n u n u u l r e c o n s L r n c t i o n o f 

M d e c a y e l e c t r o n t r a c k was m a d e . An a c c u r a t e h a l l ' s e a l e d r a w i n g o f 

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

t h e o r e t i c a l t r a c k . T i n ; b i r t h p o s i t i o n l a y u n a r a d i u s a t + 1 . 6 ° t o 

t h e d a t u m l i n e ; a n i l 1:0 r r e s p o n d e d t o a mil on r a d i u s o f bUOO inui, u s s i i o w n 

i n f i g u r e 6 . 1 2 . T h e c i r c u l a r t r a j e c t o r y h a d a r a d i u s o f 2501) mm a n d 

t r a v e r s e d c e l l " 0 " i n c h a m b e r s I 1 ! , V a n d U a n d c e i l " 1 " i n c h a m b e r I I , 

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

d r a w i n g w e r e c o m p a r e d w i t h t h e t h e o r e t i c a l v a l u e s * The X c o - o r d i n a t e s 

w e r e u c c u r a t e t o 0 . 1 nun a n d t h e Y c o - o r d i n a t e s t o 1 mm; a c c e p t a b l e 

r e s u l t s c o n s i d e r i n g t h e d i f f i c u l t y o f d r a w i n g u l l i 5 0 mm r a d i u s c i r c l e 

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

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

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

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

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

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

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

c i r c l e was i uimedi a t e l y a p p a r e n t when t h e t r a c k p a r a m e t e r s w e r e c a l c u l a t e d . 

I I e q u a l l e d ( i ' J b l . 7 mm, 1^ was 2 5 1 5 . 2 mm a n d t h e t h e o r e t i c a l v a l u e o f 

( 1 2 - 1 , 5 , ' 1 - 1 5 h , ; i ) f o r t h e c e n t r e o f t h e e l e c t r o n c i r c l e ( p , q j became 

( 1 3 8 . 4 , 4 4 - M , ; i ) . The b i r t h p o s i t i o n (XMU.VMIJ) moved f r o m t h e 

t h e o r e t i c a l p o s i t i o n o f (19-1 . ; i , (i»J57 ,J) t o ( 2 1 U . 7 , 0 9 5 8 . j ) . R a t h e r t h a n 

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

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

r e s u l t s c o m p a r e d w i t h t h e m . H o w e v e r t h e r e s u l t s i m m e d i a t e l y d e m o n s t r a t e d 
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- 1 W i ­

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

e l e c t r o n a n d mil o n r o d i i . The eompu t e d e l e c t r o n e n e r g y w a s ' K ) H ( i . f ) MeV 

a n d t h e d e v i a t i o n o f t h e f o u r t h p o i n t + 0 , 8 3 mm, 

U f t h e e i g h t p o s s i b l e f i t s t o t h e d a t a , s i x w e r e r e j e c t e d a s t h e 

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

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

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

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

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

Teste s i m i l a r t o t h e o n e s a p p l i e d lo t h e e x p e r i m e n t a l d a t a w e r e 

p e r f o r m e d . T i n ; chamber- a n g l e s r e l a t i v e t o t h e d a t u m l i n e w e r e a l t e r e d 

by + 10 a n d t h e v a l u e o f It was u n a l t e r e d ' . The s e n s e w i r e r a d i i w e r e 
J1 

i n c r e a s e d a n d d e c r e a s e d by I t ) H U M , r e s u l t i n g i n v a r i a t i o n s of + 9 , 9 0 9 mm 

i n t h e v a l u e o f I t ^ , _+ -i.H mm i n U a n d h e n c e a c o r r e s p o n d i n g v a r i a t i o n 

i n c o m p u t e d e n e r g y o f + l i . 5 M e V . 

A t i l t was a p p l i e d t o t h e w h o l e a r r a y b y m o v i n g c h a m b e r A 3 mm 

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

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

d u r i n g t h e n ieusu r e n t - n t o f t h e s e n s e w i r e p o s i t i o n s . The v a l u e o f K 

i n c r e a s e d by o n l y + l , t i f ) mm so s u c h a p e r t u r b a t i o n w o u l d n o t e x p l a i n 

t h e l o w mil o n r a d i i v a l u e s . 

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

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

c a l i b r a t i o n s . An a l t e r a t i o n o f 10 n s r e p r e s e n t e d a d r i f t d i s t a n c e o f 

0 . 1 W mm, w h i c h was an u n d e r e s t i m a t e o f t h e u n c e r t a i n t y i n t h e h a l f - c e l l 

s p a c e - t i m e r e l a t i o n s h i p s . I n i t i a l v a r i a t i o n s o f + 10 ns t o a l l d r i f t 

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



I -1HW-

by + 0 . 18 mm. A m o r e i i n p o r I . a n L L o s t was t o v a r y t h e d r i f t t i m e i n 

t h e st-Co m l c h a m b e r o n l y hy > 10 u s . ' I ' l l t: p o s i t i v e d i s p l a c e m e n t t o ­

w a r d s t h e v a c u u m LanU c a u s e d t h e v a l u e o f 11 t u d e c r e a s e b y 5 , 7 mm, a n d 

