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ABSTRACT 

A study has been made of the d i s p l a c e m e n t o f sense w i r e s 

i n l a r g e m u l t i w i r e p r o p o r t i o n a l chambers, and methods are i n v e s t i g a t e d 

t o eounteract t h i s . A sense mire s u p p o r t which c r e a t e s t h e minimum 

of dead-space w h i l e k e e p i n g t h e mires a b s o l u t e l y s t a t i o n a r y i s found 

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

A b r i e f reviem o f some o f the c h a r a c t e r i s t i c s o f t r a n s i t i o n 

r a d i a t i o n i s then made; the a p p l i c a t i o n o f the m u l t i w i r e p r o p o r t i o n a l 

chamber t o d e t e c t i o n o f t h i s r a d i a t i o n i s d e s c r i b e d i n t h e c o n t e x t o f 

a p u l s e shape d i s c r i m i n a t i o n process developed f o r t h i s purpose. 

Experiments w i t h an X-ray and b e t a - p a r t i c l e source shorn t h a t the 

t e c h n i q u e s h o u l d be capable o f d i s c r i m i n a t i n g between an X-ray and 

a .charged p a r t i c l e from an X-ray p u l s e superimposed upon a p a r t i c l e 

p u l s e . 

The d i s c r i m i n a t i o n process i s used w i t h 1.5 GeU e l e c t r o n s 

and p i o n s t r a v e r s i n g a 250 l a y e r m e l i n e x s t a c k and a b l o c k o f p l a s t i c 

foam, t h e d e t e c t o r b e i n g an argon/methane f i l l e d p r o p o r t i o n a l chamber. 

A maximum e l e c t r o n d e t e c t i o n e f f i c i e n c y o f 12.8/S i s a c h i e v e d , 

t o g e t h e r w i t h a maximum r e j e c t i o n r a t i o f o r h o n - r a d i a t i n g p i o n s o f 2.8. 

A f u r t h e r e x p eriment w i t h h o r i z o n t a l cosmic r a y muons 

t r a v e r s i n g a p o l y u r e t h a n e foam r a d i a t o r , and u s i n g a l a r g e 60cm x 30cm 

a c t i v e area p r o p o r t i o n a l chamber, y i e l d s a t r a n s i t i o n r a d i a t i o n photon 

f l u x o f 0.023 per p a r t i c l e which i s i n good agreement w i t h t h a t 

c a l c u l a t e d from the known h o r i z o n t a l muon spectrum and t r a n s i t i o n 

r a d i a t i o n t h e o r y . 
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CHAPTER 1 

INTRODUCTION 

1.1 P a r t i c l e D e t e c t o r s 

The p a r t i c l e d e t e c t o r , whether s o l i d - s t a t e , l i q u i d or 

gaseous, c o n s t i t u t e s the b a s i c t o o l o f cosmic r a y and ele m e n t a r y 

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

c a t e g o r i s e d as e i t h e r a 'counter* t y p e , such as the p r o p o r t i o n a l 

c o u n t e r , G e i g e r - l l f l u l l e r c o u n t e r and s c i n t i l l a t o r , o r ' t r a c k 

d e l i n e a t i n g ' t y p e , such as the spark chamber and streamer chamber. 

O p e r a t i o n o f the l a t t e r type depends upon t h e i n i t i a l d e t e c t i o n o f 

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

A r e l a t i v e l y nBw type o f d e t e c t o r , t h e m u l t i - m i r e 

p r o p o r t i o n a l c o u n t e r (MUJPC), which i s a development o f t h e 

p r o p o r t i o n a l c o u n t e r , possesses t h e b a s i c p r o p e r t i e s o f both o f 

the above d e t e c t o r c a t e g o r i e s . Indeed, a few years ago t h e 

co m b i n a t i o n o f t h e s c i n t i l l a t o r and spark chamber formed one o f 

th e commonest p a r t i c l e and t r a c k l o c a t i n g d e v i c e s b ut the MUJPC i s 

now being used i n many i n s t a n c e s where h i t h e r t o t h i s c o m b i n a t i o n 

would have been chosen. The p r e s e n t work i n v o l v e s both a s t u d y 

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

problem i n h i g h energy p a r t i c l e p h y s i c s . 

A b r i e f account o f t h e p r o p o r t i o n a l c o u n t e r would perhaps 

be t h e bes t way o f i n t r o d u c i n g the m u l t i - w i r e chamber. I t c o n s i s t s 

o f two e l e c t r o d e s , a f i n e c e n t r a l w i r e as anode which i s enc l o s e d 

by a h o l l o w c y l i n d r i c a l cathode. P a r t i c l e s t r a v e r s i n g the c o u n t e r 

l e a v e a path o f i o n p a i r s i n the e n c l o s e d gas and the v o l t a g e 

a p p l i e d between the two e l e c t r o d e s i s h i g h enough so t h a t the 

e l e c t r i c f i e l d c l o s e t o t h e anode enables the e l e c t r o n s t o make 
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i o n i z i n g c o l l i s i o n s w i t h the gas molecules w i t h i n a few w i r e 
d i a m e t e r s o f t h e anode w i r e . The e l e c t r o n avalanche does not 
reach s a t u r a t i o n however and the p u l s e h e i g h t i s p r o p o r t i o n a l t o 
the i o n i z a t i o n d e p o s i t e d . I f the a m p l i f i c a t i o n f a c t o r ( t h e number 
of e l e c t r o n s produced from one i n i t i a l e l e c t r o n ) i s known the 
i o n i z a t i o n can be d e t e r m i n e d . 

1.2 E v o l u t i o n o f the m u l t i - w i r e p r o p o r t i o n a l chamber 

The c y l i n d r i c a l cathode o f t h e p r o p o r t i o n a l c o u n t e r was 

a l t e r e d t o become two f l a t planes about a couple o f c e n t i m e t r e s 

a p a r t , i n between which were not one but a s e t o f f i n e anode w i r e s , 

e q u a l l y spaced and e q u i d i s t a n t f r o m each cathode p l a n e . Q u i t e 

l o g i c a l l y t h i s became known as the m u l t i w i r e p r o p o r t i o n a l chamber 

(fflUJPC) and was f i r s t c o n c e i v e d and designed by Charpak ( 1 ) , though 

a form o f m u l t i w i r e c o u n t e r had been c o n s t r u c t e d and o p e r a t e d 

s u c c e s s f u l l y i n the 1940's by a group a t t h e Los Alamos L a b o r a t o r i e s 

( 2 ) . That t h i s was never f o l l o w e d up a t t h e time i s v e r y s u r p r i s i n g 

but a c c o r d i n g t o Charpak ( 3 ) t h e r e i s one main reason why i t was 

g e n e r a l l y t h o u g h t m u l t i - w i r e chambers would not be s u c c e s s f u l and 

hence why t h e i r major development o n l y t o o k p l a c e so r e c e n t l y . 

While t h e r e was c l e a r l y no problem i n d e t e c t i n g an avalanche around 

the one w i r e i n a p r o p o r t i o n a l c o u n t e r i t was t h o u g h t t h a t when 

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

between them would p r e v e n t l o c a l i s a t i o n o f the avalanche on one 

s i n g l e w i r e because an induced p u l s e would be c r e a t e d on a d j a c e n t 

w i r e s . I n f a c t , t e s t s made w i t h a p u l s e g e n e r a t o r show t h a t when 

a f a s t p u l s e i s a p p l i e d t o a w i r e , a d j a c e n t ones p i c k up a p u l s e 

o f the same p o l a r i t y as the a p p l i e d p u l s e , though n a t u r a l l y 

a t t e n u a t e d . Attempts were made t o overcome t h i s drawback by 
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i n t e r p o s i n g s h i e l d i n g w i r e s between the sense w i r e s ( 4 ) but t h i s , 

a p a r t from making c o n s t r u c t i o n of t h e chamber more d i f f i c u l t , 

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

However i t was l a t e r d i s c o v e r e d t h a t when a n e g a t i v e p u l s e 

i s c r e a t e d on a w i r e by an e l e c t r o n avalanche t h e r e i s an induced p o s i t i v e 

p u l s e on both a d j a c e n t w i r e s due t o movement of e l e c t r o n s away f r o m , 

and p o s i t i v e i o n s t o w a r d , them, the magnitude o f which i s g r e a t e r 

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

r e s u l t i s a s m a l l p o s i t i v e p u lse on both a d j a c e n t w i r e s , and by 

u s i n g a m p l i f i e r s which are o n l y s e n s i t i v e t o n e g a t i v e p u l s e s the 

w i r e s i n the m u l t i - w i r e chamber a c t as independent p r o p o r t i o n a l 

c o u n t e r s . 

Other f a v o u r a b l e p r o p e r t i e s which helped i t achieve i t s 

p r e s e n t p o p u l a r i t y a r e : 

i ) A h i g h d e t e c t i o n e f f i c i e n c y w i t h h i g h c o u n t i n g r a t e 

c a p a b i l i t y ( M 10 Hz per w i r e ) . I n a d d i t i o n i t has a r e s o l v i n g 

t i m e o f about 30 nsec w h i c h , comparing t h i s w i t h t h e spark chamber 

memory time o f a t l e a s t a microsecond, means i t can be employed i n 

much h i g h e r background c o n d i t i o n s . 

i i ) A good s p a t i a l r e s o l u t i o n ( u s u a l l y about h a l f the sense 

w i r e s p a c i n g . ) 
2 

i i i ) A v e r y low mass per u n i t area ( w 20 mg/cm ) . 

i v ) Energy l i n e a r i t y , or a l i n e a r ^ / d x response, which a l l o w s 

p a r t i c l e i d e n t i f i c a t i o n i n c e r t a i n cases. 
v) I t can e a s i l y be made w i t h e i t h e r s m a l l or l a r g e s e n s i t i v e 

2 2 

areas ( K cm t o m ) o f r e a s o n a b l y a r b i t r a r y shapes which a l l o w s 

a wide range o f e x p e r i m e n t s t o be p e r f o r m e d . 

Of these p r o p e r t i e s the spark chamber possesses ( i i ) , 

( i i i ) and ( v ) b u t not ( i ) and ( i v ) and the s c i n t i l l a t o r possesses 
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( i ) , ( i v ) and ( v ) but not ( i i ) and ( i i i ) . T h e r e f o r e i t i s n o t 

s u r p r i s i n g t h a t the IKMJPC i s used i n many experi m e n t s i n f a v o u r o f 

the c o m b i n a t i o n o f spark chamber and s c i n t i l l a t o r . 

1 .3- Some b a s i c p r o p e r t i e s o f the IY1WPC 

A c r o s s - S B C t i o n o f the geometry o f a WlUiPC i s shown i n 

f i g u r e 1 . 1 . The two cathode planes are c o n s t r u c t e d from w i r e s w i t h 

a d i a m e t e r o f about 125 jjm and s p a c i n g 1 mm. The d i a m e t e r o f the 

sense w i r e s i s much s m a l l e r t o ach i e v e the h i g h f i e l d s necessary 

f o r e l e c t r o n a v a l a n c h i n g and i s u s u a l l y 25 j j m ; g e n e r a l l y t h e sense 

w i r e s are wound o r t h o g o n a l t o the H.T. w i r e s . I n c e r t a i n cases t h e 

cathode planes are made from a l u m i n i u m f o i l . 

C o n v e n t i o n a l l y the sense w i r e s p a c i n g i s d e s i g n a t e d as ' s 1 , 

and i s u s u a l l y 2 mm. The cathode p l a n e - sense w i r e plane s p a c i n g , L, 

g e n e r a l l y takes on values between 0.5 and 1 cm. 

U n l i k B p r o p o r t i o n a l c o u n t e r s , which have an e a r t h e d cathode 

and p o s i t i v e p o t e n t i a l a p p l i e d t o t h e anode w i r e , p r o p o r t i o n a l 

chambers - g e n e r a l l y have a n e g a t i v e p o t e n t i a l a p p l i e d t o the cathode 

plane (which t h e r e f o r e becomes known as t h e H.T. p l a n e ) w i t h t h e 

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

the chamber i o n i z e s t h e gas a l o n g i t s p a t h and e l e c t r o n m u l t i p l i c a t i o n 

t a k e s p l a c e around the n e a r e s t sense w i r e , t h e subsequent p u l s e 

b e i n g m o n i t o r e d across the r e s i s t a n c e . 

1.3.1 F i e l d v a r i a t i o n i n t h e chamber 

I t has been shown by E r s k i n e ( 5 ) t h a t t h e p o t e n t i a l i n 

the a c t i v e volume o f a p r o p o r t i o n a l chamber w i t h an a p p l i e d H.T. 

of U q i s g i v e n by: 

V= q|2TTL-ln(^sin 2TTx + & s i n h 2 r r y ) j 1 « 1 
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where q = Vb|̂  2nL - 2ln(nd i s 

the charge per u n i t l e n g t h on a sense w i r e , and x, y are d i s t a n c e s 

a l o n g the a x i s i n the sense w i r e plane ( b u t p e r p e n d i c u l a r t o t h e 

w i r e d i r e c t i o n ) and t h e a x i s p e r p e n d i c u l a r t o t h e sense w i r e plane 

r e s p e c t i v e l y . 

D i f f e r e n t i a t i o n o f e q u a t i o n 1.1 w i t h r e s p e c t tD 'x* and 

•y' g i v e s the e l e c t r i c f i e l d along t h e c o r r e s p o n d i n g axes, e.g. 

w i t h an a p p l i e d p o t e n t i a l o f 4 kV, a w i r e s p a c i n g o f s = 2 mm and 

L = 1 cm, and sense w i r e diameter o f 25 pm t h e f i e l d a t t h e w i r e 
5 . 

i s 2.1 . 10 U/cm. F i g u r e 1.2 i l l u s t r a t e s the f i e l d v a r i a t i o n a long 

the •x* and 'y' axes, n o r m a l i s e d t o a f i e l d a t t h e w i r e s u r f a c e 

of 1. Whereas i n the p r o p o r t i o n a l c o u n t e r t h e l i n e s o f e q u i -

p o t e n t i a l are never l i n e a r l y spaced b u t g r a d u a l l y get c l o s e r 

t o g e t h e r , on moving from thB cathode t o anode t h e r e i s a l a r g e r e g i o n 

i n the p r o p o r t i o n a l chamber ( f o r narrow anode w i r e s p a c i n g ) which 

has a l i n e a r f i e l d and o n l y v e r y near the w i r e do the e q u i p o t e n t i a l s 

begin t o get c l o s e r t o g e t h e r , where a v e r y l a r g e f i e l d i n c r e a s e 

t a k e s p l a c e ; e l e c t r o n a v a l a n c h i n g o n l y begins a few w i r e d i a m e t e r s 

from the w i r e i t s e l f . 

The e l e c t r i c f i e l d i n the l i n e a r r e g i o n i s g i v e n by / s ; 

i f s = 2 mm, L = 6 mm, d = 25 jjm, and U q = 3.4 kU, then 

E = 7 kV/cm. T h i s corresponds to an e l e c t r o n d r i f t v e l o c i t y of about 

4 cm/ jjsec i n a t y p i c a l chamber gas o f argon w i t h a s m a l l q u a n t i t y 

o f methane or carbon d i o x i d e . 

The v e r y h i g h f i e l d which occurs a t sense w i r e s u r f a c e s 

makes i t necessary to i n c r e a s e the d i a m e t e r of the o u t e r w i r e or 

couple o f w i r e s i n a chamber t o a v o i d breakdown around these p a r t i c u l a r 

w i r e s i n normal o p e r a t i o n . The i n c r e a s e d d i a m e t e r reduces the 
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f i e l d because, c l o s e t o the w i r e , t h i s f i e l d i s p r o p o r t i o n a l t o / d , 
where d i s the d i s t a n c e t o t h e c e n t r e o f t h e w i r e . 

1.3.2 Wire Spacing, Wire Diameter, and A m p l i f i c a t i o n 

The g a i n , or a m p l i f i c a t i o n f a c t o r , A, o f a chamber i s t h e 

number o f e l e c t r o n s c r e a t e d by the av/alanching o f one p r i m a r y 

e l e c t r o n . 
1 

Since t h e e l e c t r i c f i e l d depends upon /d i t i s p o s s i b l e 

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

same a p p l i e d v o l t a g e by u s i n g sense w i r e s o f a s m a l l e r d i a m e t e r , 

so i t i s p o s s i b l e t o o b t a i n a g a i n equal t o t h a t from a l a r g e r 

d i a m e t e r w i r e by u s i n g a s m a l l e r H.T. T h e r e f o r e i t i s best t o use 

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

not so s m a l l t h a t t h e r e i s a danger o f w i r e breakage. 

E l e c t r i c f i e l d (and hence gas g a i n ) i s a l s o dependent 

upon w i r e s p a c i n g ; Table 1.1 shows the c a p a c i t a n c e of sense w i r e s 

w i t h r e s p e c t t o the H.T. plane f o r L = 7 mm and v a r i o u s w i r e d i a m e t e r s 

and s p a c i n g s ( 6 ) . 
TABLE 1.1 CAPACITANCE OF SENSE WIRES TO H.T. PLANE 

L 
(mm) 

Wire 
Diameter 

( >Jm) 

C a p a c i t a n c e ( p F / m e t r e ) L 
(mm) 

Wire 
Diameter 

( >Jm) s = 3 mm s = 2 mm s = 1 mm 

7 20 4.97 3.85 2.25 

7 50 5.41 4.11 2.34 

3 20 7.94 6.81 4.56 



As the mire s p a c i n g i s decreased the c a p a c i t a n c e a l s o decreases. 

Since Q = CV t h e n t o keep the same charge on the w i r e s ( i . e . the 

same a m p l i f i c a t i o n ) t h e H.T. has t o be i n c r e a s e d , e.g. f o r 2Q pm 

w i r e s i t s h o u l d be i n c r e a s e d i n the r a t i o 1 : 1.3 : 2.2 f o r the 

above w i r e s p a c i n g s . O b v i o u s l y one w i l l e v e n t u a l l y run i n t o b r eak

down problems as the s p a c i n g i s reduced f u r t h e r and t h i s i s t h e 

l i m i t a t i o n on t h e best s p a t i a l r e s o l u t i o n which can be o b t a i n e d 

from (Ml/PC's ( s p a t i a l r e s o l u t i o n , c l e a r l y b e i n g dependent upon w i r e 

s p a c i n g ) . For t h i s reason s = 2 mm i s commonly used as a compromise 

between good r e s o l u t i o n and c o m p a r a t i v e s a f e t y a g a i n s t breakdown. 

However, w o r k i n g chambers w i t h s p a c i n g down t o 0.5 mm have been 

b u i l t ( 7 ) . 

Also shown i n Table 1.1 are the c o r r e s p o n d i n g c a p a c i t a n c e 

values f o r 20 ûm di a m e t e r w i r e s w i t h L = 3 mm. The same i n c r e a s e 

i n v o l t a g e r a t i o t h i s time i s 1 : 1.17 : 1.74, i . e . i t i s p o s s i b l e 

t o o p e r a t e a t l o w e r o v e r - a l l v o l t a g e s but w i t h t h e same g a i n . 

However t h e r e are two main drawbacks t o r e d u c i n g L. 

i ) The i o n i z a t i o n d e p o s i t e d i n t h e chamber i s reduced, which 

c o u l d i n c e r t a i n cases mean a h i g h e r g a i n t o o b t a i n t h e r e q u i r e d 

p u l s e h e i g h t , and t h i s would r u i n t h e advantage o f u s i n g a reduced 

H.T. s i n c e i t would then have t o be i n c r e a s e d . 

i i ) M echanical t o l e r a n c e s have t o become s m a l l e r as L i s reduced. 

Chamber g a i n i s a l s o a l t e r e d i f one of the sense w i r e s 

moves, s i n c e t h e charge c a r r i e d by i t , and a d j a c e n t w i r e s , i s then 

changed. From E r s k i n e ' s c a l c u l a t i o n s ( 5 ) , i n a chamber w i t h 

L = 8 mm, s = 2 mm, d = 20 ûm and a 75%/2S% f i l l i n g o f argon and 

carbon d i o x i d e , a d i s p l a c e m e n t o f 0.1 mm by a w i r e i n t h e sense 

w i r e plane causes the two a d j a c e n t w i r e s t o g i v e a 15% d i f f e r e n c e 

i n a m p l i f i c a t i o n . A l t h o u g h not l e a d i n g t o such a l a r g e d i f f e r e n c e , 
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d i s p l a c e m e n t o f a w i r e p e r p e n d i c u l a r t o t h e sense w i r e plane a l s o 
a l t e r s a m p l i f i c a t i o n . 
1.3.3 Time r e s o l u t i o n 

I n a chamber w i t h 2 mm sense w i r e s p a c i n g a p a r t i c l e 

p a s s i n g p e r p e n d i c u l a r t o the w i r e p lane c o u l d be anywhere from 

0.- t o 1 mm from the n e a r e s t w i r e . The number o f e l e c t r o n s which 

need t o be c o l l e c t e d from t h e p a r t i c l e i o n i z a t i o n t o produce a 

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

a t t a c h e d t o the w i r e , but because o f the v a r i a b l e d i s t a n c e o f t h e 

i o n i z a t i o n from a w i r e t h e r e w i l l be a d i s t r i b u t i o n o f t i m e s 

between the passage o f a p a r t i c l e and appearance o f i t s p u l s e . 

F i g u r e 1.3 shows such a d i s t r i b u t i o n f o r p u l s e s from a chamber w i t h 

L = 4 mm, s = 2 mm, HT = 3.2 kV and an a r g o n - i s o b u t a n e gas f i l l i n g 

( f r o m 3 ) . Assuming o n l y a few e l e c t r o n s need be c o l l e c t e d t o 

exceed the a m p l i f i e r t h r e s h o l d t h e n a d r i f t v e l o c i t y o f 4 cm/ psec 

means the maximum t i m e f o r them t o a r r i v e i n the a m p l i f y i n g r e g i o n 

around the w i r e i s about 25 nsec, which i s i n good agreement w i t h 

the w i d t h o f the above d i s t r i b u t i o n , 27 nsec. I t i s t h e j i t t e r i n 

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

time r e s o l u t i o n , so. i n t h i s case i t i s 27 nsec, but i n g e n e r a l 

v a r i e s about 8 nsec above and below t h i s t i m e , depending upon w i r e 

s p a c i n g and gas m i x t u r e . 

I t i s p o s s i b l e t o a p p l y a g a t i n g p u l s e t o the chamber, 

which s t a r t s from d e t e c t i o n o f the p a r t i c l e by an e x t e r n a l 

s c i n t i l l a t o r and ends a f t e r a p r e - d e t e r m i n e d t i m e . Only p u l s e s 

which a r r i v e w i t h i n the d u r a t i o n o f the gate p u l s e are a c c e p t e d . 

T h i s a l l o w s an a l t e r n a t i v e d e f i n i t i o n o f time r e s o l u t i o n as t h a t 

gate w i d t h a t which e f f i c i e n c y reaches 100%: f i g u r e 1.4 shows a 

t y p i c a l c u r ve ( 8 ) . 
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1,4 Some ma.jor developments o f the fflWPC 

Since i t s i n t r o d u c t i o n i n 1968 the b a s i c geometry o f 

the mUJPC has remained unchanged but i t s mode o f o p e r a t i o n , gas 

f i l l i n g and methods o f data a c q u i s i t i o n have undergone s u b s t a n t i a l 

development. Normally the fflUJPC i s o p e r a t e d i n the p r o p o r t i o n a l mode 

but u n l e s s a p a r t i c u l a r e x p e r i m e n t a l a p p l i c a t i o n r e q u i r e s p r o p o r t 

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

the g a i n o f t h e chamber t o as h i g h a v a l u e as p o s s i b l e and t h i s 

can be achieved i n one o f two mays: 

1) I n c r e a s i n g the H.T. u n t i l the chamber reaches the semi-

p r o p o r t i o n a l r e g i o n , where p u l s e h e i g h t s begin t o reach s a t u r a t i o n . 