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

8 . 5 mm. The n o n - 1 i n c u r t h e o r e t i c a l s p a c e — t i m e r e l a t i o n s h i p o f t h e r i n g 

c e n t r e w i d e h a l f - c e l l , s h o w n i n f i g u r e 5 ,127, i n d i c a t e s t h a t a n a p p r o x i n i u 

t i on t o a l i n e a r r e l a t i o n s h i p w i t h t h e same m a x i m u m d r i f t t i m e w o u l d 

u n d e r e s t i m a t e t h e d r i f t l e n g t h by u p t u 2 mm a t i n t e r m e d i a t e d r i f t t i m e s 

H e n c e t h e e x a c t s o l u t i o n w o u l d d i s p l a c e t h e t r u c k c o - o r d i n a t e t o w a r d s 

t h e r i n g c e n t r e i n t h e s e h a l f - c e l l s . The l a r g e i n c r e a s e i n t h e v a l u e 

o f 11^ f u r t h e n e g a t i v e d i s p l a c e m e n t was d u e t o t h e e l e c t r o n r a d i u s 

i n c r e a s i n g f r o m 2 5 1 5 , 2 mm t o 28<>1,<I nuu w i t h a s u b s e q u e n t m o v e m e n t o f 

t h e c e n t r e o f t h e e l e c t r o n c i r c l e and u r i s e o f 150 MeV i n t h e c o m p u t e d 

e n e r g y . A l s o t h e b i r t h p o s i t i o n was m o v e d 1125 inm u p s t r e a m . T h e 

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

p o i n t by + 1.3:1 inin. 

A d i s p l a c e m e n t o f 0 . 5 nun t o w a r d s t h e r i n g c e n t r e f o r t h e s e c o n d 

p o i n t i n c r e a s e d t h e v a l u e s o f It t o 7 0 1 H . U mui a n d I t t o 3 7 1 8 , 1 mm, 
)i e 

w i t h t h e e n e r g y e q u a l l i n g I i j 0 t > , 2 MeV u n d t h e d e v i a t i o n o f t h e f o u r t h 

p o i n t - 2 . ' } , 7 una. 

T h e s e m a n i p u l a t i o n s o f t i n ; s e c o n d h i t p o s i t i o n o b v i o u s l y l i ave t h e 

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

o f +_ 10 ns i n t h e d r i f t t ime ; o f t h e t h i r d h i t o n l y a l t e r e d t h e v a l u e o f 

ll by — 2 , 5 IIIIII a n d + i J . l ram, w i t h t h e d e v i a t i o n o f t h e f o u r t h p o i n t 

u l t e r i n g by _+ 0 . 8 mm. H o w e v e r t h e c a l c u l a t i o n s h a v e d e m o n s t r a t e d t h e 

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



- i 

t h o d e t e r m i n a t i o n o f 1,1a; t r a c k c o - o r d i n a t e s . T h i s i s duo t o t h e 

ro— i i I ' d i na l e s d i ' f i n i n g s u c h a s m a l l a r c u 1° I. ho f i l l e d e l e c t r o n c i r c l e . 

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

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

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

u s e d may e x p l a i n t h e r e s u l t a n t l o w muon r a d i i v a l u e s . 

(>. 5 D i s c u s s i o n o f l i e s u i t s and S u g g e s t i o n s f o r F u r t h e r A n a l y s i s 

The l o w v a l u e d inn on r a d i i d i s t r i b u t i o n s d e r i v e d b y p r e v i o u s a u t h o r s 

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

b u t n o t t o t h e r e q u i r e d e x t e n t . The b e s t • d i s t r i b u t i o n r a n g e d f r o m 

hi)01) t o 7 1 0 0 mm w i t h a peak a t <i!M0 mm, a s a g a i n s t t h e e x p e c t e d v a l u e s 

o f ( i l l It) t o YOtilJ mm w i t h t h e peak a t t h e o p t i m u m s t o r a g e r a d i u s o f 

7UUU mm. 

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

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

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

be e x p e c t e d t h a t t h e t h e o r e t i c a l s p a c e — t i m e r e l a t i o n s h i p s d e r i v e d i n 

C h a p t e r 5 , s c a l e d t o t h e a p p r o p r i a t e e x p e r i m e n t a l p o t e n t i a l w i r e t o s e n s e 

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

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

s h i p s . As p r e v i o u s l y men!, i l i n e d , t h e e l e c t r o n swarms a s s o c i a t e d w i t h 

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

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

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

s h i p s a t t h e s e l o n g d r i f t t i m e s . A l s o , due t o t h e • i o n - s a t u r a t e d d r i f t 
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v e l o c i t i e s , (.lie o v e r a l l s p a t i a l r e s o l u t i o n o f t h e c h a m b e r s was l o w e r 

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

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

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

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

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

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

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

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

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

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

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

w i t h t h e same e v e n t s o r t h e same t r i p l e t o f p o s s i b l e t r a c k c o - o r d i n a t e s . 

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

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

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

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

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

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

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

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

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

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

c e l l , a s w e l J as t h e d i s t i n c t i o n b e t w e e n d e c a y e n e r g i e s a l r e a d y i n c l u d e d . 

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

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

r o u t i n e s was m o r e i n a c c u r a t e ! . The e f f e c t s o f v a r y i n g t h e r e l a t i o n s h i p s 
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c. on I d t h e n l i t ! s t u d i e d m o r e c l o s e l y . 

A n o t h e r p r o b l e m was t h e l o w n u m b e r o f p o i n t s r e c o r d e d o n e a c h ( . r a c k . 

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

c e l l s w h e r e (.he m a g n e t i c f i e l d was a l m o s t c o n s t a n t . F u r t h e r a n a l y s i s 

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

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

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

l i m i t e d l o r - t . r . n Us wi l . l i more i .hau ( .hree h i t s r e c o r d e d . The i n e f f i c i e n t 

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

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

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

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

p r o d u c e d s a t i s f a c t o r y r e s u l t s , U l t i m a t e l y more c o m p l e x t r a c k i n g m e t h o d s , 

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

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

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

A l l t h e t r a c k a n a l y s e s p e r f o r m e d and s u g g e s t e d h a v e u s e d t h e 

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

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

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

T i n : a ' -ove d i s c u s s i o n has c o n s i d e r e d e r r o r s i n t h e c a l c u l a t e d d r i f t 

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

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

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

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

l o L h e ho r i 7,1111 l a I a n d v e r t i c a l b e t a t r o n m o t i o n s w h i c h w e r e a s s o c i a t e d w i t h 

unions n o t s t o r e d at . t h e o p t i m u m momentum c o r r e s p o n d i n g t o c i r c u l a r o r b i t 

(L>) 
a t 7 0 0 0 mm r a d i u s , w h e r e e x a c t f o c u s i n g o c c u r r e d . T h i s t e n d e d t o 



- 1 U 2 -

i l ie rca .se U i c r a t i i i o f ( I n ; union o r b i t s i n t h e f i e l d - f r e e r e g i o n s . i l o w -
i 

e v e r (.In- moons w o u l d m i I »»n«.',f i" lie d e s r r i t i i n ^ c i r c u l a r o r b i t s a b o u t t h e 

t - i e c u I r e ; a n a s s u m p t i o n u s e d i n (.lie c a l c u l a t i o n o f t h e e l e c t r o n h i r t i l 

p o s i t i o n . i t may l i e s h o w n t h a t i n s u c h c a s e s t h e c o m p u t e d rl i s u l acemen t 

o i ' t l i o b i r t h p o s i t i o n f r o m t h e r i n g c e n t r e was a l w a y s l e s s t h a n t h e t r u e 

v a l n t ; . T h e r e T o r i ' e r r o r s o c c u r f o r e l e c t r o n s f l u t: a y i r i g f r o m unions n o t i n 

t h e o p t i m u m o i l i t , a l t h o u g h t h e y a r e l e s s t h a n J mm. 

No a c c o u n t has b e e n t a l i e i i o f p o s s i b l e s c f i t t e r i i n t h e 0 . 8 inm 

t h i c k t i t a n i u m w a l l o l t h e s t o r a g e v e s s e l . As s u c h sea t t e r i n g w o u l d be 

(i i r o c t o i l l . l i iu i i{> l i nn l a c o n e a r o u n d t h e f o r w a r d d e c a y t r a j e c t o r y o f t h e 

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

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

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

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

w a r d s t h e r i i i " ; c e n t r e . As s t a l e d , a c i r c l e f i t t u t h r e e p o i n t s o n a 

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

i i iuon r a d i u s v a l u e . H o w e v e r f o r t r a j e c t o r i e s d i s p l a c e d m o r e t h a n + 3 turn 

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

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

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

f i g u r e r > . l ( i . T h u s t h e d e c a y e l e c t r o n t r a j e c t o r y w o u l d h a v e c o n s t a n t 

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

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

( J e l l s " 0 " t o " U " c o v e r t h e h i g h e r f i e l d r e g i o n w i t h t h e maximuui v a l u e s 

o c c u r r i n g a r o u n d t h e h o u n d a r y o f c e l l s " 1 " a n d "2". The c i r c l e s f i t t e d 

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

c u r v a t u r e s i n t h e h o m o g e n e o u s f i e l d <md t h e r e f o r e l o w union r a d i i w o u l d 

r e s u l t . No d i r e c t m e a s u r e m e n t o f t h e v e r t i c a l d e c a y c o - o r d i n u t e was 
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r c c o r d c d h u t , a s a l r e a d y i l i acu s s e d , t h e p r o p o r t i o n u f t h e t o t a l i l u l u 

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

T h e r e f o r e t.li<! r e d u c t i o n i n t l i o union r a d i i v a l u e s o n l y o c c u r r e d i n a 

m i n o r i t y o I' Lhi! r e c o r d e d e v i . ' i i t s . 