With c o n v e n t i o n a l gas f i l l i n g s t h i s causes the chamber t o become 

u n s t a b l e b ut Charpak e t a l . ( 8 ) d i s c o v e r e d a s u i t a b l e gas m i x t u r e 

f o r t h i s purpose which they c a l l e d 'magic gas'. I t c o n s i s t s o f 

argon, i s o b u t a n e and f r e o n 13 B1, r o u g h l y i n t h e r a t i o 66.5 : 
g 

34 : 0.46 and i t s use p e r m i t s chamber g a i n s o f up t o 10 w i t h o u t 

e n t e r i n g i n t o the Geiger r e g i o n . 

2) By r a i s i n g the H.T. so t h a t t h e chamber does e n t e r the Geiger 

r e g i o n one runs i n t o a s i t u a t i o n v e r y d i f f e r e n t from a s i n g l e w i r e 

chamber s i n c e i n o r d e r t o achieve l o c a l i s a t i o n i n fflUJPC's i t i s 

necessary t h a t t h e mean f r e e p a t h o f u.v. photons r e s p o n s i b l e f o r 

the spread o f t h e Geiger d i s c h a r g e i s v e r y s h o r t so t h a t the 

d i s c h a r g e does not propagate from one w i r e t o a n o t h e r . F o l l o w i n g 

the work o f Grundberg e t a l , ( 9 ) who used a m i x t u r e o f argon and 

e t h y l bromide t o l i m i t the e f f i c i e n t r e g i o n i n RlUJPC's t o narrow 

c y l i n d e r s around the w i r e s , Charpak e t a l . ( 1 0 ) found t h e y were 

i n f a c t a b l e t o l o c a l i s e a d i s c h a r g e on one w i r e i n c o n v e n t i o n a l 

rflllJPC's by o p e r a t i n g them i n the Geiger mode w i t h t h i s gas. PUISBS 

of 1 v o l t on a 1 0 0 0 n l o a d were o b t a i n e d over a wide range o f 

v o l t a g e , thus g r e a t l y s i m p l i f y i n g the type Df e l e c t r o n i c s r e q u i r e d . 
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C o n v e n t i o n a l sense w i r e s p a c i n g i s 2 mm. Thus t h e 

number o f w i r e s i n a chamber soon becomes q u i t e l a r g e , and t h e 

c o s t a l s o becomes l a r g e i f an a m p l i f i e r per mire i s r e q u i r e d . 

A l t h o u g h t h i s i s the best may of e x p l o i t i n g the p r o p e r t i e s o f t h e 

chambers t o t h e f u l l e s t , s e v e r a l methods have been proposed t o 

t r y and reduce t h e number o f a m p l i f i e r s r e q u i r e d . Two s i m i l a r 

methods which have had l i m i t e d success (11) a r e : 

1 ) The plane o f sense w i r e s i s b u i l t as a lumped d e l a y l i n e , 

the p o s i t i o n o f the a c t i v e w i r e b e i n g g i v e n by the d i f f e r e n c e i n 

t h e a r r i v a l t i m e o f t h e p u l s e a t t h e two ends o f the l i n e . 

2) The w i r e s are connected t o a r e s i s t i v e a t t e n u a t o r network, 

t h e r a t i o o f the pulsB h e i g h t s a r r i v i n g a t the two ends l o c a t i n g 

the a c t i v e w i r e . 

However, both of these methods degrade t h e s p a t i a l 

r e s o l u t i o n o f the chamber, but Grove e t a l . ( 1 2 ) were a b l e t o ac h i e v e 

a s p a t i a l accuracy o f 1 mm on a 2 mm spaced chamber by u s i n g a 

ceramic core (non-magnetic) type delay l i n e . 

W hile the s p a t i a l r e s o l u t i o n o f the IKIUJPC i s i n g e n e r a l 

good ( 1 t o 2 mm) the spark chamber i s undoub t e d l y b e t t e r (about 

0.3 mm) and a K a r l s r u h e group have r e p o r t e d a n o v e l d e t e c t o r (13, 

14) which makes use o f the b e t t e r time r e s o l u t i o n o f the p r o p o r t i o n a l 

chamber and b e t t e r s p a t i a l r e s o l u t i o n o f the spark chamber. T h e i r 

' h y b r i d ' chamber c o n s i s t s of a p r o p o r t i o n a l chamber and a spark 

chamber w i t h a d r i f t gap between them. I n f o r m a t i o n from t h e w i r e s 

o f the p r o p o r t i o n a l chamber gives t h e l o g i c t i m e t o decide whether 

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

spark chamber i f the eve n t i s r e q u i r e d . The minimum time r e s o l u t i o n 

o f the chamber i s K 100 nsec. 
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The l a t e s t development o f the fflUJPC i s the d r i f t - c h a m b e r , 

o r i g i n a l l y i n v e s t i g a t e d by Charpak i n 1 9 7 0 ( 6 ) , mho b u i l t a d r i f t 

space o u t s i d e one of t h e H.T. p l a n e s o f a c o n v e n t i o n a l NIUJPC and 

d e t e c t e d the i o n i z a t i o n o f p a r t i c l e s which t r a v e r s e d t h i s space 

p a r a l l e l t o the H.T. p l a n e . However, the most r e c e n t and s u c c e s s f u l 

type of d r i f t chamber i n v o l v e s t a k i n g an o r d i n a r y MUJPC and i n c r e a s i n g 

t h e sense w i r e s p a c i n g t o about 2.5 cm. The t i m e between the 

p a r t i c l e s d e t e c t i o n by s c i n t i l l a t o r s ( o r fflWPC's) and the a r r i v a l 

o f a p u l s e a t a sense w i r e i s t h e n measured; the use o f s p e c i a l 

gas m i x t u r e s which have c o n s t a n t d r i f t v e l o c i t i e s w i t h f i e l d a l l o w s 

l o c a t i o n a l accuracy t o 0.1 cm. 

1.5 Present work 

Having o u t l i n e d t h e development and o p e r a t i n g c h a r a c t e r 

i s t i c s o f t h e IKIUJPC t h i s t h e s i s f i r s t s t u d i e s a major problem 

concerned w i t h l a r g e chambers, i . e . sense w i r e d i s p l a c e m e n t . 

An i n v e s t i g a t i o n i s then made o f t h e a p p l i c a t i o n o f 

IKlUJPC's t o t h e d e t e c t i o n o f t r a n s i t i o n r a d i a t i o n , a phenomenon which 

i s becoming i n c r e a s i n g l y i m p o r t a n t i n the d e t e c t i o n of u l t r a -

r e l a t i v i s t Lc p a r t i c l e s ( 1 5 ) . At the moment i t seems t h a t u n l e s s 

a c o m p l e t e l y new t e c h n i q u e i s developed f o r energy and mass 

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

w i l l p l a y a major p a r t i n the d e t e c t i o n o f p a r t i c l e s from t h e new 

breed o f a c c e l e r a t o r s , such as the Cern 300 GeU SPS. P a r t i c u l a r 

emphasis i s p l a c e d on t r a n s i t i o n r a d i a t i o n from cosmic r a y s , s i n c e 

cosmic ray r e s e a r c h forms t h e major p a r t o f the work o f the Durham 

Physics Department. 
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CHAPTER 2 

AN INVESTIGATI ON OF SENSE WIRE SUPPORT SYSTEMS 
FOR HflULTIWIRE PROPORTIONAL CHAMBERS 

2.1 I n t r o d u c t i o n 

I t mas i n d i c a t e d i n t h e f i r s t c h a p t e r t h a t , because o f 

induced p u l s e s on a d j a c e n t sense w i r e s , i t mas o r i g i n a l l y t h o u g h t 

t h e r e would be no p o s s i b i l i t y o f l o c a l i s i n g a d i s c h a r g e i n a IKIUiPC 

on one p a r t i c u l a r w i r e . F o r t u n a t e l y t h i s mas found n ot t o be 

t r u e b u t , as chambers i n c r e a s e d i n s i z e and sense w i r e s became 

l o n g e r , a f u r t h e r phenomenon emerged which t h r e a t e n e d t h e use o f 

l a r g e fflUIPC's as p a r t i c l e d e t e c t o r s . I n chambers w i t h sense w i r e s 

l o n g e r than about 50 cm i t was found t h a t when the o p e r a t i n g 

v o l t a g e was reached, a d j a c e n t sense w i r e s began t o d i s p l a c e toward 

o p p o s i t e H.T. p l a n e s , as shown i n f i g u r e 2.1. Longer w i r e s began 

d i s p l a c e m e n t a t lower v a l u e s o f H.T. 

Ap a r t from i m p a i r i n g the s p a t i a l r e s o l u t i o n o f a chamber 

t h e above phenomenon c o u l d p l a c e t h e sense w i r e s i n a p o s i t i o n o f 

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

t a k i n g p l a c e between t h e H.T. plane and the sense w i r e p l a n e , so 

c l e a r l y i t was necessary t o d e v i s e a means o f overcoming the 

d i s p l a c e m e n t . 

2.2 E l e c t r o s t a t i c C o n s i d e r a t i o n s 

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

l i k e , p o s i t i v e charges are induced on t h e sense w i r e s , t h e d e n s i t y 

o f t h e charges i n c r e a s i n g as the p o t e n t i a l i s r a i s e d . T h i s c r e a t e s 

a f o r c e between each sense w i r e p r o p o r t i o n a l t o the square o f t h e 

charge d e n s i t y on the w i r e s . I n a p e r f e c t l y c o n s t r u c t e d chamber 
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a l l these f o r c e s would l i e i n a s t r a i g h t l i n e i n the sense wire' 

plane and each w i r e would f e e l a n e t f o r c e , i n any d i r e c t i o n , o f 

ze r o . However, i n p r a c t i c e , some w i r e s w i l l always be o u t o f 

l i n e w i t h o t h e r s ( i f o n l y by a few m i c r o n s ) , and co n s e q u e n t l y 

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

p e r p e n d i c u l a r t o the sense w i r e p l a n e . 

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

by the t e n s i o n o f t h e w i r e b ut a t some c r i t i c a l v o l t a g e t h i s 

t e n s i o n can no l o n g e r w i t h s t a n d t h e r e p u l s i v e f o r c e and the w i r e s 

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

has been s t u d i e d by T r i p p e ( 1 ) and t h e nex t s e c t i o n i s a b r i e f 

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

2.3 T h e o r e t i c a l A n a l y s i s 

When the s e n s e u i r e s are d i s p l a c e d as i n f i g u r e 2.1 t h e 

f i e l d a t a d i s t a n c e 'd* from a w i r e i s : 

E = 2 q / d 2.1 

where q = charge per u n i t l e n g t h on t h e sense w i r e . 

T h e r e f o r e the f o r c e t h i s w i r e e x e r t s on anothe r w i r e a d i s t a n c e 

•d* away i s : 

F 1 = 2 q 2 / d 2.2 

When a l t e r n a t e w i r e s are d i s p l a c e d up and down a d i s t a n c e 

•u', where u s, i t can be shown (Appendix I ) t h a t t h e t o t a l 

f o r c e on u n i t l e n g t h o f one w i r e , from t h e v e c t o r , sum o f f o r c e s 

from a l l t h e o t h e r w i r e s , i s : 

2 2 
r 2 2 ^ J 

8 
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I n a d d i t i o n t o the r e p u l s i v e f o r c e on each mire t h e r e i s a l s o an 

a t t r a c t i v e f o r c e e x e r t e d by charges on the H.T. plane and t h e 

magnitude o f t h i s , c a l c u l a t e d by t h e method o f images (Appendix I ) 

i s g i v e n by: 

2 2 
F = TT q u 2.4 3 2 

43 

where a = s e p a r a t i o n of H.T. plane and sense w i r e p l a n e . 

Thus when 'a' i s l a r g e compared to the. w i r e s p a c i n g ' s 1 , 

a c o n d i t i o n which i s n o r m a l l y f u l f i l l e d i n rilUJPC's, F can be n e g l e c t e d 
o 

i n comparison t o F^. I n f a c t , o n l y when the H.T. plane-sense w i r e 

s e p a r a t i o n i s h a l f the sense w i r e s p a c i n g do both f o r c e s have the same 

magnitude. 

F i g u r e 2.2 shows a s e c t i o n along a d i s p l a c e d w i r e ; i f the 

w i r e i s under t e n s i o n T then i t can be shown t h a t the r e s t o r i n g f o r c e , 

R, per u n i t l e n g t h a t a p o i n t where the d i s p l a c e m e n t i s u ( x ) i s g i v e n 

by: 

R = T d^u 2.5 
d x 2 

I t i s e a s i l y shown from Hooke's Law t h a t when u I 

where [_ i s the sense w i r e l e n g t h , the i n c r e a s e i n w i r e t e n s i o n 

due t o t h e l a t e r a l d i s p l a c e m e n t 'u* i s n e g l i g i b l e compared w i t h the 

o r i g i n a l t e n s i o n T. 

When t h e d i s p l a c e d w i r e s reach a p o s i t i o n where t h e i r 

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

e q u a t i n g e q u a t i o n s 2.3 and 2.5: 

2 2 2 T d u = - TT q u 2.6 
. 2 2 dx s 

T h i s s i m p l e d i f f e r e n t i a l e q u a t i o n has a s o l u t i o n : 
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u ( x ) = u s i n I x I 2.7 
a j T ' 

where U q i s t h e d i s p l a c e m e n t a t t h e m i d - p o i n t o f t h e w i r e . 

Boundary c o n d i t i o n r e q u i r e m e n t s are t h a t u ( x ) = 0 a t x = 0 and 

x = I ; t h u s : 

™q > = TT 2.8 
s JT I 

Q2 I 2 

i . e . T = - — ~ 2.9 
s 

T h e r e f o r e t o p r e v e n t the w i r e s d i s p l a c i n g we r e q u i r e : 

2 .2 
T > q [

2 2.10 
s 

I f C = c a p a c i t a n c e per u n i t l e n g t h o f a w i r e and V = H.T. a p p l i e d 

t o chamber, t h e n q = CV and, by c o n s i d e r i n g the H.T. and sense 

w i r e planes as p a r a l l e l p l a t e s , one can show t h a t : 

C = 2.11 2 TT a 

S u b s t i t u t i n g f o r q and then C i n i n e q u a l i t y 2.10: 

2 2 

4 TT a 

Because the MUJPC i s not an e x a c t analogue of t h e p a r a l l e l 

p l a t e arrangement t h e v a l u e of c a p a c i t a n c e used i n the above 

t r e a t m e n t i s h i g h e r than i n r e a l i t y so i n e q u a l i t y 2.12 i s an 

o v e r e s t i m a t e . However when s = 2mm and a = 0.8 cm, f o r example, 

the d i s c r e p a n c y i s c a l c u l a b l e as l e s s than 20%, 

2.4 Test o f Theory 

I n o r d e r t o determine t h e v a l i d i t y o f i n e q u a l i t y 2.12 

t e s t s were performed on a chamber c o n s i s t i n g o f two l a r g e i d e n t i c a l 

frames, X and Y, w i t h dimensions as shown i n f i g u r e 2.3. 
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The sense w i r e s , 25 jjm 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 , 

UIBTB wound i n t h e l o n g d i r e c t i o n on t o p o f frame X and s o l d e r e d 

t o copper s t r i p s a t each end o f t h i s frame i n s e t s c o n s i s t i n g o f 

20 w i r e s w i t h a 2 mm s p a c i n g between w i r e s , each s e t h a v i n g a 

d i f f e r e n t t e n s i o n and being e a r t h e d by 10 k n . 

One H.T. plane was wound w i t h 125 ^m dia m e t e r w i r e 

(98$ copper, 2% b e r y l l i u m ) on t o p of frame Y such t h a t the w i r e 

d i r e c t i o n was p e r p e n d i c u l a r t o t h e sense w i r e s , and t h e w i r e 

s p a c i n g 2 mm. Frame Y was p l a c e d on t o p o f frame X and an 

aluminium sheet on t h e u n d e r s i d e ' o f frame X a c t e d as t h e second 

H.T. p l a n e . The complete chamber was clamped t o a J" t h i c k p i e c e 

o f b l o c k b o a r d t o enable i t t o be p l a c e d i n a v e r t i c a l p o s i t i o n 

w i t h o u t d i s t o r t i o n . 

As the p o t e n t i a l on t h e H.T. p l a n e s was r a i s e d each s e t 

o f sense w i r e s began t o d i s p l a c e , i n t u r n , i n t h e manner shown i n 

f i g u r e 2.1. The c r i t i c a l v o l t a g e , V c , i s d e f i n e d as t h a t v o l t a g e 

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

from i n e q u a l i t y 2.12 i s : 

2 . 4 _ n f a i l 2 > 1 S 

I 2 

F i g u r e 2.4 shows a p l o t o f t h i s f o r m u l a f o r t h e p a r t i c u l a r v a l u e s 

o f • I 1 and 'a' p e r t a i n i n g t o t h e t e s t chamber. The e x p e r i m e n t a l 

p o i n t s agree v e r y w e l l w i t h the t h e o r y , t h u s p r o v i n g t h e v a l i d i t y 

o f e q u a t i o n 2.13. I t would appear t h a t t h e o v e r e s t i m a t i o n o f t h e 

c a p a c i t a n c e i s n o t too s e r i o u s as t h e r e i s no i n d i c a t i o n t h a t t h e 

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

I t s h o u l d perhaps be p o i n t e d o u t t h a t t h e v o l t a g e a t 

which a p a r t i c u l a r s e t o f w i r e s d i s p l a c e s i s v e r y marked; t h e y are 

almost s t a t i o n a r y u n t i l t h e v o l t a g e reaches U c , when t h e y b e g i n 

t o d i s p l a c e very r a p i d l y f o r s m a l l i n c r e a s e s i n v o l t a g e . F i g u r e 
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2.5 shows a graph o f u/ire d i s p l a c e m e n t a g a i n s t v o l t a g e from a 

t e s t c a r r i e d o u t on a n o t h e r s p e c i a l chamber, where t h B sense w i r e s , 

which were 80 cm l o n g , c o u l d be observed t h r o u g h a t r a v e l l i n g 

m i croscope, and f o r which Vc = 1 , 3 kV, from e q u a t i o n 2.13. 

2.5 Consequence 

A l t h o u g h some o f t h e e a r l i e r flllilPC' s used s t a i n l e s s s t e e l 

sense w i r e s ( e . g . 2 ) by f a r the most common sense w i r e m a t e r i a l 

i s now g o l d p l a t e d t u n g s t e n , w i t h a diameter of e i t h e r 25 jjm o r 

12.5 pm, the b r e a k i n g s t r a i n o f which i s about 70 gm and 20 gm 

r e s p e c t i v e l y . The major reason f o r the use o f t u n g s t e n i s i t 3 

h i g h t e n s i l e s t r e n g t h , b u t because i t i s e x t r e m e l y d i f f i c u l t t o 

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

I n chambers w i t h 25 pm d i a m e t e r sense w i r e s the l a t t e r 

are u s u a l l y wound w i t h 50 gm t e n s i o n , t o p r o v i d e an adequate s a f e t y 

margin a g a i n s t t h e w i r e s b r e a k i n g . F i g u r e 2.6 shows t h e r e l a t i o n 

s h i p between c r i t i c a l v o l t a g e and w i r e l e n g t h f o r a c o n s t a n t t e n s i o n 

o f 50 gm ( d e r i v e d , from e q u a t i o n 2.13) and when t h e sense w i r e 

l e n g t h i s g r e a t e r than about 70 cm t h e c r i t i c a l v o l t a g e i s below 

t h e H.T. v o l t a g e g e n e r a l l y r e q u i r e d t o produce adequate gas g a i n s 

(10 upwards) w i t h c o n v e n t i o n a l gas f i l l i n g s and w i r e s p a c i n g , i . e . 

about 6 kV. I t sho u l d be noted t h a t t h e w o r k i n g v o l t a g e f o r a 

c o n s t a n t H.T. plane-sense w i r e s e p a r a t i o n does depend upon sense 

w i r e s e p a r a t i o n , a parameter on which w i r e d i s p l a c e m e n t i s in d e p e n d e n t . 

Thus the w i r e d i s p l a c e m e n t t o which l a r g e chambers are 

prone must be p r e v e n t e d by a s u i t a b l e form o f w i r e s u p p o r t . 
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2.6 Review of Recent Methods 

C o n s i d e r i n g t h e i m p o r t a n c e o f IflUJPC's and t h e t i m e and 

money spent i n t h e i r development v e r y l i t t l e e f f o r t has been p u t 

i n t o t h e problem o f c o u n t e r a c t i n g sense w i r e d i s p l a c e m e n t . Of 

the work t h a t has been done t h e r e seem t o emerge two d i s t i n c t 

types o f s u p p o r t : 

i ) A s u p p o r t l i n e ( e . g . n y l o n , i n s u l a t e d w i r e ) s t r e t c h e d 

across the chamber p e r p e n d i c u l a r t o , and t o u c h i n g , the sense w i r e s 

( 3 , 4 , 5 , 6 ) . 

O r i g i n a l methods w i t h n y l o n l i n e s i n v o l v e d spanning them 

across and g l u e i n g them t o the sense w i r e s . However, i t was found 

t h a t the n y l o n became s l a c k a f t e r a t i m e ( 6 ) r e s u l t i n g i n an 

u n d e s i r e d movement o f t h e sense w i r e s . 

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

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

sense a t r e g u l a r l y spaced i n t e r v a l s a l o n g t h e chamber, or w i t h both 

l i n e s s t r e t c h e d a c r o s s the w i r e s a t the same p o i n t and bound 

t o g e t h e r every few c e n t i m e t r e s . 

A f u r t h e r a l t e r n a t i v e has been the use o f a t a u t PVC 

i n s u l a t e d copper w i r e which i s connected t o a h i g h v o l t a g e s u p p l y 

t o r a i s e the p o t e n t i a l o f the copper as r e q u i r e d . 

i i ) v a r i o u s k i n d s o f s o l i d spacer which h o l d the sense w i r e s 

r e l a t i v e t o t h e H.T. w i r e s ( 3 ) . T h i s t y p e o f s u p p o r t can be, f o r 

example, a r e c t a n g u l a r s t r i p o f s t y r o f o a m , about 2 mm w i d e , p l a c e d 

on a l t e r n a t e s i d e s o f the w i r e s a t e q u a l l y spaced i n t e r v a l s a l o n g 

t h e chamber. 
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2.7 Required P r o p e r t i e s o f 5 u p p o r t 

When d e v e l o p i n g a s u p p o r t l i n e f o r sense w i r e s two i m p o r t a n t 

p o i n t s need t o be taken i n t o a c count: 

i ) The dead-space c r e a t e d by t h e s u p p o r t s h o u l d be k e p t as 

s m a l l as p o s s i b l e ( t h e term dead-space has two d i f f e r e n t d e f i n i t i o n s 

which w i l l be g i v e n i n j> 2.11, b u t f o r the p r e s e n t can be taken 

as t h e e x t e n t of the i n e f f i c i e n t r e g i o n o f the chamber c r e a t e d by, 

and p e r p e n d i c u l a r t o , the s u p p o r t ) . The main reason f o r t h i s i s 

the l a r g e c o s t o f h i g h energy p h y s i c s e x p e r i m e n t s ; chambers are 

u s u a l l y made as l a r g e as the environment of the p a r t i c u l a r e x p e r i 

ment w i l l a l l o w and a n y t h i n g which e f f e c t i v e l y reduces t h e a c t i v e 

area o f t h e chamber i s u n d e s i r a b l e . 

i i ) The s u p p o r t s h o u l d be m e c h a n i c a l l y s t r o n g and r i g i d as the 

f o r c e i t has t o w i t h s t a n d from t h e sense w i r e s when they are t r y i n g 

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

designed t o enable easy replacement o f a broken w i r e , because o f 

which methods t h a t i n v o l v e g l u e i n g t h e sense w i r e s t o the s u p p o r t 

l i n e are avoided where p o s s i b l e . 