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

c i r c u l a r e l e c t r o n t r a j e c t o r i e s , f o r m e d t a n g e n t i a l 1 y t o c i r c u l a r tuuon 

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

u p o n t h e c o m p u t e d union r a d i i d i s t r i b u t i o n s . The r e I'M r e t h e l o w muon 

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

w h i c h p r o d u c e d g o o d f i t s w e r e due t o t h e a p p r o x i m a t e d r i f t v e l o c i t y 

c a l i b r a t i o n s a v a i l a b l e , 

( i . t i D i s c u s s i o n o f A c c u r a t e T r u c k i n g M e t h o d s 

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

e o u s m a g n e t i c f i e l d i s n e c e s s a r i l y c o i n ] ) l e x . The (g—2) f r i n g e f i e l d v a r i e d 

i n r a d i a l , v e r t i c a l a n d a / i m u t h a l d i r e c t i o n s , a l t h o u g h i t was s y m m e t r i c 

a b o u t t h e h o r i z o n t a l m e d i a n p l a n e . As r e p o r t e d , a s e r i e s o l ' m e a s u r e m e n t s 

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

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

The v e r t i c a l c o - o r i ! i n . i ( e s o f t h e d e c a y e l e c t r o n s w o u l d be r e q u i r e d 

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

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

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

b a s i c c i r c l e l i t t o (-he d a t a . T h e s e w i n I d be u s e d as t h e f i r s t i t e r a t i o n 

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

S e v e r a l a p p r o a c h e s h a v e been made t o t h e p r o b l e m o f a c c u r a t e l y 

r e c o n s t r u c t i n g t r a j e c t o r i e s i n s u c h c o m p l e x m a g n e t i c f i e l d s . ^ ' ' ' ^ A l l 
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r e l y i i i M i i ] it p r e v i s e k n o w l e d g e o f Lite i i i i i ^ i n ; t i < : f i e l d at r e g u l a r i n t e r v a l s 

a m i u s e n u m e r i c a l i n t e g r a t i o n m e t h o d s Lo s o l v e t h e e q u a t i o n s oJ' m o t i o n 

I ' u r ( l i e pa r t i c 1 u s , The s L e p uy s t e p r e r o n s I. r u e I i o n ol" t i n ; t r a j e c t o r i e s 

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

Hiinpe—Uu t t a— S i inpsoi t l r e l i n i qm-s „ The p r e c i s e a p p r o a c h u s e i l n o r m a l l y 

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

r . o n s i M j i i e i i t compii t a I. i o n t i i r : c i n \ o 1 v e d , 

A n a p p r o a c h u s e d f u r a p o l a r i z e d t a r g e t , e x p e r i m e n t a t C K K N ^ ^ c o u l d 

h a v e b e e n m o d i f i e d i n t h e ( g - ^ ) c a s e i f t h e a p p r o x i m a L i o n t o a z i i n n t h a l 

symnir t r y h a d h e c n a c c e p t . 1 1 * I e „ The p a r t i c u l a r m a g n e t i c f i e l d was a x i a l l y 

s y m m e t r i c w i t h a i i n i i u r s y m m e t r y a h o u t (,he h o r i z o n t a l m e d i a n p l a n e , 

l ' u ruu ie L r i Vii t i on o f H i e m a g n e t i c f i e l d l e d t o t h e d e v e l o p m e n t o i ' a n 

a 1 go r i I Inn ti> a l l o w t r a c k i v r m i : , U u i l i o n , a n d h e n c e iiioiiieu turn de l.e mi i n a t i o n , 

f r o m t h e r e c o r d e d I r u c k c o - o r d i nn l.os 0 The a / i i m i t h a i s y m m e t r y a l l o w e d a 

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

v a l u e s and I h e r a d i u s f r o m t h e a x i .-> o f symtiie t r y a 

An ex I i v ine I y c o m p l e x p r o g r a m h a s heen d e v e l o p e d f o r t h e S p l i t F i e l d 

M a j u i e l f a c i l i t y o l t h e I S U a t CKlfiS!. ^ ^ T h i s p r o g r a m t r u c k e d p a r t i c l e s 

t h r o u g h t h e i n h o i i i o g e i i e o u s f i e l d u s i n g co—o r d i ua t e s d e r i v e d f r o m MWl'C d a t a . 

I n a d d i t i o n i t a l l o w e d u u c e r t a l u I. i es i n t h e r e c o r d e d t r u c k c o - o r d i n a t e s , 

I r o i ' i s i o n wo» made f o r t h e s p a t i a l r e s o l u t i o n o f t h e c h a m b e r s , m u l t i p l e 

s c a t t e r i n g i n ( h e c h a m b e r a r r a y and s c a t t e r i n g i n t h e w a l l of t h e I S H 

v a c u u m t a n k . 

The u uc e r i a i I I I i es i n I.he c a l i b r a t i o n o f t h e (g—2.) d a t a d i d n o t 

w a r r a n t t h " u t i l i z a t i o n o f more c o m p l e x t r a c k i n g r o u t i n e s and c e r t a i n l y 

t h e t i m e s c a l e d i d n o t at l o w I h e d e v e l o p m e n t o f s u c h c o m p l e x p r o g r a m s as 

t h o s e d i s c u s s e d a b o v e . 
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A I T I H I SAL OK TUK ( j ' - l ^ J IMil KT_ CIIAMI.I.'lt A HI LAY AND CONCLUSION'S 

7 . 1 Siiimiit! ry o)' ( In* D r i I ' I. I ' h a m b e r A r r a y IV; r f o r m a n c e 

The; (<• —12) d r i l l , c h a m b e r a r r a y was a n a m b i t i o u s p r o j e c t ; f r o m i t s 

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

eiup 1 i>ynu;n I. i n s u c h u n i nh 'Mi iu f i eneou s magne1, i c; f i e l d i s s t i l l r a r e A t 

t h e d e s i g n s t a g e a s u i t a b l e c h a m b e r i^iis and o p e r a t i n g p a r a m o t o r s h ad t o 

he f o u n d . The c h a i i i i u - i s f l i n u s e J v c s w e r e o f n o v e l d e s i g n due t o t h e 

p h y s i c a l c o n s t r a i n t s at" t h e de M M : t i o n r e g i o n . I n p a r t i c u l a r t h e c u r v e d 

e n d c e l l was o f ' i i m s t i a l c . ouf i »u r a l i o n t o a l l o w e f f i c i e n t d e t e c t i o n c l o s e 

t o I,he t h i ii—\va 1 1 ed v a c u u m t a n k s e c t i o n o f t h e (g—\1) s t o r a g e r i n g . The 

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

f l u ; d r i l l , c h a m l i c r a r r a y . 

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

c a t h o d e w i r e pu f e n i . i a I s i n t,he s e n s e w i r e r e g i o n s , t h e c h a m b e r s p r o v e d 

t o lie r e l i a b l e and w e r e o p e r a t e d f o r l o n g p e r i o d s wi t h o u t a t t e n t i o n , 

I ' h a i i i b e r e f f i c i e n c i e s o f o v e r 90'o a n d s p a t i a l r e s o l u t i o n s o f 150 uiu i n t h e 

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

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

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

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

s p a c i n g t.h r u n jj,hou t ( h e c h a m b e r f i n a l l y be inn, u s e d . The s e n s e o f t h e 

f i e l d t i l t was r e v e r s e d w h e n t h e s t o r e d union p o l a r i t y was r e v e r s e d . 

D a t a ac(|>i i s i t i o n s y s t e m s u s i n g TDC m o d u l e s t o d i g i t i z e t h e d r i f t 

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

a t CI ' . l tN, T h e i r i n h e r e n t uon—1 i n e u r i f y was a d i s a d v a n t a g e . T h e r e f o r e a 



r e c e n t l y i l i ' . i i g n c d D r i l l l i m e U i g i l i / . c r s y s t e m was em p l o y e d w h i c h u s e d a 

m a s t e r u s e I I 1.11 nr I n d I i I i /.e . i l l l i m i n e c h . i u i i c l M „ 'I'll i s no I. u n l y e i i s u r e d 

l i n e n r i l y hu i uJ.so c o r r e l a t i o n b e t w e e n i l l I c h a n n e l s . A l s o m u l t i p l e h i t s 

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

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

the pi e - a m p l i f i e r d i .-c >i mi ua l o r c i r c u i t s p r o v e d n e c e s s a r y . U l t i m a t e l y 

the d a t a a i i p i i .-.r 1.1 on s ^ s t . e i n was d e v e l o p e d a n d l u l l y c a l i b r a t e d , a l l o w i n g 

l i m i n g r c s u l u i i on. , o f + J im in ide i a l l d e t e c t i o n c o n d i t i o n s . H o w e v e r 

o n l y one l i i g j ' c r c o u l d he p r n c c - . » c d d u r i n g e a c h (g—li) i n j e c t i o n c y c l e . 

The I*haudiers w e r e n o t f u l l y e f f i c i e n t u n t i l 7 5 y is a f l e r i n j e c t i o n . 

T h i s was due to s p a c e c h a n g e e f f e c t s a r o u n d t h e s e n s e w i r e s i n d u c e d by 

the h i i i h f l u x o f p a r t i c l e s i - r a v e r s i n g the c h a m b e r s d u r i n g i n j e c t i o n . A 

b l a n k i n g sy . - teui u s i i i | i a I h . v r a t r o n c i r c u i t was c o n t e m p l a t e d . T h i s w o u l d 

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

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

hai l s u c h a n a r r o w o p e r a l i n g p l a t e . o i - i n the r c f i o u o f 50 V — a n y o v e r s h o o t 

i n the a p p l i e d h l a u k i n i 1 | i i l s c w o u l d i n d u c e b r e a k d o w n to o c c u r . A s t h e 

p u l s e w o u l d be a p p l i e d a t the I I . T . d i s t r i b u t i o n box i n t h e ( g - I i ) c o u n t i n g 

room, s i i i n a l at I e n u a I i mi and d e f o r m a t i o n w o u l d o c c u r i n the c a b l e s r u n n i n g 

to i.he r i n g . V i s a the sen . - in; 1 , c i r c u i t s on the o u t p u t o f the l l r a n d e n b u r g 

power s u p p l y w o u l d a 1.1 emp I to ro i i ipensa te the c h a n g e i n a p p l i e d v o l t a g e , 

l-or i l i e s e ren . -ous the b l a n k i n g s y s i . e m wus n o t p u r s u e d . W i t h good beam 

i "inl i 11 uns 7 0 * o f t in i . 1 . , i e I in ns p r o d u c e d t r i g g e r s i n l i i e d r i f t c h a m b e r 

I a r r a y , T h e r e | u i e tin- l a c k o f d e t e c t i o n e f l i c i e n c y ut e a r l y t i m e s , when 

the m a j o r i t y o f t h e unions d e c a y e d , w a s n o t c r i t i c a l . 