The s u p p o r t l i n e s o f method ( i ) i n j>2.6 g e n e r a l l y e x h i b i t 

s m a l l dead-spaces, a p p r o x i m a t e l y 5 t o 10 mm, b u t s u f f e r from the 

drawback o f not h o l d i n g t h e sense w i r e s r i g i d l y when under p r e s s u r e , 

whereas the s o l i d spacer s u p p o r t , g e n e r a l l y as r i g i d as the chamber 

frame i t s e l f i n p r e v e n t i n g the w i r e s from moving, do c r e a t e an 

un a c c e p t a b l y l a r g e dead-space, t y p i c a l l y around 2 cm. What i s 

r e q u i r e d , t h e r e f o r e , i s a r e l a t i v e l y narrow s u p p o r t capable o f 

r e m a i n i n g r i g i d when under p r e s s u r e from the sense w i r e s . 
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2.8 Types o f Support Tasted 

B e a r i n g i n mind t h e p o i n t s mentioned i n t h e l a s t s e c t i o n 

s e v e r a l types of n y l o n and meli n e x s u p p o r t s were i n v e s t i g a t e d 

w i t h t h e chamber i n f i g u r e 2.3. From the mechanical and r i g i d i t y 

p o i n t o f view t h e f o l l o w i n g two were found t o be the most s a t i s f a c t o r y : 

i ) Two n y l o n l i n e s s t r e t c h e d above and below the sense w i r e s 

a t the same p o i n t and e i t h e r t i e d t o g e t h e r w i t h t h i n p i e c e s o f 

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

n y l o n l i n e used i n these t e s t s had a diameter o f 0.3 mm and was 

s t r u n g w i t h a t e n s i o n o f a p p r o x i m a t e l y 400 gm. 

i i ) A t h i n melinex s t r i p , 3 mm wide and w i t h i t s plane 

p e r p e n d i c u l a r t o the sense w i r e p l a n e . The s t r i p used i n t h i s 

work was 125 pm t h i c k and was s t r e t c h e d as t i g h t l y as p a s s i b l e 

across the chamber and f i r m l y clamped i n t o recesses i n the chamber 

frame. 

I n a d d i t i o n t h e chamber i n which the dead-space exper i m e n t s 

were c a r r i e d out i n c o r p o r a t e d two PVC i n s u l a t e d copper w i r e s which 

were s t r e t c h e d across t h e w i r e s i n e x a c t l y the same manner as t h e 

two n y l o n l i n e s . 

2.9 E x p e r i m e n t a l Arrangement 

2.9.1 I n t r o d u c t i o n 

. P r e l i m i n a r y measurements were c a r r i e d out i n the 

l a b o r a t o r i e s a t Durham w i t h t h r e e s m a l l DflUJPC's t o o b t a i n a rough 

i d e a of t h e e x t e n t o f the melinex and n y l o n spaces; the main p o i n t 

o f these t e s t s was t o a s c e r t a i n t h a t the new s u p p o r t , t h e meli n e x 

s t r i p , d i d n o t produce an e x c e s s i v e l y l a r g e dead-space. 

More e x h a u s t i v e measurements were c a r r i e d out on a l a r g e 

IYIUIPC a t Daresbury Nuclear Physics L a b o r a t o r y . T h i s chamber was a 
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p r o t o t y p e t o a S B t of seven chambers t o be b u i l t f o r use i n t h e i r 

f o r t h c o m i n g LAMP ex p e r i m e n t s and i t was f o r t h i s p r o j e c t t h a t t h e 

o r i g i n a l sense w i r e s u p p o r t i n v e s t i g a t i o n s were begun. 

2.9.2 Chamber c h a r a c t e r i s t i c s 

The p r o t o t y p e chamber had an a c t i v e area o f 133 cm x 62 cm 

and i t s frame, made from a g l a s s epoxy l a m i n a t e (G 10) had e x t e r n a l 

dimensions 147 cm x 72 cm. The sense w i r e s , 25 ̂ jm g o l d p l a t e d 

t u n g s t e n , were s t r u n g w i t h a t e n s i o n o f 50 gm a l o n g t h e l e n g t h o f 

the chamber w i t h a s p a c i n g between each w i r e o f 2 mm. The H.T. 

p l a n e s , 6 mm away from t h e sense w i r e p l a n e , c o n s i s t e d o f 125 pm 

d i a m e t e r c o p p e r - b e r y l l i u m w i r e wound across the w i d t h o f the 

chamber a t a t e n s i o n o f 200 gm and s p a c i n g o f 1 mm. For t h e 

measurements r e p o r t e d here the chamber was c o n t i n u o u s l y f l u s h e d 

w i t h a m i x t u r e o f argon and i s o b u t a n e (0.9 l i t r e s / m i n and 0.6 

l i t r e s / m i n r e s p e c t i v e l y ) , t h e former being bubbled t h r o u g h 

m e t h y l a l a t 0°C. 

The t h r e e d i f f e r e n t sense w i r e s u p p o r t s mentioned i n 

J* 2.8 were e q u a l l y spaced a t q u a r t e r l e n g t h s a l o n g the chamber. 

I n a d d i t i o n t h e r e were two s e t s o f double n y l o n cords on each s e t 

of H.T. w i r e s as a s a f e g u a r d a g a i n s t these planes moving from 

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

Two s m a l l p r o p o r t i o n a l chambers were used f o r p a r t i c l e 

t r a j e c t o r y d e f i n i t i o n . T h e i r frames were made from perspex w i t h 

an a c t i v e area o f 10 cm x 8 cm. The sense w i r e s p a c i n g was 2.5 mm, 

bu t i n a l l o t h e r r e s p e c t s they were i d e n t i c a l t o t h e l a r g e chamber. 

They were f l u s h e d w i t h a m i x t u r e o f argon and carbon d i o x i d e 

(0.3 l i t r e s / m i n and 0.1 l i t r e s / m i n r e s p e c t i v e l y ) and o p e r a t e d from 

a second H.T. s u p p l y . 
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2.9.3 Chamber arrangement 

The ttuo s m a l l chambers (A and C) were mounted on a r i g i d 

frame, w i t h - o n e chamber above and one below the l a r g e chamber ( 6 ) , 

such t h a t t h e i r sense w i r e s were p e r p e n d i c u l a r t o those o f chamber 

6, i . e . p a r a l l e l t o t h e w i r e s u p p o r t s . A s i d e view o f the 

arrangement i s shown i n f i g u r e 2.7. 

One w i r e o n l y i n each o f chambers A and C was used f o r 

p a r t i c l e d e t e c t i o n and t h e chambers were p o s i t i o n e d such t h a t 

these two w i r e s were v e r t i c a l l y one above the o t h e r . E l e c t r o n s 

were produced from a 2mC source o f S t r o n t i u m 90 which was p l a c e d 

i n the v e r t i c a l p l ane d e f i n e d by t h e above two w i r e s ; t h i s p l a n e , 

p e r p e n d i c u l a r t o the sense w i r e plane o f chamber B, t h u s d e f i n e d 

t h e e l e c t r o n t r a j e c t o r i e s . The frame i n which chambers A and C 

were mounted c o u l d be moved along a s c a l e p a r a l l e l t o t h e sense 

w i r e s of chamber B, as shown i n f i g u r e 2.7. 

Coincidences between the s i n g l e w i r e s o f the two chambers 

A and C corresponded t o p a r t i c l e s t r a v e r s i n g t h e plane d e f i n e d by 

these w i r e s and the o u t p u t o f chamber B c o u l d t h e n be s t r o b e d t o 

check whether the p a r t i c l e had been d e t e c t e d i n i t . The f o l l o w i n g 

s e c t i o n d e s c r i b e s how the above e l e c t r o n i c f u n c t i o n s were performed. 

2.9.4 E l e c t r o n i c s 

All t h r e e chambers were o p e r a t e d from the IK1ECL I I s e r i e s 

i n t e g r a t e d c i r c u i t r y . 

Each w i r e of chamber B was connected t o an a m p l i f i e r and 

s e r i e s o f f l i p - f l o p s ; f i g u r e 2.8 shows the l a y o u t f o r a s i n g l e 

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

a MECL 1035 i n t e g r a t e d c i r c u i t , cascaded as shown i n f i g u r e 2.9. 

I t c o n s i s t s of an a m p l i f i e r o f g a i n s i x , a d i s c r i m i n a t o r s e t a t 

6 mV, i . e . p u l s e s o f l e s s than 1 mW donot t r i g g e r the c i r c u i t , and 
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a p u l s e shaper; t h e o u t p u t p u l s e l e n g t h i s c o n t r o l l e d by c a p a c i t o r 

C1 . 

I n the second h a l f o f the c i r c u i t t h i s o u t p u t pulse 

( p o s i t i v e ) i s d i f f e r e n t i a t e d , and i f the n e g a t i v e s p i k e a t the end 

o f the p u l s e o v e r l a p s w i t h a n e g a t i v e IY1ECL I I s t r o b e p u l s e then 

the f i r s t gate i n the IflECL 1010 g i v e s a p o s i t i v e o u t p u t . The 

o u t p u t o f the f l i p - f l o p formed by the next two gates i s then 

n e g a t i v e and when a n e g a t i v e read p u l s e a r r i v e s a t t h i s gats i t s 

o u t p u t becomes p o s i t i v e . The MECL 1039 aid 7401 gates i n v e r t t h i s 

p o s i t i v e p u l s e and c o n v e r t i t t o a n e g a t i v e TTL s i g n a l . Thus the 

d e t e c t i o n o f a p a r t i c l e by a w i r e causes a n e g a t i v e TTL o u t p u t 

from t h e c i r c u i t , p r o v i d e d the c o r r e c t s t r o b e , read and r e s e t 

p u l s e s are g e n e r a t e d . 

For t h e purposes o f the p r e s e n t dead-space measurements 

s i x t e e n a d j a c e n t sense w i r e s i n the c e n t r e of chamber B were used 

and, as i t was unnecessary t o know from which w i r e a p u l s e had 

come, the o u t p u t s of a l l s i x t e e n w i r e s were sumnied. 

Each w i r e o f t h e two s m a l l e r chambers A and C was connected 

t o an a m p l i f i e r o f the t y p e shown i n f i g u r e 2.9. A f t e r i n v e r s i o n 

t h e o u t p u t s o f these were f e d i n t o a c o i n c i d e n c e u n i t which formed 

p a r t o f the f a s t d e c i s i o n making l o g i c shown i n the e l e c t r o n i c 

arrangement o f t h e whole experiment i n f i g u r e 2.10. The c o i n c i d e n t 

p u l s e was fanned out t o a s c a l e r and gate g e n e r a t o r , which gat e d 

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

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

read and r e s e t p u l s e s . As d e s c r i b e d e a r l i e r , t h e s t r o b e p u l s e 

d e t e r m i n e d whether the p a r t i c l e was r e g i s t e r e d and t h i s was 

i n d i c a t e d by s c a l e r ( 1 ) . The r e s e t p u l s e was f e d back t o t h e gate 

g e n e r a t o r t o end the g a t i n g c y c l e . The d e l a y a f t e r the f a n - o u t 



O
R 

G
at

e 
L

o
g

ic
 

G
at

es
 

4 1 J > 

0) .1/) c <u — 

T3 
a 

1 o 1 

be
 Q 

o 
CD -t-> CD a -»-• t_ 

a a; CD c <u CD 

or 
in 
<x 
UJ 

UJ 
C J a: a. 
m I Q 

tr 
a 

I — 
UJ 

tr 

a 
cr i — 
C J 
UJ 

I 
UJ 

o 
CM 

or 
CJ 



mas a d j u s t e d such t h a t the f r o n t edge o f t h e e a r l i e s t p u l s e from 

the chamber was ' c o i n c i d e n t w i t h t h e f r o n t edge o f t h e s t r o b e 

p u l s e . The w i d t h o f t h e l a t t e r then determined t h e g a t i n g time 

a p p l i e d t o t h e chamber. 

S c a l e r ( 2 ) i n d i c a t e d t h e number of c o i n c i d e n c e s between 

A and C and hence the r a t i o o f the two s c a l e r r e a d i n g s determined 

th e e f f i c i e n c y o f chamber 8. 

The c o i n c i d e n t l o g i c shown i n f i g u r e 2.10 used i n t h i s 

p a r t i c u l a r e x p e r i m e n t was NliYI s t a n d a r d so t h e s t r o b e , read and 

r e s e t p u l s e s g e n e r a t e d by i t n e c e s s a r i l y had t o be c o n v e r t e d t o 

fflECL l o g i c b e f o r e b e i n g f e d i n t o the 1010 g a t e s , and c o n v e r s e l y 

the TTL o u t p u t o f these g a t e s had t o be c o n v e r t e d t o NIIKI b e f o r e 

b e i n g OR'd. These c o n v e r s i o n s were ac h i e v e d by u s i n g Daresbury . 

b u i l t 'block-boxes' which are not shown i n f i g u r e 2.10. 

2.10 E x p e r i m e n t a l Procedure 

Before p e r f o r m i n g the dead-space measurements i t was 

necessary t o ensure t h a t chamber B was o p e r a t i n g a t 100$ e f f i c i e n c y 

away from t h e w i r e s u p p o r t s , t h i s b eing d e t e r m i n e d by the r a t i o 

o f s c a l e r ( 1 ) c o u n t s t o those of s c a l e r ( 2 ) . F i g u r e 2.11 shows 

e f f i c i e n c y v e r s u s H.T. cur v e s f o r s t r o b e w i d t h s o f 400, 100 and 

40 nsec. The w o r k i n g range f o r t h e f i r s t two s t r o b e w i d t h s i s 

5.0 - 5.3 kV; above 5.3 kV th e chamber became v e r y u n s t a b l e w i t h 

sense w i r e s b e g i n n i n g t o v i b r a t e and an e x c e s s i v e dark c u r r e n t 

( > 2 ph) b e i n g drawn. Below 5.0 kV every p a r t i c l e p u l s e was n o t 

able t o exceed the d i s c r i m i n a t i o n l e v e l i n the 1035 a m p l i f i e r . 

For a 40 nsec s t r o b e t h e chamber o n l y reached maximum e f f i c i e n c y 

a t 5.3 kU so c o n s e q u e n t l y i t was not u s e f u l t o make measurements 

a t s m a l l e r g a t i n g t i m e s . 
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( I n the a c t u a l e x p e r i m e n t the maximum e f f i c i e n c y nouer 

rose above 93/S b u t t h i s was found t o be due t o the f a c t t h a t one 

o f the s i x t e e n OR gates uias not u/orking. Thus a l l r e s u l t s have 

been c o r r e c t e d t o a l l o w f o r t h i s m a l f u n c t i o n ) . I n a l l the t e s t s 

t o be d e s c r i b e d the chamber was o p e r a t e d a t 5.3 kV. 

The e f f i c i e n c y o f t h e chamber around each of the sense 

w i r e s u p p o r t s was d e t e r m i n e d by scanning t h e chamber a t t h a t 

p a r t i c u l a r p o i n t , i . e . t h e two s m a l l chambers were moved over the 

area around each s u p p o r t s t r i p and e f f i c i e n c y measurements taken 

every two m i l l i m e t r e s f o r each o f t h e s t r o b e w i d t h s . 

Because t h e w i r e s u p p o r t s were e q u a l l y spaced along t h e 

l e n g t h o f t h e chamber, i . e . s e p a r a t e d by 33 cm, t h e r e was no 

danger o f t h e dead-space c r e a t e d by one s u p p o r t i n t e r a c t i n g w i t h 

t h a t o f an a d j a c e n t ons. 

2.11 R e s u l t s 

The e f f i c i e n c y o f t h e chamber around t h e PVC, melinex and 

n y l o n s u p p o r t s f o r s t r o b e w i d t h s o f 100 and 40 nsec i s i l l u s t r a t e d 

i n f i g u r e 2.12 ( a ) , ( b ) and ( c ) , which show b e s t f i t curves t h r o u g h 

the e x p e r i m e n t a l l y measured d a t a . The dat a f o r 400 nsec s t r o b e 

w i d t h ( e s s e n t i a l l y i n f i n i t e gate w i d t h ) c o i n c i d e s almost e x a c t l y 

w i t h t h a t f o r 100 nsec and t h e r e s p e c t i v e c u r v e has t h e r e f o r e been 

o m i t t e d from f i g u r e 2.12. 

For each s t r o b e w i d t h t h e s u p p o r t was 'scanned' t h r e e t i m e s 

and the e r r o r s quoted are the s t a n d a r d e r r o r s o f the t h r e e measure

ments a t each source p o s i t i o n . Because t h e e r r o r a t each p o s i t i o n 

i s a lmost independent o f s t r o b e w i d t h e r r o r bars have o n l y been 

p l o t t e d on one curve i n each o f f i g u r e s 2.12 ( a ) , ( b ) and ( c ) t o 

a v o i d c o n f u s i o n and o v e r l a p . 
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I n o r d e r t o quote a p a r t i c u l a r dead-space from these 

curves r e q u i r e s a d e f i n i t i o n o f t h i s t e r m . From p r e v i o u s work on 

w i r e s u p p o r t s t h e r e appear t o be two d i f f e r e n t d e f i n i t i o n s : 

i ) The f u l l - i u i d t h half-maximum (FUJHIYl) o f t h e curve o f 

e f f i c i e n c y a g a i n s t d i s t a n c e from mire s u p p o r t ( S ) . 

i i ) K l e i n k n e c h t e t a l . ( 3 ) d e f i n e dead-space as t h e w i d t h o f 

the r e c t a n g u l a r r e g i o n e x t e n d i n g from 0 t o 100$ on such a graph 

as f i g u r e 2.12 and which has t h e same area as t h a t under the 

e f f i c i e n c y c u r v e . 

The a b s o l u t e v a l u e s o f dead-space a c c o r d i n g t o the above 

d e f i n i t i o n s are g i v e n i n Table 2.1. The f i g u r e s f o r d e f i n i t i o n ( i ) 

are taken d i r e c t l y from t h e curves o f f i g u r e 2.12, w h i l e those o f 

d e f i n i t i o n ( i i ) were e v a l u a t e d by d e t e r m i n i n g the area under each 

curve and r e p l o t t i n g t h i s as an e q u i v a l e n t area r e c t a n g l e e x t e n d i n g 

from 0 t o 100$ e f f i c i e n c y . 

TABLE 2.1 

Dead Space 

Support 
Strobe 
(nsec) 

method ( i ) 
(mm) 

method ( i i ) 
(mm) 

PVC 1.5 kV 1 00 8.4 5.2 
PVC 0 kV 100 10 8.4 
PVC 0 kV 40 I t 14.1 

ftlELINEX 1 00 1 0 4.1 
40 13 8.0 

NYLON 100 8 4.4 " 
40 16 8.4 



Ifleasurements over the n y l o n cords on t h e H.T. plane 

showed t h e r e was no d e t e r i o r a t i o n i n the chamber d e t e c t i o n 

e f f i c i e n c y a t t h e p o i n t s where these were. F i g u r e 2.13 shows 

the e f f i c i e n c y c u rve o b t a i n e d over one of these s u p p o r t s . 

2.12 D i s c u s s i o n 

A l t h o u g h t h e shapes o f the curves f o r a l l t h r e e w i r e 

s u p p o r t s i n . f i g u r e 2.12 are s i m i l a r t h e r e are c e r t a i n p o i n t s w o r t h y 

o f m ention. 

Depending upon the d e f i n i t i o n one uses f o r dead-space 

t h e r e can be a l a r g e d i f f e r e n c e i n t h e v a l u e o f t h e f i g u r e q u o t e d . 

I n p a r t i c u l a r a s u p p o r t which c r e a t e s a v e r y low e f f i c i e n c y a t 

a source p o s i t i o n o f D mm y e t which has l i t t l e e f f e c t a few 

m i l l i m e t r e s away w i l l have a r e l a t i v e l y s m a l l dead-space by 

d e f i n i t i o n ( i ) but a s u b s t a n t i a l one on d e f i n i t i o n ( i i ) - t h i s i s 

p a r t l y t h e case f o r the PVC s u p p o r t . 

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

drop i n e f f i c i e n c y , b u t whose i n f l u e n c e extends over a c e n t i m e t r e 

or so, has a l a r g e dead-space on d e f i n i t i o n ( i ) and a r e l a t i v e l y 

s m a l l one on d e f i n i t i o n ( i i ) - t h i s i s t y p i c a l o f the case o f the 

melinex and n y l o n s u p p o r t s . 

On t h e b a s i s o f these comments i t would appear t h a t t h e 

melinex and n y l o n s u p p o r t s are f a r b e t t e r than the PVC one. I n 

a d d i t i o n i t i s o n l y p o s s i b l e t o reduce t h e dead-space o f the PVC 

s u p p o r t t o a v a l u e s i m i l a r t o the mel i n e x and n y l o n by a p p l y i n g a 

n e g a t i v e p o t e n t i a l t o t h e i n n e r copper w i r e and t h i s can be 

hazardous on a d e t e c t o r as s e n s i t i v e as a p r o p o r t i o n a l chamber. 

Indeed i t was found t h a t 1.5 kV was the h i g h e s t p o t e n t i a l which 

c o u l d be a t t a i n e d b e f o r e random n o i s e p u l s e s began emanating from 
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the chamber, and these i n c r e a s e d i n number and magnitude as the 

p o t e n t i a l was r a i s e d even h i g h e r . The n o i s B was t h o u g h t t o be 

due t o e i t h e r breakdown between t h e s u r f a c e of t h e PVC and t h e senss 

w i r e s or breakdown between the chamber frames t h r o u g h which the 

PVC passed. 

The dead-space measured f o r any sense w i r e s u p p o r t s h o u l d 

be dependent t o some e x t e n t on chamber parameters, gas m i x t u r e 

and, i n p a r t i c u l a r , t h e t h r e s h o l d o f t h e a m p l i f i e r . W ith r e s p e c t 

t o the l a t t e r one would expect t h a t when t h e p a r t i c l e e n t e r s the 

chamber a t l a r g e angles of incidence,8, thus l e a v i n g a f a c t o r sec 6 

more i o n i z a t i o n , t h e dead-space would d e c r e a s e . F u r t h e r work has 
2 

been c a r r i e d out on t h i s w i t h t h r e e 10 x 8 cm a c t i v e area 

p r o p o r t i o n a l chambers s e t up i n a s i m i l a r manner as f o r the 

e x p e r i m e n t w i t h the l a r g e chamber ( 7 , 8 ) , t h e d i s c r i m i n a t o r s o f 

t h e i r r e s p e c t i v e a m p l i f i e r s b e i n g s e t a t a t h r e s h o l d o f 6 mV a g a i n . 

F i g u r e 2.14 shows the v a r i a t i o n o f dead-space w i t h angle o f 

i n c i d e n c e f o r t h e m e l i n e x s u p p o r t ( t h i s p a r t i c u l a r one was 175 jum 

t h i c k and 5.5 mm w i d e ) , as d e t e r m i n e d by d e f i n i t i o n ( i i ) o f ^ 2.11, 

f o r p a r t i c l e t r a j e c t o r i e s i n c i d e n t o b l i q u e l y on the sense w i r e 

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

value o f dead-space does, i n d e e d , decrease w i t h i n c r e a s i n g angle 

o f i n c i d e n c e . 

I n a d d i t i o n i t was found t h a t the maximum value o f 

i n e f f i c i e n c y decreased as the angle o f i n c i d e n c e i n c r e a s e d ; t h i s 

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

F i g u r e 2.15 shows the v a r i a t i o n o f t h i s parameter w i t h angle o f 

i n c i d e n c e . 
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The r e s u l t s f o r the mel i n e x and n y l o n c o r d i n Table 2.1 

shorn t h a t t h e melinex produces a s l i g h t l y s m a l l e r dead-space than 

the n y l o n . 

However t h e r e i s anothe r f a c t o r t o be taken i n t o account 

i n choosing t h e optimum s u p p o r t and t h i s concerns i t s r i g i d i t y . 

W h ile c a r r y i n g o u t the measurements o f ^ 2 . 4 on the n y l o n and 

melinex s u p p o r t s they were both c a r e f u l l y observed t h r o u g h a 

t r a v e l l i n g microscope as t h e chamber c r i t i c a l v o l t a g e was exceeded. 

I t was found t h a t the n y l o n cord was prone t o moving a few t e n t h s 

o f a m i l l i m e t r e under p r e s s u r e from the sense w i r e plane as a whole. 

On the o t h e r hand t h e 125 pm t h i c k s t r i p o f melinex was seen t o 

remain a b s o l u t e l y s t a t i o n a r y . A l t h o u g h t h i s may seem a t r i v i a l 

p o i n t i t i s v e r y i m p o r t a n t when l a r g e chambers are b e i n g used t o 

l o c a t e the t r a j e c t o r i e s o f p a r t i c l e s as d i s p l a c e m e n t o f the w i r e 

means an i n c o r r e c t l o c a t i o n o f t h e p a r t i c l e . 

2.13 Wire Breakage 

While t e s t i n g t h e l a r g e Daresbury chamber i t was found 

t h a t s p a r k i n g f r e q u e n t l y o c c u r r e d between the H.T. plane and sense 

w'ire p l a n e . T h i s was a t t r i b u t e d t o e i t h e r p a r t i c l e s o f du s t on or 

around t h e w i r e s , or i r r e g u l a r i t i e s on the w i r e s themselves, 

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

U n f o r t u n a t e l y s p a r k i n g a l m o s t always r e s u l t e d i n a sense 

w i r e b r e a k i n g , and t h i s r e q u i r e d a c o n s i d e r a b l e amount o f time t o 

r e p l a c e . 

The c a p a c i t a n c e between t h e H.T. plane and sense w i r e plane 

was 250D pF, which was i n c r e a s e d t o 3800 pF when aluminium frames, 

which s u p p o r t e d t h e chamber, were e a r t h e d . The c h a r g i n g r e s i s t o r 

f o r the whole H.T. pl a n e was 1 M ri and each sense w i r e was 
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e f f e c t i v e l y earbhed t h r o u g h 100.n by the a m p l i f i e r . Thus when 

a p o t e n t i a l o f 5 k\l was a p p l i e d t o the chamber an energy o f 
2 

^ CV = 0.05 j o u l e was t h e r e b y s t o r e d and i n bhe event o f a spark 

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

of RC = 0.38 psec. Thus c o n s i d e r a b l e h e a t i n g took p l a c e over a 

s m a l l p e r i o d o f time and t h e shock wave from t h e spark was 

presumably s u f f i c i e n t to break the w i r e . 

I n an a t t e m p t t o overcome t h i s the H.T. plane was s p l i t 

i n t o groups of 20 w i r e s each, each group being connected t o the 

1 ffln. c h a r g i n g r e s i s t o r v i a 150 k n . . T h i s e f f e c t i v e l y s p l i t the 

l a r g e c a p a c i t a n c e of the chamber i n t o a s e t of s m a l l e r ones of 

about 250 pF, each one s t o r i n g an energy o f about 4 m i l l i j o u l e s . 

Now i n t h e even t o f a spark the 0.004 j o u l e o f t h e group o f w i r e s 

concerned was d i s c h a r g e d w i t h a t i m e c o n s t a n t of 0.025 j j s e c , but 

the r e s t d i s c h a r g e d i n a t i m e RC = 75 psec. Thus the r a t e of 

energy l o s s from each group o f w i r e s was s u b s t a n t i a l l y r e t a r d e d , 

g i v i n g t i m e f o r t h e heat g e n e r a t e d i n the sense w i r e t o be d i s s i p a t e d 

by t h e s u r r o u n d i n g gas; momentary h e a t i n g o f the w i r e was t h e r e f o r e 

g r e a t l y reduced. 

F o l l o w i n g t h i s m o d i f i c a t i o n i t was indeed found t h a t the 

frequ e n c y of sense w i r e breakage was g r e a t l y decreased. 

2.14 C o n c l u s i o n 

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

developed by T r i p p e has been s t u d i e d and v e r i f i e d e x p e r i m e n t a l l y . 

A new type o f w i r e s u p p o r t , a 3 mm wide, '125 pm t h i c k 

s t r i p o f mel i n e x has been i n v e s t i g a t e d and found t o produce s i m i l a r 

s i z e dead-spaces to t h e c o n v e n t i o n a l method of u s i n g n y l o n c o r d , 

w h i l e h a v i n g the added advantage o f h o l d i n g the sense w i r e s f a r 
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more r i g i d l y . A t h i r d s u p p o r t , PVC i n s u l a t e d copper w i r e , was 

Found t o be much l e s s s a t i s f a c t o r y than e i t h e r of the above tiuo 

s u p p o r t s , m a i n l y because o f the induced n o i s e p u l s e s on the sense 

w i r e s caused by a p p l i c a t i o n o f a n e g a t i v e p o t e n t i a l to t h e copper 

w i r e . 
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CHAPTER 3 

A SHORT REVIEW DF THE WAIN CHARACTERISTICS OF TRANSITION RADIATION 

3.1 I n t r o d u c t i o n 

When charged p a r t i c l e s o f any energy t r a v e r s e m a t t e r 

t h e i r u s u a l process o f energy l o s s i s by i o n i z a t i o n and b r e m s s t r a h l u n g , 

the former d o m i n a t i n g below the c r i t i c a l energy o f the medium t h r o u g h 

which the p a r t i c l e i s p a s s i n g and t h e l a t t e r above, the c r i t i c a l 

e nergy. F u r t h e r l o s s e s a l s o occur i n v a r y i n g amounts by p a i r 

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

The d e t e r m i n a t i o n o f t h e mass ( o r energy) of a p a r t i c l e , 

and t h e s e p a r a t i o n o f one p a r t i c l e from a n o t h e r , are o f major 

i m p o r t a n c e i n many n u c l e a r p h y s i c s e x p e r i m e n t s and a l l forms o f 

energy l o s s can be used, w i t h i n c e r t a i n l i m i t a t i o n s , t o c a r r y them 

o u t . However, a problem occurs a t h i g h e n e r g i e s because most forms 

o f energy l o s s s a t u r a t e , e.g. i o n i z a t i o n l o s s becomes independent 

o f p a r t i c l e energy s i n c e t h e r e l a t i v i s t i c r i s e i n c r e a s e i n 

i o n i z a t i o n l e v e l s o f f because o f t h e d e n s i t y e f f e c t . 

Besides energy l o s s measurements t h e r e are two o t h e r 

mass/energy d e t e r m i n a t i o n t e c h n i q u e s which are a l s o d i f f i c u l t a t 

h i g h e n e r g i e s . 

F i r s t l y , t h e r e i s CerBnkov r a d i a t i o n , t h e e l e c t r o m a g n e t i c 

r a d i a t i o n e m i t t e d when a p a r t i c l e passes t h r o u g h a medium i n which 

i t s v e l o c i t y i s g r e a t e r than t h a t o f l i g h t i n t h e medium. I t i s w e l l 

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

apex o f which i s t h e i n s t a n t a n e o u s p o s i t i o n o f the moving p a r t i c l e 

and t h e h a l f angle o f which i s g i v e n by: 
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luhere ji = v e l o c i t y o f p a r t i c l e and n = r e f r a c t i v e i n d e x o f the 

medium. I t can be shown t h a t t h e number o f photons e m i t t e d per 

second per u n i t p a t h l e n g t h per u n i t f r e q u e n c y i s a f u n c t i o n o f 

the square o f s i n 9 • T h e r e f o r e a t r e l a t i v e l y low e n e r g i e s two 

p a r t i c l e s w i t h the same energy b u t d i f f e r i n g mass would indues 

r a d i a t i o n w i t h d i f f e r e n t a n g l e s , 6 , and the v e l o c i t y o f each 

c o u l d be d e t e r m i n e d by measurement o f these a n g l e s . However, a t 

h i g h e r e n e r g i e s where p — > 1 f o r b o t h p a r t i c l e s the Cerenkov 

s i g n a l would reach s a t u r a t i o n and t h e process i s n u l l i f i e d as 

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

The o t h e r form o f energy d e t e r m i n a t i o n , t h a t o f measuring 

the p a r t i c l e ' s r a d i u s o f c u r v a t u r e i n a magnetic f i e l d , i s a l s o 

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

t h a t t hey are i m p o s s i b l e t o measure. 

What i s r e q u i r e d i s a phenomenon i n which a r e l a t i v i s t i c 

p a r t i c l e l o s e s energy i n a q u a n t i t y which i s r e a s o n a b l y easy t o 

d e t e c t , i t s magnitude v a r y i n g as t h e Bnergy o f t h e p a r t i c l e . The 

o n l y known process a t p r e s e n t which s a t i s f i e s t h i s r e q u i r e m e n t i s 

t r a n s i t i o n r a d i a t i o n , which i s the f l u x o f photons e m i t t e d when a 

u n i f o r m l y moving charged p a r t i c l e passes t h r o u g h an i n t e r f a c e 

between two media w i t h d i f f e r e n t d i e l e c t r i c c o n s t a n t s . This 

r a d i a t i o n , t h e o r e t i c a l l y p r e d i c t e d i n 1945 by Ginzburg and Frank ( 1 ) , 

was p r o b a b l y f i r s t observed e x p e r i m e n t a l l y i n 1919 by L i l i a n f i e l d 

(2) who bombarded a m e t a l s u r f a c e w i t h e l e c t r o n s o f a few kul/. 

U n f o r t u n a t e l y t h i s work was not i m m e d i a t e l y f o l l o w e d up and i t was 

o n l y i n the l a t B f i f t i e s and e a r l y s i x t i e s , when f u r t h e r e x p e r i m e n t a l 

work was c a r r i e d o u t ( 3 , 4 ) , t h a t i n t e r e s t i n t h e phenomenon r e a l l y 

began. At about t h e same time G a r i b i a n (5,6) produced two 

comprehensive t h e o r e t i c a l t r e a t m e n t s o f t h e s u b j e c t , t h e l a t t e r 



f o r m i n g the b a s i s o f many o f th e subsequent ana l y s e s o f t h e 

s u b j e c t . 

I n 1961 A l i k h a n y a n e t a l . ( 7 ) put f o r w a r d t h e f i r s t 

p r o p o s a l f o r a p o s s i b l e method o f d e t e c t i n g h i g h energy charged 

p a r t i c l e s w i t h t r a n s i t i o n r a d i a t i o n and s i n c e then a c o n s i d e r a b l e 

amount o f work has been done, p a r t i c u l a r l y by American and Russian 

groups, i n s t u d y i n g t h e p r o p e r t i e s o f t h i s r a d i a t i o n . D u r i n g t h i s 

t i m e t h e i m p o r t a n c e of t r a n s i t i o n r a d i a t i o n has been r e a l i s e d and 

i t i s now w i d e l y b e l i e v e d t h a t i t w i l l prove a very u s e f u l t o o l 

f o r p a r t i c l e mass and energy d e t e r m i n a t i o n a t r e l a t i v i s t i c e n e r g i e s , 

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

t h e CERN SPS. The f a c t t o emerge from t r a n s i t i o n r a d i a t i o n 

i n v e s t i g a t i o n s which c o u l d make t h i s p o s s i b l e i s t h a t t h e f l u x o f 

photons e m i t t e d (above o p t i c a l f r e q u e n c i e s ) i s p r o p o r t i o n a l t o 

In £ , where y i s t h e L o r e n t z f a c t o r o f t h e p a r t i c l e 

( tf=(1-j3z) 1 ) , and t h e i r t o t a l energy i s p r o p o r t i o n a l t o ^ • 

Because t h e magnitude o f t h e e f f e c t i s dependent upon gamma i t i s 

a l s o u s e f u l f o r t h e s e p a r a t i o n of p a r t i c l e s o f t h e same energy b u t 

d i f f e r e n t mass. 

3.2 P r i n c i p a l C h a r a c t e r i s t i c s 

When a charged p a r t i c l e moves u n i f o r m l y across a 

d i e l e c t r i c i n t e r f a c e from a medium o f d i e l e c t r i c c o n s t a n t and 

magnetic p e r m e a b i l i t y £•] and r e s p e c t i v e l y t o one o f £ 2 

and ^2 r e s p e c t i v e l y , a changing d i p o l e f i e l d due t o t h e p a r t i c l e 

and i t s image charge i n t h e o t h e r medium i s formed and t h i s , 

a c c o r d i n g t o t h e t h e o r y of Ginzburg and Frank, r e s u l t s i n t h e 

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

r a d i a t i o n . 



-37-

The charged p a r t i c l e i s assumed t o l o s e n e g l i g i b l e 

energy per u n i t p a t h l e n g t h when c r o s s i n g the i n t e r f a c e , and 

under t h i s c o n d i t i o n i t has charge f i e l d s i n each o f the media 

which are s o l u t i o n s o f t h e Maxwell e q u a t i o n s f o r a p o i n t charge 

moving a t a c o n s t a n t v e l o c i t y v . These f i e l d s can be r e s o l v e d 

i n t o t r i p l e F o u r i e r i n t e g r a l s i n the f i r s t and second media 

( i n d i c e s 1 and 2) w h i c h , assuming the p a r t i c l e moves a l o n g t h e 

x - a x i s from - co to + oo and t h a t the i n t e r f a c e between the two 

media i s t h e plane z = 0 t h r o u g h which the p a r t i c l e moves a t t = 0, 

a r e g i v e n by: 

E, 2 ( r . t ) = die 3.2 Elk) e"ZL w " dk 

where k = p r o p a g a t i o n c o n s t a n t 

and OJ = k.v 

I t can be r e a d i l y shown t h a t the e l e c t r i c and magnetic 

f i e l d s g i v e n by e q u a t i o n 3.2 donot s a t i s f y the c o n t i n u i t y r e q u i r e 

ments a t t h e i n t e r f a c e between the two media, which are t h a t no s u r f a c e 

charges or c u r r e n t s be p r e s e n t , i . e . t h e normal components o f B and 

0 and t a n g e n t i a l components o f E and H are c o n t i n u o u s a t z = 0. 

To s a t i s f y t h e l a t t e r c o n d i t i o n s i t i s necessary t o add t o t h e 

s o l u t i o n s g i v e n above the s o l u t i o n s o f the homogeneous Maxwell 

e q u a t i o n s w i t h a r b i t r a r y F o u r i e r c o e f f i c i e n t s and when these 

c o e f f i c i e n t s are d e t e r m i n e d by r e a p p l y i n g the c o n t i n u i t y c o n d i t i o n s 

a t t h e i n t e r f a c e t h e added s o l u t i o n s w i l l r e p r e s e n t the t r a n s i t i o n 

r a d i a t i o n f i e l d s . This c a l c u l a t i o n has bBen performed by G a r i b i a n 

( 6 ) who, f o r s i m p l i c i t y , assumed one medium t o be a vacuum 

( Ei = ju.| = 1 ) . He found the P o y n t i n g v e c t o r f l u x o f t r a n s i t i o n 

r a d i a t i o n e m i t t e d from t h e i n t e r f a c e was d i s t r i b u t e d i n p o l a r angle 
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and f r e q u e n c y a c c o r d i n g t o t h e f o r m u l a : 

dS _ 2e 2J3 2 s i n 3 9 c o s 2 8 

d8dui TTC ( 1 - ^ 2 c o s 2 6 ) 2 

( e - i ) ( i - p 2 J ^ ( E - s i n 2 e ) 1 / 2 i 
[ e c o s 9 * ( e - s i n 2 e ) 1 / 2 ] [ u ^ ( E _ s i n 2 e j 1 / 2 j 

3.3 

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

backward and f o r w a r d d i r e c t i o n , w i t h r e s p e c t t o thB p a r t i c l e ' s 

d i r e c t i o n . 

A l l c a l c u l a t i o n s c a r r i e d o ut f o r the purposes o f t h i s 

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

have been based on t h i s f o r m u l a . A l t h o u g h f u r t h e r t h e o r e t i c a l 
(8 9 10) 

analyses have appeared ' ' s i n e s t h e p u b l i c a t i o n o f r e f e r e n c e 

( 6 ) , e q u a t i o n 3.3 s t i l l remains the b a s i c f o r m u l a from which 

c a l c u l a t i o n s can be made. 

3.3 D e t e r m i n a t i o n o f t r a n s i t i o n r a d i a t i o n f l u x 

Because o f i t s c o m p l e x i t y e q u a t i o n 3.3 has been programmed 

i n t h e f o l l o w i n g way. At s p e c i f i c v a l u e s o f beta /dw i s 

e v a l u a t e d from 0° t o 90° i n s m a l l a n g u l a r ranges d9 • An ' a p p r o p r i a t e 

c h o i c e o f d6 a l l o w s t h e f u n c t i o n t o be n u m e r i c a l l y i n t e g r a t e d 

over 9 , u s i n g Simpson's r u l e , t o g i v e the energy spectrum o f 

photons expected from a s i n g l e vacuum-medium i n t e r f a c e . D i v i s i o n 

o f t h i s spectrum by "hco g i v e s t h e d i f f e r e n t i a l number spectrum 

o f photons from t h e same i n t e r f a c e . 

I t t u r n s o u t t h a t r a d i a t i o n e m i t t e d i n t h e backward 

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

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

[ 1 - j3 ( E - sin 2 9 J^2J i n t h e denominator o f e q u a t i o n 

3.3, i s i n t h e X-ray r e g i o n . As t h e p a r t i c u l a r t e c h n i q u e used i n 

t h i s t h e s i s i s s u i t a b l e o n l y f o r X-rays a n a l y s i s w i l l be made o n l y 
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o f t h e X-ray component of the r a d i a t i o n . 

The plasma f r e q u e n c y , ojp , o f a m a t e r i a l i s g i v e n by 

w p = Urtp Z N 0 e 2 3.4 
A m 

where e, m = e l e c t r o n i c charge and mass r e s p e c t i v e l y 

Z, A = atomic number and mass o f medium r e s p e c t i v e l y 

p - d e n s i t y o f medium 

N q = Avogadro's number 

e.g. t i u p f o r m e l i n e x and aluminium i s 23.7 eV and 32.4 eV 

r e s p e c t i v e l y . UJhen d e a l i n g w i t h X-ray f r e q u e n c i e s , OJ , which are 

g r e a t e r t h a n the plasma f r e q u e n c y o f t h e medium the p r o p a g a t i o n 

c o n s t a n t o f t h e e l e c t r o m a g n e t i c wave d e s c r i b i n g the X-ray i s r e a l 

and the d i e l e c t r i c c o n s t a n t o f the medium nay be w r i t t e n as: 

e = 1 - P/ 2 CO 

As w i l l be seen the e n e r g i e s o f X-rays i n the t r a n s i t i o n 

r a d i a t i o n f l u x are i n the o r d e r of keV's, which i s c o n s i d e r a b l y 

g r e a t e r than t h e plasma f r e q u e n c y ( m u l t i p l i e d by h ) o f e i t h e r 

m e l i n e x or a l u m i n i u m . T h e r e f o r e , using e x p r e s s i o n 3.5, the photon 

number spectrum, ^ / d E , e m i t t e d i n the f o r w a r d d i r e c t i o n , has been 

computed from e q u a t i o n 3.3 f o r a s i n g l y charged p a r t i c l e t r a v e r s i n g 

a vacuum-melinex and vacuum-aluminium i n t e r f a c e f o r v a r i o u s v a l u e s 

o f p a r t i c l e energy ( g i v e n i n terms o f j ) and these s p e c t r a are 

shown i n f i g u r e 3.1. C l e a r l y t h e number spectrum i n c r e a s e s as # 

i n c r e a s e s and a l s o the number o f photons f o r a p a r t i c l e o f g i v e n 

energy i n c r e a s e s e x p o n e n t i a l l y as the photon energy decreases. 

I t i s o f i n t e r e s t t o note the dependence o f t h e t o t a l 

energy e m i t t e d , and the number o f photons produced, on x : 



dN 
dE 
x10 - 2 

per keV 

Melinex 

• i 1 " I : 
• ! 
: | . . . 

1 
, ! : . • i i 
• i 

, ' : 

v i - " - " 
•• -

5 10 20 
Photon Energy (keV) 

FIGURE 3.1 DIFFERENTIAL PHOTON MUiintR SPECTRA EMITTED IM FORWARD 
DIRECTION FROM SINGLE VACIJUTil—f.lEL INEX AMD UACUUfil 
ALUMINIUM INTERFACES 



-4 0-

a) I n t e g r a t i n g e q u a t i o n 3.3 over 9 and OJ g i v e s the t o t a l 

energy r e l e a s e d a t one i n t e r f a c e ( r e f e r e n c e 6 ) : 

3c 

Because the plasma f r e q u e n c y i s p r o p o r t i o n a l t o d e n s i t y ( e q u a t i o n 

3.4) the e m i t t e d energy i s a l s o p r o p o r t i o n a l t o d e n s i t y . T h i s 

e x p l a i n s why t h e f l u x o f photons f o r t h e vacuum-aluminium i n t e r f a c e 

i n f i g u r e 3.1 i s g r e a t e r than t h a t f o r the vacuum-melinex one. 

b) When t h e number spectrum from e q u a t i o n 3.3 i s i n t e g r a t e d 

over E t h e t o t a l number of photons e m i t t e d i s g i v e n by ( r e f e r e n c e 

6 ) : 

N = J 2_ [ ln[ l / " p \ 1 / 2 - 1 ) 1 3.7 
137 TT L E ' ^ T ' 2 J 

where E i s t h e l o w e r energy l i m i t o f i n t e g r a t i o n . 

Thus the t o t a l energy c o n t a i n e d i n t h e X-ray t r a n s i t i o n 

r a d i a t i o n (XTR) i s l i n e a r l y p r o p o r t i o n a l t o £ , and t h e number 

o f photons p r o p o r t i o n a l t o t h e l o g a r i t h m o f y . R e f e r r i n g 

b r i e f l y t o o p t i c a l t r a n s i t i o n r a d i a t i o n i t has been shown, b o t h 

e x p e r i m e n t a l l y (11) and t h e o r e t i c a l l y ( 6 ) , t h a t t h e i n t e n s i t y o f 

t h i s r a d i a t i o n i s p r o p o r t i o n a l t o t h e l o g a r i t h m of ^ , so t h e 

i n t e n s i t y of t h e X-ray component i n c r e a s e s a t a f a r g r e a t e r r a t e 

t h a n the o p t i c a l component as y g e t s l a r g e r . 

A l l t h e r e s u l t s quoted above f o r t h e XTR c r e a t e d a t 

a vacuum-medium boundary a p p l y e q u a l l y w e l l t o a medium-vacuum 

i n t e r f a c e . 

F i g u r e 3,1 i n d i c a t e s t h a t t h e f l u x o f photons from one 

i n t e r f a c e i s very f e e b l e , e.g. the number o f photons e m i t t e d a t 
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an a l u m i n i u m i n t e r f a c e between 1 and 100 keU f o r o p a r t i c l e o f 

X = 1000 i a 0.01 and f o r ^ = 10,000 i s 0.03. To c o n s t r u c t a 

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

photon f l u x and t h i s can be a c h i e v e d i n one o f tiuo ways: 

i ) For m u l t i p l y charged p a r t i c l e s the number of e m i t t e d photons 

i n c r e a s e s q u a d r a t i c a l l y u i i t h t h e charge o f the p a r t i c l e ( 6 ) . 