ftl)» o f the s y s t i - m t r i g g e r s p r o d u c e d c l e a n s i n g l e t r u c k e v e n t s s u i t a b l e 

f o r a n a l y s i s . H o w e v e r a s no a c c u r a t e c a l i b r a t i o n o f the c h a m b e r s p a r e -

t ime r e l a t i o n s h i p s was p e r f o n n e i l i n t h e ( g - i i ) f r i n g e f i e l d the d r i f t 
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v e l o c i i i e s c o u l d n m In- d e I r m i i n e d i.t> t h e n i - r c s s a r y a c c u r a c y . As no 

o n - I I I I I ' " i n i l I t i n - . in 11 \ s i > |»i •«>«._ i i n -. I i . n l b e e n d e v e l o p e d i lu i i 11 IJ, I l i e d a L a -

t a k i n g p i - r i n i l , t h e • -1111 t.' < (• i < • • 11 - i i-s u I" t . lu- p o u r ca 1 i. l i r a I i m i s w o r e n o t a p p r e c ­

i a t e d . T in - u l . o l c c e l l d r i l l t i m e d i s I. r i Im t i o ns i n d i c a t e d t h e max imum 

d r i f t t i m e s i n . - . i c l i c e l l , l i n t I In- p r e c i s e I 'o r ius o l " t h e s p a c e — t i m e r e l a t i o n ­

s h i p s w e r e n o t r e v e a l e d . D e t e c t i o n i ne f I i c i e nc i o s w e r e a p p a r e n t a t l o n g 

d r i f t l e n g t h s <UII! i m m e d i a t e l y a r u n m l t h e s e n s e w i r e s . 

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

c o n j u n c t i o n n i I h t h e M e a s u r e d m e d i a n p l a n e m a g m - l i e f i e l d v a l u e s , t h e 

i h c o r c i i c a i s p a c e - 1 i nn- r e I a I i o n s h i ps w e r e c o m p u t e d . The e l e c t i c f i e l d 

p l o t s a l s o u n h e a l e d I,lie I 'ne f f i c 1 e n I . d e l e c t i o n r e g i o n i n t h e c u r v e d end 

c e l l s , l ' a r t i i l e s I i a ve i s i ng c h . i i i i h e r s i n t h e p o t e n t i a l w i r e r e g i o n s w e r e 

I r e i p i e a t I y o b s e r v e d I n p r o d u c e d r i f t t i m e s r e c o r d e d a t ho t h a d j a c e n t s e n s e 

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

w h i c h was i n »u>od a g r e e m e n t w i t h I . l ie t h e o r e t i c a l r e s u l t s . H o w e v e r 

a c c u r a l e ca I i h r a 1.1 m i w o u l d o n l > he p r o v i d e d hy a n e x p e r i m e n t a l s y s t e m 

s c a n n i n g a c r o s s a c h a i i i h e r i n t h e ^g—2) f r i n g e f i e l d , as p r o p o s e d i n 

C h a p t e r 5 . 

The a r g mi—me t h a n e ( ' . l l ) : l l J J gas m i x t u r e h a s heen u s e i l s u c c e s s l ' u I l y hy 

o i l i e r w o r U e r s r /\ I t h o u g h t h e u s e o f o t h e r m i x t u r e s s u c h a s a r g o i i - e t h y 1 one 

ha.-- become f a s h i o n a b l e , ( h e r e i s no r e a s o n t o s u p p o s e t h a t s a t i s f a c t o r y 

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

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

v a r i a t i o n s i n i be d r i f i v e l o r i l i e s u s e d , a l l a t t e m p t : - , a t t r a c k r e c o n s t r n c -

I i m i u s i n ; . it c i r c l e l i t f a i l e d t o p r o d u c e mu o n r a d i i d i s t r i b u t i o n s i n t h e 

a n t i c i p a t e d r a n g e Con f i r-iia t i o n o f t h e c o m p u t a t i o n a l a c c u r a c y o f t h e 

f i l l . . . . - ! ro>i I i u e - ( p r o v i d e d by a m a n u a l r e r u n s t r u e t. i o n o f a d e c a y e l e c t r o n 

t r a c k . T h i s a n a l y s i s a l s o r e v e a l e d t h e i n h e r e n t l y l a r g e v a r i a t i o n s i n t h e 
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c o m p u t e d v a l u i ' o f t h e union r a d i u s when s m a l l v a r i a t i o n s wore; made t o t h e 

r e c o r d e d I i-1* i n o r i l i n , 1 1 1 " < . , Uin- i i i i | iu i (..in (. p o i n t (.11 i iu t c i s f l i n t ( . l ie 

a p p r o p r i a t e c o n s t r a i n t s a p p l i e d i n I, he f i L t. i i i f r r o u t i n e s en.su r o d t h a t i n 

t h e ma,jo l i l y n l ' c a s e s i i uau i l i i g u m i s s i n g l e f i t s w o r e o b t a i n e d w i t h o u t d i r e c t 

k n o w l e d g e o l ' I h e l e f t — r i g h t audi i , " a i l.y s o l u t i o n s i n e a c h c e l l . 

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

c l u d e d t h a i I be low moon r a i l i i v a l u e s w e r e due t o s y s t e m a t i c e r r o r s i n 

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

i n g more a c c u i a t • s p a r e — t i m e r e I a L i o u s t i p s was l i k e l y t o i m p r o v e t h e 

d i s f r i bo I. i on.s« ' I n f o r i.uua I e I y I d i d n o t p e r m i t t h e i m p l e m e n t a t i o n o f 

t h e n e c e s s a r y m o d i f i c a t i o n ' Lo t h e ( . r a c k i n g r o u t i n e s . 

As a d i r e c t > o u . - e q u e i i c e o I ( l i e u n d e r v a l u e d e l e c t r o n and union r a d i i , 

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

(It h e r da I a r e c o r d e d a I l i m e d t h e o c c u r r e n c e t i m e s o f a l l c o r r e c t t r a c k 

f i l s Lo be h i . i t o g rammi d . The re su i tun i d i s t r i b u t i o n r e v e a l e d t h e 

c h a r a c t e r i s t i c ( g - - J p r e c e s s i o n f r e q u e n c y t o g o o d a c c u r a c y . I n c l u s i o n o f 

d a t a f r o m an KI)M c o ' i n l e r s a n d w i c h e d b e t w e e n d r i f t c h a m b e r II a n d s h o w e r 

c o u n t e r (J 1 (J i n d i c a t e d ( h a t many d e c a y e l e c t r o n s f a i l e d t o he r e c o r d e d i n 

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

chain be r II i n t h e c e l l s c l o s e s t ( h e r i n g c e n t r e , i n d i c a t i n g t h a t t h e r a d i a l 

de t e c t. i on r e g i o n o f i b e !-;i)M c . o i i n i . e r was n o t as g r e a t a s t he s h o w e r c o u n t e r . 

1,2 S u g i j e s 1 . - i l I i i ipi-o ve i i i cn t s t o i h e l ) r i f t Chqmbc r D e s i g n 

Wi t l i t h e . n l v a n I a g e o f h i n d s i g h t many i m p r o v e m e n t s may h i ; s u g g e s t e d 

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

I t h a - been .-dioivu t h a t t h e b a s i c p r o b l e m was t h e n o r i - o n i f o r m i t y o f t h e 

d r i f t v e l o c i t i e s . ' I b i s was due t o t h e d r i f t f i e l d l i o i n g t o o l o w and t h e 
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I I . ' I d c o i i i p c n . i n I K i n n<< ii— i • \ i c I <• 11 • J i . r as I l i e c , i I I I ode w i r e |><> l.eu I i a 1 s h a d 

a I i i ' , i i l \ h e r n l i m c i e d i n 11 I • • - i - i i . e n I r r i I m i s l.u p r e v e n t l i r e a k d o w u , l . h i ' 

r i ' ( | a i r e d i n c r e a s e nun i d m i l h a v e b e e n p o s s i b l e . A d r i l l f i e l d i n t h e 

r e g i o n o f i r > U D - J u u i i \ c m ' u o u l d lie r e i | ' i i r e d t o e n s u r e s a t u r a t e d d r i f t 

v i ' l o c i l i e s a l a l l i i i i i " i n - 1 i «• f i e l d v a l u e s . T h e o b s e r v e d d r i f t v e l o c i t y , 

vv , w o u l d t h e n o n l y d e p e n d I I | M H I I h e m a g n e i . i e f i e l d i t h i c h a l t e r e d t h e d r i f t 

. i n g l e , A i i i n ^ i . i i i i f i e l d c i M i i | > c i i . - ' a i . i o n a n g l e t h r o u g h o u t t h e c h a m b e r w o u l d 

| i r o d u c e <a I i s I . ic l.o c r e - t i l l s , I m I a n a c c u r a t e c a l i b r a t i o n o f t h e s p a c e -

C i me r e 1 aL i o n . - h i ps w o i l d s l . i l I he n e c e s s a r y . I f a v a r i a t i o n i n t h e 

e l e c t r i c f i e l d l i I t a n g l e was r e q u i r e d , i t won 111 be p r e f e r a b l e t o make 

I I I ' ' I i a i i . i i f i i M i i n i In- I ' M • i 1 \ i i i i ' i i ' y i m i , u be r e I be e l e c t r i c f i e l d i s 

r a d i a l and h i g h \ . i l u « d , I ' . i I In r I . b a n i n I.be p o t e n t i a l w i r e I ' l ' i i i m i , The 

s u b s e q u e n t d i t o r 1 i n n o I l.be d r i f t v e l o c i t i e s w o u l d he much l o w e r . 

The i n t e r - c e l l b o u n d a r y i n t h e ( g - : 2 ) c h a m b e r s was p o o r l y d e f i n e d due 

l o (.lie odd i ii i iii 11 > -1 n i i i — M | i a i i n g t i l t , l t c - d e s i g n e i l c h a m b e r s w o u l d h a v e a 

l a r g e r i n t e r - c a t h o d e g a p so i ha i . a f o u r - w i r e - s p a c i n g t i l t c o u l d p r o v i d e 

t h e n e c e . - > a r \ f i e l d < u .npen-a t i o n a n g l e , a n d a l s o a l l o w l he a p p l i c a t i o n o f 

h l ghe i ' i l i i l ' l I l e I d - . 