However most p a r t i c l e s d e t e c t e d i n p h y s i c s experiments are 

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

and i d e n t i f i c a t i o n of heavy p r i m a r y cosmic rays o u t s i d e t h e 

atmosphere. 

i i ) I f a s i n g l y charged p a r t i c l e passes t h r o u g h a m u l t i t u d e o f 

vacuum-media b o u n d a r i e s t h e n the number of photons i n c r e a s e s i n 

p r o p o r t i o n t o the number o f b o u n d a r i e s . Uie t h e r e f o r e proceed t o 

the i d e a o f a m p l i f y i n g the weak XTR s i g n a l w i t h a ' s t a c k ' o f 

d i e l e c t r i c f o i l s . T h i s can take t h e form o f e i t h e r a s e t o f 

r e g u l a r l y spaced p l a s t i c or metal s h e e t s or any form o f l a m i n a t e d 

medium, such as the honeycomb-like s t r u c t u r e o f p o l y s t y r e n e foam. 

Before c a l c u l a t i n g the expected f l u x of photons from a s t a c k t h e 

l i m i t a t i o n on XTR p r o d u c t i o n o f t h e f o r m a t i o n zone must be' 

mentioned. 

3.4 F o r m a t i o n Zone 

I n t h e t h e o r y developed by G a r i b i a n ( 6 ) i t was shown t h a t 

t h e r e e x i s t s a minimum t h i c k n e s s o f medium ( m a t e r i a l or vacuum) 

t h r o u g h which the p a r t i c l e must pass b e f o r e the t r a n s i t i o n 

r a d i a t i o n can be c r e a t e d . T h i s f i n i t e p a th l e n g t h . i s r e q u i r e d f o r 

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

and i s known as the f o r m a t i o n zone. For r e l a t i v i s t i c p a r t i c l e s i t 

i s g i v e n by: 
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-1*1 c o p ) 2 r 1 3.8 

The i m p o r t a n c e o f the f o r m a t i o n zone . l i e s i n t h e f a c t 

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

the f o r m a t i o n zone o f t h a t medium f o r a p a r t i c u l a r X-ray energy t h e n 

t h e XTR spectrum w i l l be s e v e r e l y a t t e n u a t e d above t h a t energy, as 

has been shown e x p e r i m e n t a l l y ( 1 2 ) , I f t h e X-ray energy a t which 

t h i s takes p l a c e i s w e l l above the peak of the expected d i s t r i b u t i o n 

t h e n t h i s i s n o t a s e r i o u s l o s s . 

F i g u r e 3.2 shows p l o t s o f f o r m a t i o n zone, d e r i v e d from 

e q u a t i o n 3.8, as a f u n c t i o n o f X-ray energy and p a r t i c l e energy ( x ) 

f o r m e l i n e x , aluminium and b e r y l l i u m . At low photon e n e r g i e s t h e 

f o r m a t i o n zone i n c r e a s e s w i t h photon energy. Because o f the 

term i n t h e denominator o f e q u a t i o n 3.8 the f o r m a t i o n zone t h e n 

s t a r t s d e c r e a s i n g a t around 20 keV f o r p a r t i c l e s o f low y , but 

c o n t i n u e s i n c r e a s i n g up t o 100 ke\) and more f o r h i g h e r x . Thu3 

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

t o produce the f u l l XTR s i g n a l . 

The f o r m a t i o n zone of aluminium a t p a r t i c u l a r e n e r g i e s 

i s l e s s than t h a t o f m e l i n e x and b e r y l l i u m because i t has a h i g h e r 

plasma f r e q u e n c y , t h e term f o r which appears i n t h e denominator o f 

e q u a t i o n 3.8. For t h e same reason the f o r m a t i o n zone o f a i r i s 

c o n s i d e r a b l y l a r g e r than any o f t h e above t h r e e e l ements, as shown 

i n f i g u r e 3.2 f o r x = 3000 f o r example, r e f e r e n c e t o which w i l l 

be made l a t e r . The e q u i v a l e n t curve f o r melinex a t x s 3000 

w i l l a l s o be used l a t e r . 

CO 
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3.5 Angular D i s t r i b u t i o n 

E v a l u a t i o n o f e q u a t i o n 3.3 a t d i s c r e t e v a l u e s of 6 f o r 

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

t r a n s i t i o n r a d i a t i o n w i t h r e s p e c t t o p o l a r angle and f i g u r e 3.3 

( a , b , c ) shows p l o t s o f t h i s d i s t r i b u t i o n f o r t h r e e d i f f e r e n t v a l u e s 

o f x a t a photon energy of' 10 keV. The same d i s t r i b u t i o n s f o r 

l o w e r and h i g h e r energy photons peak a t s l i g h t l y h i g h e r and l o w e r 

a n g l e s r e s p e c t i v e l y and are a l s o a l i t t l e b r oader and narrower 

r e s p e c t i v e l y , but these e f f e c t s a r e v e r y m i n i m a l . 

I t i s c l e a r t h a t the r a d i a t i o n i s h i g h l y c o l l i m a t e d i n 

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

t h a t t h e peak of the r a d i a t i o n o c c u r s a t an a n g l e o f t o the 

p a r t i c l e d i r e c t i o n , and t h i s i s i n d i c a t e d on the diagrams. 

Thus t h e r a d i a t i o n from a 5 GeV e l e c t r o n , say, ( X = 10,000) 
-4 

peaks a t 1.5 10 r a d i a n s , so over a d i s t a n c e o f 10 metres from i t s 
p o i n t o f p r o d u c t i o n i t w i l l have spread out t o cover an area o f about 

2 

0.7 cm . Hence t h e r a d i a t i o n i s very l o c a l i s e d w i t h r e s p e c t t o 

the p a r t i c l e ' s t r a j e c t o r y and unless i t i 3 p o s s i b l e t o d e f l B c t t h e 

p a r t i c l e away from i t s i n i t i a l d i r e c t i o n the XTR must be d e t e c t e d 

i n t h e presence o f t h e p a r t i c l e i o n i z a t i o n . T h i s , c o u p l e d w i t h 

t h e e x t r e m e l y low f l u x o f r a d i a t i o n , r e p r e s e n t s t h e major problem 

i n XTR d e t e c t i o n and p u t s severe l i m i t a t i o n s on the methods by which 

i t can be c a r r i e d o u t . 

3.6 A m p l i f i c a t i o n o f an XTR s t a c k 

A charged p a r t i c l e o f g i v e n L o r e n t z f a c t o r , y , 

t r a v e r s i n g an XTR s t a c k composed o f 'n' r e g u l a r l y spaced 

d i e l e c t r i c f o i l s each o f t h i c k n e s s ' t ' , w i l l produce a spectrum 
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of photons, ^^/dE, a t ovary i n t e r f a c e . However, bBcauso o f 

a b s o r p t i o n i n s a c h f o i l t h e f l u x emanating from t h e l a s t f o i l o f 

the s t a c k m i l l n o t be '2n' times d M / d E , but o n l y a c e r t a i n f r a c t i o n 

o f t h i s . By t a k i n g i n t o account the p r o g r e s s i v e X-ray a b s o r p t i o n 

as t h e p a r t i c l e p e n e t r a t e s t h e s t a c k i t can be shown (Appendix I I ) 

t h a t t h e d i f f e r e n t i a l number, spectrum o f photons emerging from t h e 

s t a c k i s : 

d N n = d_N _2_ ( 1 - e""^* ) 3.9 
dE dE p\ 

dN 

where — , the XTR f l u x f r o m one i n t e r f a c e , i s o b t a i n e d from 

e q u a t i o n 3.3 i n the manner d e s c r i b e d i n J?3.3 and p i s t h e l i n e a r 

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

o f X-rays depends upon the mass o f the absorber t h i s c o e f f i c i e n t i s 

u s u a l l y w r i t t e n as Pn\ = P/p » ^ e m a s s a b s o r p t i o n c o e f f i c i e n t , 

so t h a t e q u a t i o n 3.9 becomes 

d N p = dN 2 (1 - e - > W n t ) 3.10 

Not s u r p r i s i n g l y t h e l a r g e s t s i g n a l i s o b t a i n e d when 

•n' tends t o i n f i n i t y ; t h i s i s t h e case o f t h e a s s y m p t o t i c s t a c k 

( 1 3 ) , which has a g a i n o f 2 ^ ^ times t h e f l u x from a 

s i n g l e i n t e r f a c e . 

The main p o i n t t o note from e q u a t i o n 3.10 i s t h e 

a b s o r p t i o n c o e f f i c i e n t , pm [ = pm{E] ) , i n t h e denominator 

Since pm decreases r a p i d l y w i t h i n c r e a s i n g energy ( f i g u r e 3.4 

shows ^m^) ^ o r ^ n e t h r e e elements mentioned p r e v i o u s l y : 

b e r y l l i u m , m e l i n e x and a l u m i n i u m ) the o u t p u t spectrum from a 
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s t a c k s h o u l d show a marked c u t - o f f o f low energy photons. I n 
/ \ 4 a d d i t i o n / ^ ( E ) i s p r o p o r t i o n a l t o Z , where Z i s t h e atomic 

number o f the m a t e r i a l , so t h i s would suggest t h a t l o s s o f photon 

f l u x by a b s o r p t i o n w i l l become much l e s s severe the l o w e r the Z 

the element o f t h e s t a c k . A l t h o u g h e q u a t i o n 3.6 p r e d i c t s a 

g r e a t e r r e l e a s e o f energy f o r a more dense m a t e r i a l the magnitude 

of t h e XTR f l u x from a s t a c k i s c o m p l e t e l y dominated by t h e q u a r t i c 

dependence o f Prrf'^ o n 

3.7 XTR o u t p u t f r o m a p e r i o d i c s t a c k 

E q u a t i o n 3.10 can now be used t o a s c e r t a i n the shape and 

s i z e o f the expected XTR spectrum from a s t a c k o f r e g u l a r l y spaced 

f o i l s , b e a r i n g i n mind t h a t t h i s e q u a t i o n does not t a k e i n t o account 

the f o r m a t i o n zone. 

The two most common f o i l m a t e r i a l s used by p r e v i o u s 

workers are m e l i n e x and a l u m i n i u m , p r i m a r i l y because they are v e r y 

cheap and easy t o o b t a i n i n t h i n sheet form. However, as w i l l be 

seen l a t e r i n t h i s s e c t i o n , low Z m a t e r i a l s are f a r b e t t e r XTR 

producers t h a n h i g h Z and a r e c e n t p r o p o s a l by H a r r i s e t a l (14) t o 

c a r r y o u t f u r t h e r work on t r a n s i t i o n r a d i a t i o n a t t h e NAL i n America 

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

comparison purposes we w i l l c o n s i d e r monoenergetic p a r t i c l e s 

p a s s i n g t h r o u g h a s t a c k o f 1000 b e r y l l i u m , m e l i n e x and aluminium 

f o i l s , t h e t h i c k n e s s o f the f o i l s b e i n g t h a t o f t h e f o r m a t i o n zone • 

o f the r e s p e c t i v e m a t e r i a l g i v e n i n f i g u r e 3.2. 

Consider f i r s t a p a r t i c l e w i t h g = 1000. The r e s p e c t i v e 

maximum f o r m a t i o n zones o f b e r y l l i u m , melinex and a l u m i n i u m are 

5, 5 and 4 pm . The d i f f e r e n t i a l number spectrum o f photons 

( f r o m e q u a t i o n 3.10) f o r these p a r t i c u l a r t h i c k n e s s e s i s shown i n 

f i g u r e 3.5. Three i m p o r t a n t p o i n t s emerge from these c u r v e s : 
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a) Tha XTR spectrum shows a marked c u t - o f f a t v e r y low e n e r g i e s 

due t o a b s o r p t i o n i n the f o i l s , w i t h a r e s u l t t h a t i t has a peak a t 

s o f t X-ray f r e q u e n c i e s . 

b) The l o w e r the Z o f t h e s t a c k the lower i n energy i s t h e peak 

of t h e d i s t r i b u t i o n - t h i s r e s u l t s from the g r e a t e r a b s o r b i n g 

power o f the h i g h e r Z elements. 

c) The s t a c k w i t h l o w e r Z produces f a r more photons than one 

w i t h a h i g h e r Z; a g a i n t h i s i s due t o the photon a b s o r p t i o n dependence on 

Als o i n f i g u r e 3.5 are the same s o t o f curves f o r a 

p a r t i c l e w i t h X = 10,000 and, because o f t h e h i g h e r gamma, the 

energy range o f t h e e m i t t e d photons has i n c r e a s e d c o n s i d e r a b l y . 

I n f a c t t h e spectrum extends w e l l up t o 100 keU and c o n s e q u e n t l y 

the m a t e r i a l f o r m a t i o n zones used are those f o r 100 koU, i . e . 46, 

$0 and 30 /jm r e s p e c t i v e l y . Tha major p o i n t t o emerge from these 

curves i s t h a t as V i n c r e a s e s the mean energy a l s o i n c r e a s e s , 

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

S i m i l a r c urves t o those i n f i g u r e 3.5 can be o b t a i n e d 

f o r s t a c k s w i t h any number of f o i l s . The b a s i c shape remains the 

same and the mean energy o f each d i s t r i b u t i o n i n c r e a s e s s l i g h t l y 

as t h e number o f f o i l s i n c r e a s e s . I n t e g r a t i n g each curve over 

energy g i v e s t h e energy c o n t e n t o f the XTR f l u x and f i g u r e s 3.6 

and 3.7 show the v a r i a t i o n o f t h i s energy w i t h t h e number o f f o i l s 

f o r p a r t i c l e s o f g = 1000 and 10,000: two s e t s o f curves are 

shown i n each f i g u r e , one f o r the s o f t X-ray component (1 20 keU) 

and one f o r t h e hard X-ray component ( 2 0 — > 1 00 keV). The reason 

f o r t h i s d i v i s i o n i n t o two energy ranges i s t h a t s o f t X-rays have 

a much h i g h e r a b s o r p t i o n c o e f f i c i e n t i n the d e t e c t o r gas than hard 

X-rays, as w i l l become e v i d e n t i n Chapter 5. 
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I t can be s e e n t h a t , whoreas a p a r t i c l e p a s s i n g t h r o u g h 

a melinox and aluminium s t a c k u / i l l cause t h e e m i s s i o n o f r o u g h l y 

equal q u a n t i t i e s of energy, the same p a r t i c l e p a s s i n g t h r o u g h an 

e q u i v a l e n t b e r y l l i u m s t a c k r e s u l t s i n a much g r e a t e r e m i s s i o n o f 

energy t h a n e i t h e r o f t h e s B tuio. T h i s i s p u r e l y because t h e low 

Z o f b e r y l l i u m r e s u l t s i n a s m a l l l o s s o f X-ray s i g n a l t h r o u g h 

a b s o r p t i o n i n t h B f o i l s and c l e a r l y i l l u s t r a t e s the advantage o f 

u s i n g a m a t e r i a l w i t h as low a Z as p o s s i b l e ; i n f a c t Bateman (13) 

has proposed the i d e a o f a d e u t e r i u m foam s t a c k , which c r e a t e s 

even more s i g n a l t h a n t h e e q u i v a l e n t b e r y l l i u m s t a c k . The m e l i n e x 

s t a c k i s j u s t b e t t e r t h a n t h e aluminium one because o f i t s s l i g h t l y 

s m a l l e r a b s o r p t i o n c o e f f i c i e n t over al u m i n i u m . 

Another i m p o r t a n t p o i n t t o emerge from t h e s e two f i g u r e s 

i s t h a t f o r s m a l l H t h B m a j o r i t y o f t h e XTR s i g n a l i s c o n t a i n e d 

i n s o f t X-rays ( f o r s t a c k s o f 1000 f o i l s and l e s s ) w h i l e the 

s i t u a t i o n i s r e v e r s e d ' a t h i g h e r gamma. I n a d d i t i o n t h e s o f t X-ray 

component s a t u r a t e s a t about 1000 f o i l s , so t h e r e i s no g a i n i n t h e 

s o f t X-ray component o f the s i g n a l from low y p a r t i c l e s by u s i n g 

l a r g e r XTR s t a c k s , a p o i n t which i s i m p o r t a n t f o r both t h e XTR 

d e t e c t i o n e x p e r i m e n t s t o be d e s c r i b e d . 

The r e g i o n beyond 1000 f o i l s i n f i g u r e s 3,6 <Dnd 3.7 

i s r e a l l y o n l y o f academic i n t e r e s t as such s t a c k s r e p r e s e n t a 

huge p r a c t i c a l u n d e r t a k i n g and, i n f a c t , the maximum known s i z e o f 

r a d i a t o r t h a t has been used t o d a t e i s one w i t h 1000 f o i l s ( 1 5 ) . 

However the c u r v e s do show t h a t t h e r e would be an enormous s i g n a l 

i n t h e hard X-ray component. 
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3.0 XTR o u t p u t from n o n - p e r i o d i c s t a c k 

The presence o f a s t r i c t l y p e r i o d i c medium i s not the 

s i n g l e c o n d i t i o n f o r p r o d u c t i o n o f t r a n s i t i o n r a d i a t i o n ; any 

medium, such as p o l y s t y r e n e or p o l y u r e t h a n e foam, p r o v i d i n g a 

m u l t i t u d e o f a i r - m a t e r i a l i n t e r f a c e s , w i l l s u f f i c e . However the 

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

o f t h e random d i s t r i b u t i o n o f the i n h o m o g e n e i t i o s and v a r i a t i o n 

i n pore and w a l l s i z e s . A c c o r d i n g t o G a r i b i a n ( 6 ) , t h e XTR 

i n t e n s i t y i s almost independent o f the angle a t which a p a r t i c l e 

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

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

f i r s t o r d e r . 

I n p a r t o f t h e t r a n s i t i o n r a d i a t i o n e x p e r i m e n t t o be 

d e s c r i b e d i n Chapter 6 t h e r a d i a t o r was a b l o c k o f p o l y u r e t h a n e 

foam and f o r the purposes o f c a l c u l a t i n g the expected o u t p u t i t s 

average pore and w a l l t h i c k n e s s were measured w i t h a t r a v e l l i n g 

microscope and the o u t p u t was then assumed t o be h a l f t h a t of a 

r e g u l a r p l a s t i c s t a c k w i t h an a p p r o p r i a t e number o f f a i l s e q u a l 

i n t h i c k n e s s t o t h e foam w a l l t h i c k n e s s . T h i s i s an a p p r o x i m a t i o n 

which i s shown e x p e r i m e n t a l l y i n Chapter 5 t o be r e a s o n a b l y v a l i d . 

3.9 C o n c l u s i o n 

The main p o i n t o f t h i s c h a p t e r has been t o o u t l i n e the 

i m p o r t a n t aspects and c h a r a c t e r i s t i c s of t r a n s i t i o n r a d i a t i o n so 

t h a t an a p p r e c i a t i o n can.be made o f the d e t e c t i o n t e c h n i q u e s , t o be 

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

i n v e s t i g a t i o n and by o t h e r w o r k e r s . 

From t h e o r i g i n a l t r a n s i t i o n r a d i a t i o n t h e o r y developed 

by G a r i b i a n t h e photon number spectrum c r e a t e d by a charged p a r t i c l e 

t r a v e r s i n g a vacuum-medium i n t e r f a c e has been c a l c u l a t e d , from which 

http://can.be
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the photon spectrum from a s t a c k o f f o i l s has been d e r i v e d . The 

r a d i a t i o n i n t h e f o r w a r d d i r e c t i o n has been shown t o c o n s i s t 

m a i n l y o f X-rays which are v e r y h i g h l y c o l l i m a t e d w i t h r e s p e c t t o 

t h e p a r t i c l e ' s d i r e c t i o n , t h B i r p r o d u c t i o n depending upon the f o i l 

t h i c k n e s s b e i n g a t l e a s t as t h i c k as t h e ' f o r m a t i o n zone' o f the 

p a r t i c u l a r medium. A n a l y s i s - h a s c o n c e n t r a t e d on t h r e e main 

r a d i a t o r m a t e r i a l s : m e l i n e x and aluminium because of t h e i r 

p r e v i o u s use i n t h i s f i e l d , and b e r y l l i u m because o f i t s p o s s i b l e 

use i n the f u t u r e . 

The most i m p o r t a n t p o i n t t o emerge, as f a r as t h e work 

t o be d e s c r i b e d i s concerned, i s t h a t the XTR spectrum from low % 

p a r t i c l e s peaks a t s o f t X-ray f r e q u e n c i e s . 
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CHAPTER 4 

PULSE SHAPE DISCRIMINATION WITH fflULTI-UJIRE PROPORTIONAL CHAMBERS 

4.1 I n t r a d u c t i o n 

The XTR s p e c t r a d e r i v e d i n t h e l a s t c h a p t e r show c l e a r l y 

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

i s c o n t a i n e d i n s o f t X - rays. I n o r d e r t o make use o f t h e XTR 

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

s e p a r a t i o n , i t o b v i o u s l y has t o be d e t e c t e d and analysed i n some 

manner, but because the XTR s i g n a l i s h i g h l y c o l l i m a t e d w i t h r e s p e c t 

t o the i n c i d e n t charged p a r t i c l e i t s d e t e c t i o n r e l i e s upon one o f 

two a l t e r n a t i v e s : 

a) The t r a n s i t i o n r a d i a t i o n d e t e c t o r must be p l a c e d a c o n s i d e r a b l e 

d i s t a n c e away from t h e s t a c k i n o r d e r t h a t the i n c i d e n t p a r t i c l e can 

be d e f l e c t e d from i t s o r i g i n a l d i r e c t i o n by a magnetic f i e l d and 

hence l e a v e no i o n i z a t i o n o f i t s own i n the d e t e c t o r . T h i s procedure 

i s q u i t e adequate f o r r e l a t i v e l y low energy p a r t i c l e s b u t becomes 

more and more d i f f i c u l t as t h e magnetic r i g i d i t y o f the p a r t i c l e 

i n c r e a s e s . 

b) The second method i s t o d e t e c t b o t h t h e XTR and p a r t i c l e 

i o n i z a t i o n t o g e t h e r and, i f p o s s i b l e , t o s e p a r a t e them. This 

n e c e s s i t a t e s t h e use o f a d e t e c t o r i n which t h e magnitude of the 

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

t h e expected d e t e c t e d XTR s i g n a l * 

The method adopted i n t h i s work i s t h a t o f ( b ) , u s i n g a 

Mill PC and a new p u l s e shape d i s c r i m i n a t i o n t e c h n i q u e . Before 

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

used h i t h e r t o w i l l be c a r r i e d o ut so t h a t a s u i t a b l e comparison can 

be made between them and t h e t e c h n i q u e i n t h i s work. 
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4.2 P r e v i o u s Methods o f d e t e c t i n g X-ray T r a n s i t i o n R a d i a t i o n 

4.2.1 method ( a ) 

The t y p e of d e t e c t o r u s u a l l y employed i n t h i s method i s 

a s m a l l area s o l i d - s t a t e one, e i t h e r a C e ( L i ) or S i ( L i ) d e t e c t o r 

or a Na I c r y s t a l . I f we t a k e , f o r example, the s i l i c o n d e t e c t o r , 
_3 

w i t h a d e n s i t y o f 2.35 gm cm , then a minimum i o n i z i n g p a r t i c l e 

would l o s e about 1 MeV i n a 1 mm t h i c k c r y s t a l , which would 

c o m p l e t e l y swamp the 10 keV or so energy c o n t e n t o f the XTR s i g n a l , 

so i t i s v i t a l t o p r e v e n t any p a r t i c l e i o n i z a t i o n l o s s i n t h e 

d e t e c t o r . Thus the charged p a r t i c l e s are d e t e c t e d by two 

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

from th e d e t e c t o r i n t o a t h i r d s c i n t i l l a t o r o f t h e beam d e f i n i n g -

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

d i r e c t i o n so t h a t t h e t r a n s i t i o n r a d i a t i o n i s d i r e c t e d towards i t . 

A t y p i c a l arrangement i s shown i n f i g u r e 4.1. 

Because the d e t e c t o r has to be placed s e v e r a l metres away 

from the s t a c k t h e space between i t s e l f and t h e s t a c k must be taken 

by a vacuum tube ( o r , f a i l i n g t h i s , a h e l i u m bag) t o c o u n t e r l o s s 

of X-rays by a b s o r p t i o n which would take place i f t h e r e was j u s t 

an a i r - g a p . The c r y s t a l has a v e r y h i g h X-ray a b s o r p t i o n c o e f f i c i e n t 

up t o 100 keV so very l i t t l e o f t h e XTR spectrum i s l o s t . 

A p a r t from t h e drawback o f h a v i n g t o use a magnetic f i e l d 

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

method o f l i t t l e use i n u s i n g t r a n s i t i o n r a d i a t i o n as an e x p e r i m e n t a l 

t e c h n i q u e . However, i t does p r o v i d e a r e l a t i v e l y easy means o f 

t e s t i n g the v a l i d i t y o f t r a n s i t i o n r a d i a t i o n t h e o r y , e.g. i n ( 1 ) 

i t i s shown t h a t the e x p e r i m e n t a l v a r i a t i o n o f t h e a n g u l a r d i s t r i b u t i o n 

and t o t a l r a d i a t e d energy w i t h gamma, i s i n c l o s e agreement w i t h 

t h a t p r e d i c t e d by the t h e o r y o f G a r i b i a n o u t l i n e d i n t h e p r e c e d i n g 

c h a p t e r . 
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4.2.2 method (b ) 

To ensure the magnitude o f the p a r t i c l e i o n i z a t i o n i s 

o f the o r d e r o f t h e XTR s i g n a l r e s t r i c t s one almost e x c l u s i v e l y 

to t h e use o f gaseous d e t e c t o r s . The o n l y tmo which have had any 

success i n t h i s f i e l d a r e the streamer chamber and HHIJPC. 

The streamer chamber a p p l i c a t i o n has been i n v e s t i g a t e d 

by a Russian group (2,3) u s i n g a chamber f i l l e d w i t h a s t a n d a r d 

neon-helium m i x t u r e t o which had been added 10$ xenon t o i n c r e a s e 

the X-ray a b s o r p t i o n c o e f f i c i e n t . 

I n t h e i r f i r s t e x p e riment ( 2 ) t h r e e s c i n t i l l a t o r s 

c o n s t i t u t e d the beam t e l e s c o p e , i n between which were t h e XTR 

s t a c k and streamer chamber. For most o f t h e measurements the s t a c k 

c o n s i s t e d of 500 o r 1000 p o l y e t h y l e n e f i l m s . Each t r i g g e r 

corresponded t o p a r t i c l e s t r a v e r s i n g , c o n s e c u t i v e l y , t h e s t a c k and 

chamber, and photographs o f t y p i c a l events showed t h e t r a c k s o f t h e 

p r i m a r y p a r t i c l e p l u s one or more s h o r t range t r a c k s almost 

p e r p e n d i c u l a r t o , and o r i g i n a t i n g f r o m , the main one. A l t h o u g h 

some were i n e v i t a b l y caused by knock-on e l e c t r o n s (delta*"rays), 

measurements w i t h background r a d i a t o r s proved t h e m a j o r i t y wore due 

t o p h o t o e l e c t r o n s c r e a t e d by t h e a b s o r p t i o n o f X-rays. 

I n a more r e c e n t e x p e r i m e n t ( 3 ) the same group have 

i n c o r p o r a t e d method (a ) i n t o t h e i r t e c h n i q u e and d e f l e c t e d t h e 

p r i m a r y p a r t i c l e beam away from i t s o r i g i n a l d i r e c t i o n such t h a t 

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

number o f them c r e a t e d by e l e c t r o n s o f d i f f e r e n t e n e r g i e s t h e y were 

ab l e t o c o n f i r m t h e f a c t t h a t the XTR energy c o n t e n t i n c r e a s e s 

l i n e a r l y w i t h t h e gamma of th e p a r t i c l e . From the same r e s u l t s 

they were a l s o a b l e t o p r e d i c t t h a t p i o n s and p r o t o n s a t e n e r g i e s 

above 1000 GeU c o u l d be s e p a r a t e d w i t h 66% e f f i c i e n c y . 
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Tho most commonly used d e t e c t o r t o d a t e , however, i s 

the HWJPC. A t y p i c a l argon f i l l e d chamber r e p r e s e n t s a t h i c k n e s s 
-2 

of about 2 mgm cm so the p a r t i c l e i o n i z a t i o n l o s s i s o n l y about 

4 ke\/, which i s l e s s t h a n the energy c o n t e n t o f t h e XTR expected from 

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

Two independent e x p e r i m e n t s , one by Yuan o t a l . ( 4 ) i n 

1970 and t h e o t h e r by H a r r i s e t a i , ( 5 ) i n 1971, u s i n g v e r y 

s i m i l a r arrangements, proved the f e a s i b i l i t y o f u s i n g t h i s d e t e c t o r 

f o r XTR d e t e c t i o n . B a s i c a l l y they used a c h a m b e r - r a d i a t o r sandwich 

c o n f i g u r a t i o n as shown i n f i g u r e 4.2, i n which t h e number o f 

sandwich elements c o u l d be v a r i e d ; t h e charged p a r t i c l e was d e t e c t e d 

by s c i n t i l l a t o r t e l e s c o p e s a t the f r o n t and back o f t h e a r r a y and 

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

a l l chambers b e i n g added. Thus the r e s u l t i n g p u l s e h e i g h t was 

p r o p o r t i o n a l t o t h e i o n i z a t i o n d e p o s i t e d i n a l l t h e chambers. 

The spectrum o f p u l s e h e i g h t s o b t a i n e d from the chambers 

f o r a monoenergetic beam o f p a r t i c l e s w i t h o u t the r a d i a t o r s i n 

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

i o n i z a t i o n l o s s , as i n f i g u r e 4.3. The d o t t e d l i n e i n t h i s f i g u r e 

i s the p u l s e h e i g h t d i s t r i b u t i o n f o r t h e same monoenergetic 

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

t o the same number o f events as t h e f i r s t c u r v e ) and i t can be seen 

t h a t t h e r e are f a r more eve n t s o f h i g h e r energy l o s s w i t h t h e 

r a d i a t o r s i n p o s i t i o n than w i t h o u t . T h i s i s a t t r i b u t e d t o 

i o n i z a t i o n c r e a t e d by XTR. 
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4.3 Technique developed f o r t h i s work 

4.3.1 I n t r o d u c t i o n 

A n o v e l p u l s e shape d i s c r i m i n a t i o n process has been 

developed t o f a c i l i t a t e s e p a r a t i o n of the p a r t i c l e s i g n a l from t h e 

XTR s i g n a l , and i s based on t h e d i f f e r e n c e i n t h e s p a t i a l d i s t r i b u t i o n 

o f t h e i o n i z a t i o n d e p o s i t e d by t h e two i o n i z i n g r a d i a t i o n s . Th8 

b a s i s o f the t e c h n i q u e and the manner i n uihich i t i s p u t i n t o 

p r a c t i c e m i l l be d e s c r i b e d now, w h i l e the main S B t o f r e s u l t s o b t a i n e d 

by i t w i l l be l e f t f o r t h e n e x t chapters. 

4.3.2 P h y s i c a l B a s i 3 

I t was s t a t e d i n jpi.2.2 t h a t a minimum i o n i z i n g p a r t i c l e , 

t r a v e r s i n g n o r m a l l y a t y p i c a l ffllUPC, l o s e s about 4 kaV i n the chamber. 

For normal h i g h v o l t a g e s and w i r e s p a c i n g the d r i f t v e l o c i t y o f e l e c t r o n s 

i n IflUJPC's i s about 4 cm./ /Jsec (Chapter 1) so t h e e l e c t r o n s , 

c o n s t i t u t i n g h a l f the i o n p a i r s formed by the passage o f t h e 

p a r t i c l e , w i l l be c o l l e c t e d w i t h i n a t i m e o f about 250 nsec. The 

a r r i v a l o f each e l e c t r o n a t the sense w i r e r e s u l t s i n an avalanche 

toward t h e w i r e and the charge so c r e a t e d , when the w i r e i s connected 

t o an i n t e g r a t i n g a m p l i f i e r o f i n p u t impedance R̂  , b u i l d s up on 

t h e c a p a c i t a n c e o f t h e w i r e t o ground, C^, and decays w i t h t h e 

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

microsecond or so. The p u l s e h e i g h t i s p r o p o r t i o n a l t o t h e q u a n t i t y 

o f charge c o l l e c t e d . 

I f , however, the sense w i r e i s connected t o a c u r r e n t 

a m p l i f i e r w i t h a v e r y low i n p u t impedance, such t h a t R^1^ <C 250 nsec, 

no i n t e g r a t i o n o f t h e charge w i l l occur and t h e o u t p u t o f the 

a m p l i f i e r w i l l r e p r e s e n t t h e c u r r e n t from t h e chamber w i t h r e s p e c t 

to t i m e . The net r e s u l t i s t h a t t h e b a s i c h i g h impact parameter 

i o n i z a t i o n produced by t h e charged p a r t i c l e g i v e s a low l e v e l , 
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a p p r o x i m a t e l y c o n s t a n t , c u r r e n t d i s t r i b u t i o n t h r o u g h o u t t h e 
c o l l e c t i o n p e r i o d , which i s i d e a l l y r e p r e s e n t e d by F i g u r e 4 . 4 ( a ) . 
Now: 

i = dq 
d t 

i d t = dq . d t = q 
d t 

Thus the area under the cu r v e i s p r o p o r t i o n a l t o the q u a n t i t y o f 

charge c o l l e c t e d . 

An X-ray on t h e o t h e r hand, i f c o m p l e t e l y absorbed by t h e 

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

s o f t X-rays, has a very s h o r t range compared t o t h e w i d t h o f the 

chamber. F i g u r e 4.5 shows e l e c t r o n ranges i n t h r e e p r o p o r t i o n a l 

chamber gases, argon, k r y p t o n and xenon. These have been o b t a i n e d 

from the data o f r e f e r e n c e s 6,7,8,9,10 o f ranges i n a i r , which are 

co n v e r t e d t o ranges i n the above t h r e e gases by m u l t i p l y i n g by t h e 

r a t i o o f the d e n s i t y o f a i r t o t h a t o f the gas i n q u e s t i o n . 

The d i s t i n c t i o n s h o u l d be made here of the d i f f e r e n c e 

between range and path l e n g t h . The path l e n g t h i s t h e t o t a l d i s t a n c e 

t r a v e l l e d by the e l e c t r o n , as i t i s s c a t t e r e d by the gas m o l e c u l e s , 

i n coming t o r e s t , whereas the range, p u r e l y an e x p e r i m e n t a l c o n c e p t , 

can be taken as the t h i c k n e s s o f an absorber which the p a r t i c l e can 

p e n e t r a t e , though s e v e r a l d e f i n i t i o n s do e x i s t . T h e r e f o r e , because 

o f the i t i n e r a n t p a t h o f the e l e c t r o n , the range i s always l e s s than 

p a t h l e n g t h . 

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

l o c a l i s e d bunch o f i o n i z a t i o n because o f i t s s h o r t range and t h i s 

d r i f t s towards t h e sense w i r e w h i c h , i n c u r r e n b mode, produces 

an e x t r e m e l y l a r g e c u r r e n t f o r the s h o r t time taken t o c o l l e c t 

a l l the charge. I n comparison w i t h the p a r t i c l e p u l s e t h e 
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i d a a l shape o f a low energy X-ray p u l s e d e p o s i t i n g a charge 'q' 

eq u a l i n magnitude t o t h a t d e p o s i t e d by the p a r t i c l e would be as 

i n F i g u r e 4 . 4 ( b ) . 

Thus the net r e s u l t i s t h a t an X-ray c u r r e n t pulse i s 

f a r g r e a t e r i n magnitude than the e q u i v a l e n t p a r t i c l e p u l s e because 

i t has a s i m i l a r area b u t i s an o r d e r o f magnitude narrower i n t i m e . 

The i d e a o f the new t e c h n i q u e i s t h e r e f o r e t o s e t a t h r e s h o l d on 

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

y e t a l l o w t h r o u g h a l l t h e X-ray p u l s e . 

4.3.3 P r e l i m i n a r y i n v e s t i g a t i o n 

To i n v e s t i g a t e the e f f i c i e n c y o f the above t e c h n i q u e a few 

s i m p l e t e s t s were c a r r i e d out w i t h the f o l l o w i n g a p p a r a t u s . 

A [flUJPC, e x a c t l y i d e n t i c a l i n c o n s t r u c t i o n t o t h a t o f 

chambers A and C i n Chapter 2, was set-up w i t h a s c i n t i l l a t o r 

t e l e s c o p e beneath i t and a r a d i o a c t i v e source h o l d e r above. The 

f o u r m iddle sense w i r e s o f the chamber were connected t o a c u r r e n t 

a m p l i f i e r whose o u t p u t was m o n i t o r e d by an o s c i l l o s c o p e : the r e s t 

o f the senso w i r e s were e a r t h e d . The o s c i l l o s c o p e c o u l d be t r i g g e r e d 

d i r e c t l y . o r e x t e r n a l l y from t h e t e l e s c o p e , as shown i n F i g u r e 4.6. 

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

The c u r r e n t a m p l i f i e r c i r c u i t i s shown i n F i g u r e 4.7 and 

had an i n p u t impedance o f l e s s than 10 S~L and a g a i n g i v e n by 

, where and are g i v e n i n the c i r c u i t d iagram, i . e . about 

50 i n t h i s i n s t a n c e . The chamber was f l u s h e d w i t h a m i x t u r e o f 

argon and i s o b u t a n e (70/30 by volume) and o p e r a t e d a t 4.2 kU. 

With an RCL b r i d g e the c a p a c i t a n c e o f the sense w i r e s t o 

ground was measured to be about 20 pF which, coupled w i t h the i n p u t 

impedance o f t h e a m p l i f i e r , gave an RC time o f 0.2 nsec, which w e l l 

s a t i s f i e s t h e c o n d i t i o n l a i d down i n the l a s t s e c t i o n . 
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F i g u r o 4.8(a) shows a CRT t r a c e o f f i v e c o n s e c u t i v e 

p u l s e s from en o s c i l l o s c i p e t r i g g e r e d d i r e c t l y from the c u r r e n t 
55 

a m p l i f i e r when an Fe source (X-ray energy = 5.9 keV) was p l a c e d 

above the chamber. As expected t h i s p u l s e i s q u i t e l a r g o and 

narrow. By f e e d i n g the c u r r e n t a m p l i f i e r w i t h a two or t h r e e 

nanosecond wide p u l s e from a f a s t p u l s e g e n e r a t o r i t was found t h a t 

the o u t p u t w i d t h was l i m i t e d by the bandwidth of the a m p l i f i e r t o 

about 7 nsec. FUJHM and the w i d t h o f X-ray p u l s e s o f energy 15 keV 

or l e s s i s l i m i t e d p u r e l y by t h i s f a c t o r . Higher energy X-rays 

c r e a t e w i d e r p u l s e s and t h i s i s presumably due t o the c o r r e s p o n d i n g 

i n c r e a s e i n p h o t o e l e c t r o n range as the X-ray energy i n c r e a s e s , 

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

time o f the i o n i z a t i o n . 
55 

To d e t e r m i n e the n a t u r e o f t h e p a r t i c l e p u l s e s t h e Fe 
90 , 

source was r e p l a c e d w i t h a Sr beta source (maximum bet a energy, 

from y t t r i u m daughter n u c l e u s , = 2.26 IlleU). T h i s t i m e t h e o s c i l l o 

scope was e x t e r n a l l y t r i g g e r e d from t h e s c i n t i l l a t o r t e l e s c o p e t o 

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

s t o p i n s i d e t h e chamber. A c c o r d i n g t o Evans (11) the r e l a t i o n 

between e l e c t r o n range and energy i s g i v e n t o w i t h i n 5fa, from 0.5 MeU 

to 3 Itlev, by the l i n e a r r e l a t i o n s h i p : 

R Q(gm cm" 2) = 0.52 E(ffleV> - 0.09 4.1 

A c c o r d i n g l y a 1.1 mm t h i c k sheet o f aluminium was i n t e r p o s e d between 

the chamber and t e l e s c o p e which, a c c o r d i n g t o e q u a t i o n 4.1, r e s t r i c t e d 

e l e c t r o n s t r i g g e r i n g the o s c i l l o s c o p e t o ones w i t h p = 0.74, i . e . 

about minimum i o n i z i n g . For the p a r t i c u l a r chamber used here such 
-1 -2 

p a r t i c l e s , l o s i n g energy a t about 2 HfleU gm cm , w i l l d e p o s i t 

4.5 keU i n t h e chamber, which i s v e r y s i m i l a r t o the energy o f an 
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Fe X-ray. F i g u r e 4.8(b) shows f i v e c o n s e c u t i v e t r a c e s o b t a i n e d 

i n the manner d e s c r i b e d above; the d u r a t i o n o f t h e p u l s e s , about 

160 nsec, agrees w e l l w i t h a d r i f t v e l o c i t y of 4 cm/ jusec over the 

0.63 cm s p a c i n g between the sense w i r e s and HT p l a n e . I t can be 

seen t h a t t h e r e i s a low l e v e l c u r r e n t d i s t r i b u t i o n t h r o u g h o u t the 

c o l l e c t i o n p e r i o d but p e r t u r b a t i o n s upon the i d e a l case d e s c r i b e d 

i n J>*4.3.2 are l a r g e energy t r a n s f e r s from p a r t i c l e s g i v i n g d e l t a -

r a ys w i t h s h o r t ranges ( « 1 mm or so) and these c r e a t e the s e r i e s 

o f c u r r e n t s p i k e s observed i n the same photograph. 

Thus, by s e t t i n g a s u i t a b l e t h r e s h o l d l e v e l on the o u t p u t 

o f t h e a m p l i f i e r , i t s h o u l d be p o s s i b l e to l e t through a l l the 

X-ray p u l s e s above a c e r t a i n energy and e l i m i n a t e the m a j o r i t y o f 

charged p a r t i c l e p u l s e s . The main problem o f the t e c h n i q u e i s t h a t 

o c c a s i o n a l l y a d e l t a r a y from a charged p a r t i c l e w i l l have s u f f i c i e n t 

energy t o exceed t h e t h r e s h o l d and w i l l mimic an X-ray - t h i s b e i n g 

r e f e r r e d t o as a ' b r e a k t h r o u g h ' . 

4.3.4 E l e c t r o n i c P r o c e s s i n g 

F i g u r e 4.9 shows the e l e c t r o n i c system t o be used t o 

implement the above i d e a s when XTR i s being d e t e c t e d w i t h a Ulli/PC. 

The charged p a r t i c l e s are d e t e c t e d by the s c i n t i l l a t o r s 

and pass t h r o u g h t h e s t a c k and chamber. The c u r r e n t a m p l i f i e r 

o u t p u t from t h e chamber i s fanned o u t t o a d i s c r i m i n a t o r and ( v i a 

a s u i t a b l e d e l a y ) t o an i n t e g r a t i n g f a s t l i n e a r g a t e . I f t h e 

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

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

w i d t h o f the X-ray p u l s e . The o u t p u t from t h e l i n e a r gate i s then 

i n t e g r a t e d and f e d i n t o a PHA. The l a t t e r t h us r e g i s t e r s a spectrum 

which i s p r o p o r t i o n a l t o the area under the c u r r e n t s p i k e s , i . e . 

p r o p o r t i o n a l t o t h e X-ray e n e r g i e s . To ensure c o r r e l a t i o n w i t h t h e 
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passage o f a p a r t i c l e the PHA i s s t r o b e d by t h e s c i n t i l l a t o r 

t e l e s c o p e s . C a l i b r a t i o n o f the PHA range i n terms o f X-ray energy 

i s a c h i e v e d U3ing a few s t a n d a r d X-ray source l i n e s . 

4.4 V a r i a t i o n o f X-ray Pulse H e i g h t w i t h Energy 

I t has been shouin t h a t t h e w i d t h o f the X-ray p u l s e up t o 

about 15 keV i s l i m i t e d by the a m p l i f i e r bandwidth and remains 

c o n s t a n t so t h a t up t o t h i s energy the h e i g h t o f the c u r r e n t pulsB 

i s d i r e c t l y p r o p o r t i o n a l t o the X-ray energy. 

Above 15 keV t h e range o f t h e p h o t o e l e c t r o n s t a r t s becoming 

s i g n i f i c a n t compared t o t h e w i d t h o f t h e chamber ( % 2 mm) and the 

pu l s e widens, w i t h the r e s u l t t h a t h e i g h t i s no l o n g e r p r o p o r t i o n a l 

t o energy. The v a r i a t i o n o f X-ray p u l s e h e i g h t w i t h energy was 

o b t a i n e d w i t h t h e set - u p i n f i g u r e 4.6, t h e mean X-ray p u l s e h e i g h t 

b e i n g observed on t h e o s c i l l o s c o p e , and t h i s v a r i a t i o n i s shown i n 

f i g u r e 4.10. The X-ray3 were o b t a i n e d from a s t a n d a r d Radiochemical 

source which produced f l u o r e s c e n t X-rays from s m a l l samples o f Cu, 

Rb, IKlo, Ag, Ba and Tb by bombarding them w i t h 60 keV X-rays from an 
241 

Am s o u r c e , t h e X-rays so produced v a r y i n g i n energy from 8 keV t o 

44 keV. The c u r t a i l m e n t of the p r o p o r t i o n a l i t y o f p u l s e h e i g h t w i t h 

X-ray energy does not a f f e c t a n a l y s i s i n the PHA p r o v i d e d the g a t i n g 

p u l s e a p p l i e d t o t h e l i n e a r gate i s wide enough t o a l l o w i n t e g r a t i o n 

o f t h e X-ray p u l s e over i t s complete w i d t h . 

4.5 F a c t o r s l e a d i n g t o i n c o r r e c t X-ray a n a l y s i s 

I d e a l l y each channel o f the PHA corresponds t o a unique 

X-ray energy. I n p r a c t i c e t h i s i s never so because o f the v a r i a t i o n 

i n p u l s e h e i g h t s from X-rays o f t h e same energy, due t o t h e s t a t i s t i c a l 

n a t u r e o f the avalanche i n the chamber, and i r r e g u l a r i t i e s i n the 
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chamber c o n s t r u c t i o n and m i r e d i a m e t e r s . Again u s i n g the s e t - u p i n 

f i g u r e 4.6 t h e o u t p u t o f t h e a m p l i f i e r mas fed i n t o an i n t e g r a t i n g 

a m p l i f i e r and then t o a PHA; the energy r e s o l u t i o n of the system f o r 

the F e 5 5 6 keU X-ray peak was about 25% (F.tl/Hffl). Very s m a l l 

i r r e g u l a r i t i e s i n t h e p r o p o r t i o n a l chamber w i r e s p a c i n g ( l e a d i n g to 

s l i g h t changes i n gas g a i n ) would perhaps account f o r t h i s being 

worse than t h e e q u i v a l e n t energy r e s o l u t i o n o f a 3 i n g l e w i r e 

p r o p o r t i o n a l c o u n t e r f i l l e d w i t h t h e same gas ( Rs 1 7 — > 2 Q $ ) . 