The- i ne I I 11 • 11 • 111 \ H I i he c u r v e d e n d c e l l s e v e r e l y r e d u c e d t h e n u m b e r 

o f d a t a p o i n t s r e c o r d e d . I ' r e s e u t d a y c o n s t r u c t i o n t e c h n i q u e s w o u l d 

p r o b a b l y i n c l u d e p r i n t e d c i 11,1 i l c a i . h o d e [ i l a u e s , s h a p e d t o t h e e l u m b e r 

(MMIUIC i r y i n t h i s i <-<j i n n , i n o r d e r t o p r o v i d e a c o n t i n u o u s d r i f t f i e l d 

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

t h e I r c o n s I . I ' I I c I i o n r e v e a l e d a s I n e k e n i n g o f I h e w i r e s i n t h e c u r v e d e n d 

r e g i o n , ' I b i s was . i l i i m . i l c e r t . . i n l y due t o a w e a k e n i n g o f t h e u l a s s s i d e 

members w h i c h u c r e u n d e r e x t r e m e t e n s i o n f r o i . i I h e w i r e p l a n e s , w i Lb no 

s ' i p p o j ' t f r o m t.be c u r v e d e n d meiiihc r „ i ' 'or t h i s i v a s o i t c h a m b e r s c o n s t r u c t e d 

i n I.be f u t u r e l.u s i i . n l . i r d e s i g n c r i t e r i a w i l l p i o b a b l v e m p l o y p r i n t e d 
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c i r c u i t c a t h o d e s e t c h e d o n Mi i n c o p p e r c o a l e d m y l a r . D u l y t i n ; s e n s e 

w i r e p l a n e w u i I d Ue i d i i s l r i u U ' d w i t h w i r e s a t t a c h e d t.u a Craii ie u n d e r 

t e n s i o n . The p r i n t e d c i r c u i t c a t h o d e s w o u l d be made p l a n a r b y a d h e r i n g 

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

A l t h o u g h t h e t r a c k i n g r o u t i n e s s u c c e s s f u l l y r e s o l v e d I h e l e f t - r i g h t 

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

w o u l d h a v e » i g u i f i c a u 11y r e d u c e d t h e ' r a c k a n a l y s i s c o m p u t a t i o n t i m e s . 

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

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

p e r i o d when t h e (g—-J chain h e r s w e r e d e s i g n e d , a l l t h e d i f f i c u l t i e s c o u l d 

no t . h a v e b e e n f o r e s e e n . 

7 c ; l (.'one I u s 1 o n s 

The t r a c k a n a l y s i s h a s d e m o n s t r a t e d t h a t t h e c o - o r d i n a t e s n e e d e d 

t o be d e f i n e d t o an M O - M c;ic y o f a t l e a s t LiUU urn . T h i s r e p r e s e n t s t h e 

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

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

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

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

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

A l t h o u g h i m p r o v e d union r a d i i d i s t r i b u t i o n s may be a c h i e v e d w i t h o t h e r 

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

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

' I he u s e o f d r i f t c h a m b e r s i n t h e a r r a y was t h e l o g i c a l c h o i c e us 

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

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

s i n c e t h e c o n s t r u c t i o n o f t h e (g—2) c h a m b e r s a l l o w s i m p r o v e d o p e r a t i n g 



p a r a m e t e r s i n lie s a <• s l.eil , T h e s e won I i l i m p r o v e I.l ie r e . s u l u L i o n t o Llie 

r e q u i r e d a c r u r u r \ „ I n . i l l o i l i e r r r s p e r l . s t h e (g—L!) a r r a y o p e r a t e i l 

s u c c e s s f u I I > . I n p a r t i c u l a r a n e x t r e m e l y a c c u r a t e d a t a a c q u i s i t i o n 

s v s t e m was e v o l v e d , i n c o r p o r a t i n g new h a r d w a r e . 

The r e s u l t s •> |" ( h e m a i n (<i—'J.) e x | i e r i men t d i d n o t r e l y u l t i m a t e l y 

u p o n I he d r i l l e h n i u h e r d a t a . ' I l ie e x p e r i m e n t p r o d u c e d s e v e r a l r e s u l t s o f 

u n e q u a l l e d a c c u r a c y f o r ho 1 h union p o l a r i t i e s , as r e p o r t e d i n C h a p t e r 1 . 

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

d e t e r m i n e d t o g r e a t p r e c i s i o n . I he a n o m a l i e s w e r e a c c u r a t e t o t e n p a r t s 

p e r m i l l i o n ( p p m J t t h e c o m b i n e d v a l u e y i e l d i n g a r e s u l t a c c u r a t e t o H p p m . 

T h i s was i n r e m a r k a b l e a g r e e m e n t w i t h t h e t h e o r e t i c a l v a l u e , k n o w n t o 

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

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

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

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

f i e l d o f l i i . ^ l i e n e r g y p h y s i c s b u t , a s d e m o n s t r a t e d i n C h a p t e r 2, t h e 

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

f o r u s e i n man \ l i e l I s , I'he u l t i ' i i a t e s p a t i a l r e s o l u t i o n a t t a i n a b l e 

w i l h c e r t a i n c h a m b e r s i s i n e x c e - s o f Hi t ) ^un. Much o f t h e p r e s e n t 

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

and t h e a s s o c i a t e d h a r d w a r e f o r d a t a a c q u i s i t i o n . 
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