There i s a c e r t a i n p r o b a b i l i t y t h a t a p h o t o e l e c t r o n , 

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

both i n s i d e and o u t s i d e t h e a c t i v e volume o f the chamber. I f t h i s 

i s so t h e n a l l o f i t s e n e r g y . w i l l not be c o l l e c t e d by t h e chamber 

sense w i r e s w i t h t h e r e s u l t t h a t a reduced p u l s e h e i g h t w i l l be 

r e g i s t e r e d . For chambers which a r e one or two c e n t i m e t r e s wide t h i s 

i s s i g n i f i c a n t o n l y when t h e p h o t o e l e c t r o n range exceeds a c o u p l e 

of m i l l i m e t r e s or so, which i s e q u i v a l e n t t o an energy o f about 

15 keV or g r e a t e r . As w i l l be seen l a t e r one need o n l y c o n s i d e r 

X-rays up t o 20 keU when u s i n g a r g o n - f i l l e d chambers because the 

a b s o r p t i o n c o e f f i c i e n t i s so low above t h i s energy and these have 

a range o f 4 mm i n argon so t h e r e may be a s m a l l , though not t o o 

s e r i o u s , e r r o r i n energy a n a l y s i s i n t h i s l a s t 5 keV r a n g e . 

A f u r t h e r phenomenon which c o u l d c o n t r i b u t e the same t y p e 

o f e r r o r i s the onset o f ComptDn s c a t t e r i n g , competing w i t h the 

p h o t o e l e c t r i c e f f e c t , f o r p h o t o e l e c t r o n a b s o r p t i o n . I n argon the 

two processes are equal i n c r o s s - s e c t i o n a t around 60 keV, w i t h the 

p h o t o e l e c t r i c e f f e c t d o m i n a t i n g below t h i s energy .so t h i s phenomenon 

can be c o n s i d e r e d n e g l i g i b l e below 20 keV. 

Uihen X-rays are b e i n g d e t e c t e d i n t h e presence o f a p a r t i c l e 

t h e r e i s a f u r t h e r e r r o r which a r i s e s i n a n a l y s i s . Because o f the 

c o n s t a n t low l e v e l d i s t r i b u t i o n o f i o n i z a t i o n produced by the 

p a r t i c l e t h e X-ray p u l s e w i l l n o t i n f a c t s t a r t from the b a s e l i n e 
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( z e r o e n e r g y ) . By c o n s i d e r i n g t h e area o f the 6 keV/ X-ray p u l s e 

i n f i g u r e 4.8 then the average h e i g h t o f the p a r t i c l e p u l s e i n t h e 

same f i g u r e over t h e c o l l e c t i o n p e r i o d o f the e l e c t r o n s , about 

160 nsec, i s about 0.5 keW. Thus on average the X-ray w i l l appear 

t o have 0.5 keV g r e a t e r anergy than i t a c t u a l l y has; t h e c o r r e c t 

v a l u e f o r any p a r t i c u l a r X-ray w i l l v a r y , though, as i t depends 

g r e a t l y where t h e X-ray o c c u r s w i t h r e s p e c t t o t h e peaks and t r o u g h s 

o f t h e p a r t i c l e p u l s e i n f i g u r e 4.8. 

4.6 P a r t i c l e ' b r e a k t h r o u g h s ' 

4.6.1 T h e o r e t i c a l e s t i m a t e 

The e f f i c a c y o f the above p u l s e shape d i s c r i m i n a t i o n 

t e c h n i q u e f o r XTR d e t e c t i o n depends upon t h e r e l a t i v e magnitudes o f 

X-rays and d e l t a - r a y s above t h e energy o f t h e t h r e s h o l d s e t t i n g . 

From t h e s p e c t r a g e n e r a t e d i n the p r e v i o u s c h a p t e r we 

know the number o f X-rays a t p a r t i c u l a r e n e r g i e s expected from a 

p a r t i c l e o f known gamma t r a v e r s i n g a s t a c k o f f o i l s . 

A rough e s t i m a t e o f t h e i n t e g r a l d e l t a - r a y spectrum from 

a p a r t i c l e p a s s i n g t h r o u g h a chamber can be o b t a i n e d from t h e 

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

p a r t i c l e t r a n s f e r r i n g an energy between E and E «• dE t o an e l e c t r o n 

i n a t h i c k n e s s dx o f a medium: 

-> 
E dE dx = 0-3 m e c 2 z 2 Z dE dx 4.2 

J £ 2 A E2 

where z = p a r t i c l e charge 

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

Z, A = atomic number, atomic w e i g h t o f medium 

and dx i s expressed i n gm. cm ^ 
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The number o f d e l t a - r a y s above a c e r t a i n energy ( t h e b r e a k t h r o u g h 

r a t e ) i s t h u s , n a t u r a l l y , dependent upon thB t h i c k n e s s of the 

medium, i . B . w i d t h of chamber. For t h e chamber i n f i g u r e 4.6 
-2 

dx = 2.5 gm cm ; s u b s t i t u t i n g t h i s i n t o e q u a t i o n 4.2 and 

i n t e g r a t i n g over E a t v a r i o u s v a l u e s o f E g i v e s the curve shown i n 

f i g u r e 4.1:1. T h i s i s an i n t e g r a l spectrum so, f o r example, a t a 

t h r e s h o l d s e t t i n g o f 5 keV one would expect a b r e a k t h r o u g h r a t e o f 

3.5%, which decreases a c c o r d i n g l y as the t h r e s h o l d l e v e l i s i n c r e a s e d . 

Obviously t h e s i g n a l (X-ray p u l s e s ) t o no i s e ( b r e a k t h r o u g h s ) 

r a t i o w i l l depend upon t h e gamma o f t h e p a r t i c l e . When 0.035 photons 

are absorbed per p a r t i c l e the two are equal and from t h e p r e d i c t i o n s 

o f Chapter 3 t h i s X-ray f l u x i s v e r y e a s i l y a t t a i n a b l e w i t h a 

p a r t i c l e o f = 1000. 
i 

4.6.2 C a l i b r a t i o n of D i s c r i m i n a t o r and Pulse H e i g h t A n a l y s e r 

T h i s was achieved w i t h t h e chamber i n f i g u r e 4.6 a t t a c h e d 

to the e l e c t r o n i c c i r c u i t r y o f f i g u r e 4.9. D i s c r i m i n a t o r A o f t h e 

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

o u t p u t of the a m p l i f i e r . 

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

was made i n t h e f o l l o w i n g manner. Pulses from a f a s t p u l s e 

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

t o each t h r e s h o l d s e t t i n g . The p a r t i c u l a r d i s c r i m i n a t o r used i n 
t h i s e x p e r i m e n t had the c a l i b r a t i o n curve shown i n f i g u r s 4.12. A 

55 

spectrum from Fe X-rays was then o b t a i n e d from t h e chamber i n the 

PHA,during the a n a l y s i s o f which t h e d i s c r i m i n a t o r t h r e s h o l d was 

s e t a t i t s l o w e s t v a l u e and a p u l s e o f 30 nsec w i d t h a p p l i e d t o t h e 

l i n e a r g a t e , which a l l o w e d ample i n t e g r a t i n g t i m e f o r the X-ray p u l s e . 

The a m p l i f i e r was then d i s c o n n e c t e d from the chamber and 

d r i v e n by the p u l s e g e n e r a t o r , t h e i n p u t t o t h e a m p l i f i e r b e i n g 
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a d j u s t e d u n t i l the o u t p u t uias r e g i s t e r e d i n t h e same channel o f t h e 

PHA as the peak o f t h e X-ray spectrum. The p u l s e h e i g h t o f t h i s 

p a r t i c u l a r o u t p u t was noted and marked as shown i n f i g u r e 4.12, 

from which the t h r e s h o l d a x i s c o u l d be redrawn as an energy s c a l e . 

Assuming d e l t a - r a y s behave i n a s i m i l a r manner t o e q u i v a l e n t 

energy X-ray p h o t o e l e c t r o n s t h e n , because o f the c u r t a i l m e n t o f 

p u l s e h e i g h t p r o p o r t i o n a l i t y w i t h energy shown i n f i g u r e 4.1Q, the 

s c a l e from 15 keV upwards w i l l become more n a r r o w l y spaced than t h e 

one a c t u a l l y shown. 

4.6.3 E x p e r i m e n t a l b r e a k t h r o u g h r a t e 
90 

The chamber, t e l e s c o p e , aluminium absorber and Sr 

beta source were s e t up as i n f i g u r e 4.6. Because a b r e a k t h r o u g h 

p u l s e from t h e chamber c o u l d occur anytime d u r i n g the c o l l e c t i o n 

p e r i o d o f t h a e l e c t r o n s (about 16D nsec) the t e l e s c o p e d i s c r i m i n a t o r 

p u l s e was l e n g t h e n e d t o 200 nsec and t h e d e l a y from t h e chamber 

d i s c r i m i n a t o r t o the c o i n c i d e n c e u n i t was such t h a t the p a r t i c l e 

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

had s t a r t e d . 

The b r e a k t h r o u g h r a t e ( s c a l e r ( 1 ) / s c a l e r ( 2 ) ) was then 

d e t e r m i n e d f o r d i s c r i m i n a t o r t h r e s h o l d s from 3 keV t o 22 keV; 3 keV 

was the l o w e s t energy which the d i s c r i m i n a t o r would go down t o . 

The r e s u l t s are shown, t o g e t h e r w i t h the t h e o r e t i c a l b r e a k t h r o u g h 

spectrum, i n f i g u r e 4.11.; the f u l l , l i n e i s the best f i t t h r o u g h 

the e x p e r i m e n t a l p o i n t s . 

A d i s c u s s i o n o f the d i f f e r e n c e between t h s two d i s t r i b u t i o n s 

w i l l be l e f t f o r Chapter 6 when the d e l t a - r a y s p e c t r a from a c c e l e r a t o r 

p a r t i c l e s and cosmic r a y s w i l l a l s o be p r e s e n t e d . However from 

the e x p e r i m e n t a l curve i t seems the b r e a k t h r o u g h con be k e p t below 

5$ a t a threshold o f 5 keV ( t h i s o f course i s dependent upon chamber 
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w i d t h and gas c o m p o s i t i o n ) so ths o b s e r v a t i o n of even a few per c e n t 

of XTR photons s h o u l d be p o s s i b l e a g a i n s t such a s m a l l background, 

a f a c t which w i l l be c o n f i r m e d i n t h e f o l l o w i n g c h a p t e r . 

4.7 C o n c l u s i o n 

The main methods used by workers i n d e t e c t i n g t r a n s i t i o n 

r a d i a t i o n h i t h e r t o have been o u t l i n e d ; i t was shown t h a t i n p r e v i o u s 

t e c h n i q u e s u s i n g ITMJPO's the char.ge c o l l e c t e d by t h e chamber, whether 

from a p a r t i c l e or photon, was i n t e g r a t e d i n the f i r s t i n s t a n c e 

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

the p r e s e n t t e c h n i q u e i n v o l v e s charge c o l l e c t i o n i n the c u r r e n t 

modo, i n which an X-ray p u l s e i s f a r g r e a t e r i n h e i g h t than t h e 

pul s e o f a p a r t i c l e d e p o s i t i n g a s i m i l a r energy t o the X-ray. 

High-energy knock-on e l e c t r o n s from the p a r t i c l e produce 

' b r e a k t h r o u g h s ' i n the d i s c r i m i n a t i o n system but these o n l y f i r e 

the system on a few per c e n t o f t r i g g e r s a t the 5 keU t h r e s h o l d . 

Since t h e XTR s p e c t r a f o r p a r t i c l e s o f = 1000 d e r i v e d i n 

Chapter 3 g e n e r a l l y peak above t h i s energy i t s h o u l d be p o s s i b l e t o 

d e t e c t XTR photons from such p a r t i c l e s in the presence o f the p a r t i c l e ' s 

own i o n i z a t i o n . 
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CHAPTER 5 

DETECTION OF X-RAY TRANSITION RADIATION FROM 1.5 GeU ELECTRONS 

5.1 I n t r o d u c t i o n 

Two s e p a r a t e e x p e r i m e n t s have been conducted t o produce 

XTR and d e t e c t i t w i t h a IKWJPC, employing t h e pu l s e 3hape 

d i s c r i m i n a t i o n t e c h n i q u e d e s c r i b e d i n Chapter 4. The f i r s t u t i l i z e d 

1.5 GRU e l e c t r o n s , produced i n the Nimrod a c c e l e r a t o r a t R u t h e r f o r d 

High Energy L a b o r a t o r y , and a t r a n s i t i o n r a d i a t i o n s t a c k o f 250 

po l y t h e n e s h e e t s , each 40 pm t h i c k . T his experiment a l l o w e d an 

ac c u r a t e d e t e r m i n a t i o n o f the XTR spectrum and a t e s t o f t h e 

e f f i c i e n c y o f the new d i s c r i m i n a t i o n t e c h n i q u e . The second 

experiment was c a r r i e d o u t t o see i f the same t e c h n i q u e c o u l d be 

a p p l i e d t o d e t e c t i n g XTR from cosmic r a y s . 

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

and r e s u l t s o f both e x p e r i m e n t s , b e a r i n g i n mind t h e l i m i t a t i o n s 

o u t l i n e d i n Chapter 4, and compare the r e s u l t s w i t h those e x p e c t e d 

from t h e t h e o r y developed i n Chapter 3. Methods of i m p r o v i n g the 

te c h n i q u e and i t s s u i t a b i l i t y f o r cosmic r a y work w i l l be d i s c u s s e d 

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

The a c c e l e r a t o r experiment c o n s i s t e d o f two p a r t s , one 

i n which d e t e c t i o n was accomplished w i t h a sodium i o d i d e c r y s t a l , 

and the second w i t h a c o n v e n t i o n a l fflUJPC. 

5.2 D e t e c t i o n of X-ray t r a n s i t i o n r a d i a t i o n w i t h a sodium i o d i d e 

c r y s t a l 

5.2.1 E x p e r i m e n t a l arrangement 

The l a y o u t f o r both p a r t s was b a s i c a l l y t h e same, and i s 

shown i n f i g u r e 5.1 w i t h t h e c r y s t a l as d e t e c t o r . 
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P r o t o n s produced i n t h e IMimrod a c c e l e r a t o r vuero d i r e c t e d 

on t o a copper t a r g e t , the r e s u l t i n g p a r t i c l e s b e i n g m a i n l y p i o n s , 

kaons and photons, Most o f the e l e c t r o n component came from the 

m a t e r i a l i s a t i o n o f the l a t t e r . By s u i t a b l e a d j u s t m e n t o f the 

magnets a l o n g t h e beam l i n e t o the TT8 area of the e x p e r i m e n t a l 

h a l l , where t h e t B s t s were c a r r i e d o u t , a beam o f n e g a t i v e p i o n s 

and e l e c t r o n s was o b t a i n e d . 

The p a r t i c l e s t r a v e r s e d two s c i n t i l l a t o r s , and a 

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

r a d i a t i o n s t a c k b e f o r e being d e f l e c t e d by a bending magnet i n t o 

f i n g e r s c i n t i l l a t o r s and S^, one p l a c s d h o r i z o n t a l l y and the 

o t h e r v e r t i c a l l y . 

For the f i r s t t e s t the d e t e c t o r was a 1" d i a m e t e r , 5 mm 
t U a U i u M 

t h i c k - t o l l u r i u - m doped sodium i o d i d e c r y s t a l [ Na I ( T l ) ] which 

was p l a c e d a d j a c e n t t o and such t h a t the axi3. o f t h e p a r t i c l e s 

t h r o u g h t h e s t a c k passed t h r o u g h t h e middle o f the c r y s t a l . The 

r a d i a t o r s t a c k was 250 sheets o f 40 pm p o l y t h e n e w i t h an a i r 

spac i n g between each sheet o f 1 mm. The space between t h e magnet 

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

of X-rays. 

The c r y s t a l was a t t a c h e d t o a p h o t o m u l t i p l i e r ( t y p e 8 5 5 0 ) , 

th e a m p l i f i e d o u t p u t o f which was f e d d i r e c t l y i n t o a PHA. The 

l a t t e r was s t r o b e d by a c o i n c i d e n t p u l s e from t h e f o u r s c i n t i l l a t o r s 

and Cerenkov c o u n t e r t o ensure c o r r e l a t i o n w i t h t h e passage o f a 
V 

p a r t i c l e . E l e c t r o n s were s i g n i f i e d by 3 ^ 2 0 S^S^and p i o n s by 

S 1 S 2 £ S

3 V 

A l l e l e c t r o n i c s except the s c i n t i l l a t o r and c r y s t a l 

a m p l i f i e r s were housed i n a screened room a l o n g s i d e the apparatus 

t o keep p i c k - u p t o a minimum. 
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The area o f c r o s s - s e c t i o n o f the p a r t i c l e beam mas about 

15 cm x 5 cm, but t h e two f i n g e r c o u n t e r s r e s t r i c t e d those 

p a r t i c l e s d e t e c t e d t o a very narrow beam and, a l t h o u g h the d i s t a n c e 

between t h e s t a c k and c r y s t a l was almost 300 cm, the f a c t t h a t 

t h e XTR photons are r e s t r i c t e d t o a cone of h a l f angle 

( ){ = 3000 f o r these t e s t s ) meant t h a t t hey o n l y o c c u p i e d an 

area o f a f r a c t i o n o f a square c e n t i m e t r e on reaching the c r y s t a l 

so i t was assumed t h e r e was no l o s s o f s i g n a l due t o photons 

m i s s i n g the c r y s t a l , 

5.2.2. E x p e r i m e n t a l procedure 

The c u r r e n t i n t h e main bending magnet f u r t h e r up t h e 

beam l i n e was a d j u s t e d t o s e l e c t p a r t i c l e s o f 1.5 GeV. Three 

se p a r a t e t e s t s were then conducted: 

i ) The Ma I c r y s t a l o u t p u t was analysed f o r 10,000 e l e c t r o n 

t r i g g e r s w i t h t h e p o l y t h e n e s t a c k i n p o s i t i o n , as shown i n 

f i g u r e 5.1. 

i i ) T h i s was r e p e a t e d w i t h the s t a c k r e p l a c e d by i t s e q u i v a l e n t 

t h i c k n e s s o f a b s o r b e r , i . e . a 1 cm t h i c k s l a b o f perspex. 

i i i ) F i n a l l y r e s u l t s were o b t a i n e d from 10,000 e l e c t r o n t r i g g e r s 

w i t h n e i t h e r t r a n s i t i o n r a d i a t o r nor absorber i n p o s i t i o n . 

The Na I c r y s t a l o u t p u t i s p r o p o r t i o n a l t o the energy 

d e p o s i t e d i n i t , whether by a p a r t i c l e o r photon. I t s o u t p u t 

on t h e PHA was c a l i b r a t e d i n terms of energy by u s i n g the v a r i a b l e 

energy X-ray source d e s c r i b e d i n the l a s t c h a p t e r . 

Each p a r t i c l e t r i g g e r was r e g i s t e r e d on s c a l e r ( 1 ) o f 

f i g u r e 5.1 and i f t h e r e was a s i m u l t a n e o u s o u t p u t from t h e c r y s t a l 

t h i s was a n a l y s e d by t h e PHA and r e g i s t e r e d by s c a l e r ( 2 ) . 
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T h e r e f o r e the r a t i o o f s c a l o r ( 2 ) t o s c a l e r ( 1 ) corresponded 
t o the e l e c t r o n d e t e c t i o n e f f i c i e n c y o f the system. 
5.2.3 R e s u l t s and D i s c u s s i o n 

Run ( i ) , w i t h the e l e c t r o n s t r a v e r s i n g the s t a c k , gave 

a d e t e c t i o n e f f i c i e n c y o f (59.3 - 0.5)$, w h i l e t h a t o f r u n ( i i ) 

w i t h the background r a d i a t o r y i e l d e d (6.8 - 0.3)% e f f i c i e n c y . 

The l a t t e r r u n g i v e s t h e number o f background c o u n t s , which are 

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

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

the d e t e c t o r d u r i n g t h e g a t i n g time o f the PHA. The t h i r d run 

gave a d e t e c t i o n e f f i c i e n c y o f (4.8 - 0.4)%. Thus about 

(2.0 - 0.4)% o f counts were due t o the c r e a t i o n o f b r e m s s t r a h l u n g 

i n t h e s t a c k m a t e r i a l , t h e r e m a i n i n g background being due t o 

a c c i d e n t a l s . T h i s h i g h a c c i d e n t a l r a t e can be accounted f o r by 

th e f a c t t h a t t h e g a t i n g p u l s e a p p l i e d t o the PHA was q u i t e l o n g 

(800 n s e c ) . 

The d e t e c t i o n e f f i c i e n c y by XTR alone i s not j u s t 

(59.3 - 6.8)% s i n c e t h e r e i s a p o s s i b i l i t y o f an X-ray b e i n g 

d e t e c t e d a t t h e same time as t h e o c c u r r e n c e of a background c o u n t , 

and t h i s i s o n l y r e c o r d e d as one event; the t r u e XTR r a t B i s 

a c t u a l l y h i g h e r than t h e f i g u r e g i v e n by the above s u b t r a c t i o n . 

I f b = p r o b a b i l i t y o f a background count 

x = p r o b a b i l i t y o f an X-ray count 

and c = p r o b a b i l i t y o f r e c o r d i n g an event whether by 

X-ray or background a l o n e , or a c o m b i n a t i o n of b o t h , then 

b + x - xb = c 5.1 

S u b s t i t u t i n g b = 0.068 and c = 0.593 we o b t a i n x = 0.566, i . e . 

th e d e t e c t i o n e f f i c i e n c y by XTR alone i s 56.6$. 
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The h i s t o g r a m i n f i g u r e 5.2 r e p r e s e n t s the PHA spectrum 

from run ( i ) , t h a t o f 10,000 e l e c t r o n s t r a v e r s i n g t h e p o l y t h e n e 

s t a c k , i . e . t h e background counts are i n c l u d e d . Had they been 

s u b t r a c t e d , 1.2% o f the XTR co u n t s would a l s o be removed f o r t h e 

reason g i v e n above, so i t i s i m p o s s i b l e t o get the t r u e XTR spectrum. 

The above procedure o n l y adds 4.5?£ more counts due t o t h e background. 

The f u l l l i n e i n f i g u r e 5.2 r e p r e s e n t s the XTR spectrum 

from 10,000 e l e c t r o n s t r a v e r s i n g the above p o l y t h e n e sheet s t a c k 

which has been computed from t h e e x p r e s s i o n f o r the d i f f e r e n t i a l 

number spectrum o f photons from a r a d i a t o r s t a c k d e r i v e d i n 

Chapter 3. The a b s o r p t i o n o f X-rays i n the h e l i u m and i t s 

c o n t a i n e r w a l l s has been f o l d e d i n t o t h i s d i s t r i b u t i o n , assuming 

an a b s o r p t i o n c o e f f i c i e n t i n h e l i u m as shown i n f i g u r e 5.3. 

A c c o r d i n g t o t h e above c o m p u t a t i o n t h e r e are 1.03 photons e m i t t e d 

per p a r t i c l e from the s t a c k , and 0.97 absorbed per p a r t i c l e by the 

d e t e c t o r . Thus t h e r e i s o n l y a 6% l o s s o f s i g n a l i n t h e h e l i u m 

bag, t h e m a j o r i t y o f which occurs i n the r e g i o n 0 - 3 keV. 

Agreement between t h e two d i s t r i b u t i o n s i s e x c e e d i n g l y 

good, the e x p e r i m e n t a l one peaking a t about 17 keV and the 

t h e o r e t i c a l one a t about 14 keV. The main d i f f e r e n c e between the 

two i s t h a t t h e former d i s t r i b u t i o n i s o n l y about 50$ o f t h e 

h e i g h t o f the t h e o r e t i c a l one a t t h e peak energy, b u t c o n t a i n s a 

g r e a t e r number o f X-rays t o t h e r i g h t of t h i s peak, f a l l i n g o f f 

g r a d u a l l y t o 100 keV, w h i l e the t h e o r e t i c a l one f a l l s q u i t e s h a r p l y 

from i t s peak t o 50 keU. T h i s i s almost c e r t a i n l y due t o c r e a t i o n , 

and a b s o r p t i o n by t h e c r y s t a l , o f more than one X-ray r o r t h e passage 

of one p a r t i c l e which i s r e c o r d e d i n the PHA as the sum t o t a l o f 

t h e i r e n e r g i e s but i s o n l y r e g i s t e r e d as a s i n g l o event on t h e 

s c a l e r . Thus the number o f h i g h energy events a n a l y s e d i s 
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i n c r e a s e d a t the expense o f low energy ones, th e r e b y a c c o u n t i n g 

i n p a r t f o r the d i f f e r e n c e i n the h e i g h t o f the peaks. 

The t o t a l number o f photons i n the p r e d i c t e d spectrum 

y i e l d s an e l e c t r o n d e t e c t i o n e f f i c i e n c y o f 97^, which i s j u s t 

over h a l f as l a r g e a g a i n as t h a t measured e x p e r i m e n t a l l y . T h i s 

again can be accounted f o r , p a r t l y , by the events i n which more 

than one X-ray i s absorbed by the c r y s t a l . 

From 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 a beam of 1.5 GBU p i o n s 

and e l e c t r o n s c o u l d be s e p a r a t e d w i t h 57% e f f i c i e n c y , s i n c e 1.5 GeU 

pions would n o t produce a d e t e c t a b l e q u a n t i t y o f XTR. 

5.2.4 Accuracy o f d i s t r i b u t i o n s 

i ) E x p e r i m e n t a l 

I t has been assumed t h a t no XTR passes beyond the 

c i r c u m f e r e n c e of t h e c r y s t a l and t h i s , as shown e a r l i e r , i s q u i t e 

v a l i d because o f the v e r y s m a l l h a l f a n gle o f t h e cone o f the 

r a d i a t i o n . The r e s o l u t i o n o f the c r y s t a l c o u l d degrade the spectrum 

but a t an energy o f 22.2 keU ( t h e Ag !<„ l i n e ) the FID Mil o f t h e 

d i s t r i b u t i o n was about 24% so, a t and below t h i s energy, X-ray 

a n a l y s i s would be f a i r l y a c c u r a t e . 

I n a d d i t i o n i t was assumed t h e r e were no i m p u r i t i e s or 

l e a k s i n t h e h e l i u m bag; i f t h i s assumption were wrong the 

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

the p r e d i c t e d v a l u e because o f a b s o r p t i o n o f some o f the XTR s i g n a l , 

i i ) T h e o r e t i c a l 

The t h e o r e t i c a l d i s t r i b u t i o n assumes t h a t a l l X-rays which 

reach the c r y s t a l are absorbed by i t and t h i s i s r e a s o n a b l y v a l i d 

s i n c e t h e X-ray d e t e c t i o n e f f i c i e n c y o f the c r y s t a l i n the energy 

range 10 - 70 koW was known to be g r e a t e r than 98 / o . The p o l y t h e n e 

sheets were 40 yurn t h i c k and even a l l o w i n g f o r a 10% v a r i a t i o n i n 
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t h i c k n e s s e i t h e r way the p r e d i c t e d spectrum b a r e l y changes shape 

a t a l l , except t h a t t h e h e i g h t o f the peak goes up f o r t h i n n e r 

s h e e t s and down f o r t h i c k e r ones: t h e d o t t e d l i n e s i n f i g u r e 5.2 

show the expected s p e c t r a f o r 35 jum and 45 ^im t h i c k s h e e t s , the 

one f o r t h e former s t a c k c o n t a i n i n g M% more photons, and &% more 

energy, than the l a t t e r one. The p o s i t i o n o f the peak energy remains 

c o n s t a n t t o w i t h i n 0.2 keU. 

5.3 XTR d e t e c t i o n w i t h lYUlfPC's 

For t h e next s e r i e s o f t e s t s t h e c r y s t a l was r e p l a c e d by 

a 20 cm x 20 cm a c t i v e area mill PC of the same b a s i c c o n s t r u c t i o n as 

the s m a l l chambers, A and C, used i n t h e dead-space measurements. 

The sense w i r e s p a c i n g was 2 mm and the HT plane - sense wire, 

p l a n e s e p a r a t i o n was 0.8 cm. 

The chamber was f l u s h e d f o r s e v e r a l hours w i t h a m i x t u r e 

of 90$ argon and 1Q%> methane and then s e a l e d . I n t h i s way i t was 

found t h e chamber would o p e r a t e w i t h o u t d e t e r i o r a t i o n or change i n 

gas g a i n f o r up t o a week. The c e n t r a l e i g h t y w i r e s were connected 

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

in f i g u r e 4.7. The a m p l i f i e r o u t p u t and t r i g g e r p u l s e from t h e 

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

f i g u r e 4.9. Because t h e purpose o f t h i s p a r t i c u l a r e x p e r i m e n t was 

to determine t h e e f f i c i e n c y o f the new p u l s e shape d i s c r i m i n a t i o n 

t e c h n i q u e t h e bending magnet was not u t i l i s e d and both XTR photons 

and p a r t i c l e s were d i r e c t e d toward the chamber. The two f i n g e r 

c o u n t e r s , and S^, were p l a c e d b e h i n d the ITMJPC so t h a t t h e i r 

p o i n t of i n t e r s e c t i o n c e n t r e d on t h e m i d - p o i n t of the chamber. 
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5.3.1 E x p e r i m e n t a l procedure 

The t h r e s h o l d oF t h e d i s c r i m i n a t o r i n t o which t h e chamber 

a m p l i f i e r was f e d was c a l i b r a t e d i n terms o f pu l s e h e i g h t and the 

PHA range i n terms o f energy as d e s c r i b e d i n JT4.6.2. The g a t i n g 

pulse a p p l i e d t o the l i n e a r gate was 30 nsec, as i n the p r e v i o u s 

t e s t . 

Runs were then made i n t h e f o l l o w i n g manner. The 

p o l y t h e n e s t a c k was p l a c e d , not i n i t s p r e v i o u s p o s i t i o n , b ut 

d i r e c t l y i n f r o n t of the fflUJPC so t h a t t h e r e was no l o s s o f s i g n a l 

from a b s o r p t i o n i n the a i r . The d i s c r i m i n a t o r t h r e s h o l d was 

reduced t o i t s l o w e s t v a l u e ( e q u i v a l e n t t o 3.0 keV) and the r a t i o 

of counts on s c a l e r s ( 1 ) and ( 2 ) measured f o r 1.5 GeV e l e c t r o n s . 

S c a l e r ( 1 ) gave the sum t o t a l o f d e l t a - r a y b r e a k t h r o u g h s , 

b r e m s s t r a h l u n g and XTR photons which were d e t e c t e d . 

A s i m i l a r r u n was made w i t h 1.5 Gev" pi o n s and because o f 

the reduced gamma o f t h i s p a r t i c l e r e l a t i v e t o the e l e c t r o n t h e r e 

was n e g l i g i b l e XTR s i g n a l . Comparison o f t h i s r u n w i t h one o f 

pio n s t r a v e r s i n g n e i t h e r a s t a c k nor e q u i v a l e n t absorber showed 

the d e t e c t i o n o f b r e m s s t r a h l u n g by t h e chamber was n e g l i g i b l e so 

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

d e l t a - r a y b r e a k t h r o u g h r a t e . T h i s meant good s t a t i s t i c s on t h e 

l a t t e r c o u l d f a i r l y q u i c k l y be o b t a i n e d because the c o m p o s i t i o n o f 

the TTB beam a t 1.5 GeV was r o u g h l y 90% p i o n s and 10% e l e c t r o n s . 

C onversely t h e low percentage of e l e c t r o n s meant l o n g runs were 

necessary t o o b t a i n equal s t a t i s t i c s on t h e XTR count r a t e . 

These runs were r e p e a t e d a t g r a d u a l l y i n c r e a s i n g t h r e s h o l d s 

up t o an e q u i v a l e n t energy o f 17.1 keU. 

F i n a l l y , an independent r u n was made w i t h 10,000 1.5 GeU 

e l e c t r o n s t r a v e r s i n g 80 cm o f p a c k i n g foam t o see how XTR p r o d u c t i o n 

i n t h i s compared w i t h t h a t i n t h e r e g u l a r l y spaced p o l y t h e n e s t a c k . 



-75-

5.3.2 R e s u l t s and d i s c u s s i o n 

F i g u r e 5.4 shoms the two e x p e r i m e n t a l i n t e g r a l d i s t r i b u t i o n s 

f o r p ions and e l e c t r o n s t r a v e r s i n g the p o l y t h e n e s t a c k , the lower 

curve being the d e l t a - r a y spectrum and the h i g h e r one t h e combined 

d e l t a - r a y and XTR spectrum. A l l o w i n g f o r events where an X-ray 

and d e l t a - r a y occur s i m u l t a n e o u s l y , as d e s c r i b e d i n J*5.2.3, 

s u b t r a c t i o n o f one from the o t h e r y i e l d s the t r u e XTR spectrum 

shown i n f i g u r e 5.5, where the pure d e l t a - r a y spectrum i s shown 

aga i n f o r comparison. 

Also shown i n f i g u r e 5.5 are the expected d e l t a - r a y spectrum 

f o r a 1.6 cm t h i c k chamber w i t h a 90% argon/lQ$ methane gas f i l l i n g , 

as p r e d i c t e d by the R u t h e r f o r d f o r m u l a f o r the p r o b a b i l i t y o f energy 

t r a n s f e r ( e q u a t i o n 4.2) and t h e p r e d i c t e d XTR spectrum which s h o u l d be 

measured by the IflliJPC. The l a t t e r was o b t a i n e d i n the f o l l o w i n g way: 

The t r a n s m i t t e d component o f X-rays p a s s i n g t h r o u g h a 

t h i c k n e s s dx(gm cm ) o f medium i s g i v e n by: 

1 = 1 e" P d X 5.2 o 

where I = o r i g i n a l X-ray f l u x 
/j = X-ray mass a b s o r p t i o n c o e f f i c i e n t of the medium 

dN 

I f — r e p r e s e n t s t h e X-ray number spectrum emerging from t h e 

p o l y t h e n e s t a c k , then t a k i n g i n t o account the a b s o r p t i o n o f photons 

i n the chamber windows, the number spectrum absorbed i n the chamber 

i s g i v e n by: 
dNfl dN -V^r ^G^C. 

A = e 1 - e | 5.3 

dE dE L 

where s u f f i x e s IYI and G r e f e r t o melinex and gas r e s p e c t i v e l y . The 

mass a b s o r p t i o n c o e f f i c i e n t f o r argon i s shown i n f i g u r e 5.6, 

and was o b t a i n e d from X-ray a b s o r p t i o n data i n r e f e r e n c e 1. The 

melinex a b s o r p t i o n c o e f f i c i e n t has already been shown i n f i g u r e 3.4. 
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dl\l dN 
The r a t i o o f A t o g i v e s the chamber d e t e c t i o n 

dE dE 

e f f i c i e n c y as a f u n c t i o n o f energy, and c o m p u t a t i o n o f e q u a t i o n 

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

5.7, I t has a peak e f f i c i e n c y o f 39$ i n between 5 and 6 keV, uihich 

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

s i g n a l missed by the chamber. The XTR spectrum expected from the 

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

e x p e r i m e n t a l l y measured spectrum emerging from t h e t r a n s i t i o n 

r a d i a t i o n s t a c k . 

The spectrum d e t e c t e d by the Na I c r y s t a l i n the f i r s t 

e x p e r iment c o n t a i n e d o n l y a 6% loss from the number o f photons 

a c t u a l l y emerging from t h e p o l y t h e n e s t a c k ; t h e r e f o r e t h i s spectrum 

( f i g u r e 5.2) wa3 t a k e n as t h e e x p e r i m e n t a l one and f i g u r e 5.8 

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

the s pectrum. I n t e g r a t i o n o f t h i s d i f f e r e n t i a l spectrum y i e l d s 

the i n t e g r a l XTR spectrum expected from t h e chamber, shown i n 

f i g u r e 5.5. 

5.3.3 A n a l y s i s o f d e l t a - r a y and XTR s p e c t r a 

A d i r e c t comparison o f the e x p e r i m e n t a l d e l t a - r a y spectrum 

w i t h t h a t o b t a i n e d f o r b e t a rays i n Chapter 4 w i l l be d e f e r r e d 

u n t i l t h e cosmic r a y r e s u l t s have a l s o been p r e s e n t e d . However, 

i n f i g u r e 5.5 t h e e x p e r i m e n t a l d i s t r i b u t i o n once ag a i n decreases 

more r a p i d l y than t h e t h e o r e t i c a l one as the energy i n c r e a s e s and 

t h i s i s assumed t o be due t o t h e i n c r e a s e i n range o f the d e l t a - r a y 

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

the expense o f i t s h e i g h t . 

The shape o f the e x p e r i m e n t a l XTR spectrum can f a i r l y 

e a s i l y be e x p l a i n e d . F i g u r e 5.8 shows t h a t the peak o f t h e expected 

d i f f e r e n t i a l spectrum occurs a t about 6 kev". Up t o t h i s energy one 

would t h e r e f o r e expect a g r a d u a l l y d e c r e a s i n g i n t e g r a l s p e c t r u m , 
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but above 6 keU, when the number oF X-rays d e t e c t e d drops q u i t e 

d r a m a t i c a l l y , i t s h o u l d decrease f a r more r a p i d l y , and indeed 

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

between 6 and 8 keV. 

The expected XTR spectrum has the same g e n e r a l shape as 

t h a t measured d i r e c t l y by t h e chamber, but i s s m a l l e r a t low 

e n e r g i e s and l a r g e r a t h i g h e r e n e r g i e s . The 6% l o s s i n s i g n a l i n 

the c r y s t a l e x p e r i m e n t concerned o n l y v e r y low energy X-rays so 

t h i s accounts f o r the low v a l u e o f t h e expected XTR spectrum i n 

t h i s r e g i o n . The d i s c r e p a n c y a t h i g h e r e n e r g i e s i s due t o the 

c o r r e s p o n d i n g X-ray p h o t o e l e c t r o n s h a v i n g l o n g e r ranges as 

d e s c r i b e d e a r l i e r and so the e x p e r i m e n t a l spectrum r e c o r d e d i s 

s m a l l e r than i t s h o u l d be. A l l o w i n g f o r these two minor d i f f e r e n c e s 

th e o v e r a l l agreement o f these two s p s c t r a show t h a t the p u l s e 

shape d i s c r i m i n a t i o n process i s f u n c t i o n i n g c o r r e c t l y and can 

e f f i c i e n t l y s e p a r a t e an X-ray s i g n a l from t h a t o f a p a r t i c l e . 

The r a t i o o f t h e e x p e r i m e n t a l X-ray d e t e c t i o n e f f i c i e n c y 

t o d e l t a - r a y b r e a k t h r o u g h r a t e g i v e s t h e r e j e c t i o n r a t i o c u r ve 

a l s o shown i n f i g u r e 5.5. The peak o f t h i s curve g i v e s the energy 

t h r e s h o l d a t which r e j e c t i o n of t r a n s i t i o n r a d i a t i o n events from 

n o n - t r a n s i t i o n r a d i a t i o n events ( o r the s e p a r a t i o n o f e l e c t r o n s from 
i 

p i o n s , say) i s g r e a t e s t , and i n t h i s case corresponds t o about 8 keV. 

F i g u r e 5.9 shows t h B p u l s e h e i g h t s p e c t r a from the IfllDPC 

f o r the two runs w i t h 10,000 1.5 GeU e l e c t r o n s w i t h and w i t h o u t . 

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

3 keU. With the s t a c k t h e r e i s a 12.9/5 d e t e c t i o n e f f i c i e n c y , and 

w i t h o u t 5.5$; the l a t t e r d i s t r i b u t i o n e s s e n t i a l l y r e p r e s e n t s t h e 

d e l t a - r a y spectrum. F i g u r e 5.10 shows the d e l t a - r a y d i s t r i b u t i o n 

s u b t r a c t e d from the combined d e l t a and XTR spectrum w h i c h , a p a r t 
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from a s m a l l e r r o r due t o events where an X-ray and d e l t a - r a y 

p u l s e occur s i m u l t a n e o u s l y , r e p r e s e n t s the t r u e d e t e c t e d XTR 

spectrum* The smooth curve superimposed upon t h e PHA spectrum 

i s t h a t o f the t h e o r e t i c a l spectrum from the p o l y t h e n e s t a c k , 

shown i n f i g u r e 5.2 i n t o which has been f o l d e d the l o s s o f X-rays 

i n the rnelinex window o f the chamber and t h e chamber d e t e c t i o n 

e f f i c i e n c y . 

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 r e p r e s e n t s a t o t a l o f 

(772 - 40) photon c o u n t s , w h i l e t h e t h e o r e t i c a l one p r e d i c t s 900. 

The cl o s e n e s s o f these two f i g u r e s , though they do not agree w i t h i n 

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

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

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

the t h e o r e t i c a l one, but the i m p o r t a n t p o i n t i s t h a t both peak a t 

around the same energy, t h a t o f t h e former a t 7.4 keU, and the 

l a t t e r a t 6.1 keU. The major reason f o r the wider e x p e r i m e n t a l 

d i s t r i b u t i o n i s the. f i n i t e energy r e s o l u t i o n o f the chamber. 

5.4 X-ray t r a n s i t i o n r a d i a t i o n i n p l a s t i c foam 

Only one measurement w i t h t h e p l a s t i c foam was t a k e n 

because o f the l i m i t e d beam time a v a i l a b l e . The d i s c r i m i n a t o r 

t h r e s h o l d chosen.was a t t h e energy c o r r e s p o n d i n g t o the peak o f t h e 

r e j e c t i o n r a t i o curve f o r the p o l y t h e n e s t a c k , i . e . 8.25 keV; 

i t was presumed t h a t the foam would y i e l d the same t y p e o f XTR 

spectrum as the p o l y t h e n e s t a c k ( t h o u g h not n e c e s s a r i l y t h e same 

magnitude) because of t h e i r s i m i l a r c h e m i c a l c o m p o s i t i o n . 

ThB p l a s t i c foam had an average v o i d s i z e o f 600 p m and 

average w a l l s i z e of about 30 yjm. These are g r e a t e r than the 
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r e s p e c t i v e f o r m a t i o n zones f o r 1 . 5 Gel/ e l e c t r o n s up t o the 

maximum photon energy o f i n t e r e s t h e r e , 2 0 I <qV (as shomn e a r l i e r 

i n f i g u r e 3 . 2 ) . As t h e foam mas BO cm l o n g i t corresponded a p p r o x i 

m ately t o a s t a c k of 1 2 5 0 f o i l s . From f i g u r e 3 . 6 , showing t h e XTR 

energy c o n t e n t generated by a p a r t i c l e of = 1 0 0 0 t r a v e r s i n g 

d i f f e r e n t s i z e s t a c k s , an' i d e a can be o b t a i n e d of the d i f f e r e n c e 

between the foam and 2 5 0 f o i l p o l y t h e n e s t a c k . The diagram shows 

1 4 keU i s produced i n 1 2 5 0 m e l i n e x f o i l s and 6 keV i n 2 5 0 m e l i n e x 

f o i l s . A l t h o u g h t h e former energy i s over t w i c e as l a r g e as t h e 

l a t t e r , most o f the d i f f e r e n c e i n energy w i l l be c o n t a i n e d i n 

photons around 2 0 keU, because o f p r e f e r e n t i a l a b s o r p t i o n o f low 

energy photons i n t h e l a 3 t p a r t o f the s t a c k , and these h i g h e r 

energy photons have a much s m a l l e r a b s o r p t i o n p r o b a b i l i t y i n the 

chamber. T h e r e f o r e , t o a f i r s t o r d e r , t h e foam can be taken as 

e q u i v a l e n t t o t h e p o l y t h e n e s t a c k . 

The combined d e l t a - r a y and XTR photon r a t e f o r e l e c t r o n s 

t r a v e r s i n g the foam was ( 0 . 0 1 9 - 0 . 0 0 2 ) per p a r t i c l e , as shown i n 

f i g u r e 5 . 4 . T h i s i s e q u a l t o a pure XTR s i g n a l of ( 0 . 0 1 1 - 0 . 0 0 2 ) 

per p a r t i c l e , which i s r o u g h l y h a l f t h a t o b t a i n e d w i t h the p o l y t h e n e 

s t a c k ( f i g u r e 5 . 5 ) . 

A l l o w i n g f o r t h e approximate e q u i v a l e n c e o f t h e p o l y t h e n e 

and foam s t a c k s used i n t h i s i n s t a n c e , the above r e s u l t s u p p o r t s 

t h a t o f o t h e r e x p e r i m e n t s which f i n d t h a t a foam r a d i a t o r g e n e r a l l y 

produces one t h i r d t o one h a l f t h e r a d i a t i o n from a s i m i l a r , 

r e g u l a r l y spaced, f o i l s t a c k ( 2, 3 ) . 
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5.5 C o n c l u s i o n 

The d i s c r i m i n a t i o n t e c h n i q u e developed i n Chapter 4 has 

been shown t o work e f f e c t i v e l y i n a p a r t i c l e beam of 1.5 GeU 

e l e c t r o n s and p i o n s . The t r a n s i t i o n r a d i a t i o n produced by the 

e l e c t r o n s ( t h e spectrum of which was i n f a i r agreement w i t h t h a t 

p r e d i c t e d by t h e o r y f o r the 0 —> 20 ke\l range) enabled e l e c t r o n s 

t o be p a r t i a l l y d i f f e r e n t i a t e d from t h B n o n - r a d i a t i n g p i o n s , a 

maximum r e j e c t i o n r a t i o between the two of 2.8 being a c h i e v e d , a t 

a t r a n s i t i o n r a d i a t i o n photon energy of 8.25 keU, 

A foam s t a c k was found t o be about h a l f as e f f i c i e n t a 

r a d i a t o r as one composed o f p o l y t h e n e f o i l s , a very i m p o r t a n t 

r e s u l t i n view o f the ease o f o b t a i n i n g a foam s t a c k r e l a t i v e t o 

one w i t h r e g u l a r l y spaced f o i l s . 
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CHAPTER 6 

DETECTION DF X-RAY TRANSITION RADIATION FROB1 COSMIC RAYS 

6 . 1 I n t r o d u c t i o n 

The main purpose o f t h i s e x p e riment was t o i n v e s t i g a t e 

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

The ma j o r component o f the s e a - l e v e l cosmic ray spectrum i s 

the muon (m., = 1 0 6 HleU). U n f o r t u n a t e l y the v e r t i c a l spectrum 
r 

c o n t a i n s a l a r g e f r a c t i o n o f low energy muons which w i l l not produce 

a s i g n i f i c a n t q u a n t i t y o f t r a n s i t i o n r a d i a t i o n , e.g. a muon w i t h 

gamma equal t o 1 0 0 0 has an energy o f 1 0 0 GeV, and the v e r t i c a l spectrum 

has a mean energy o f around 1 t o 2 GeV. To absorb p a r t i c l e s w i t h 

energy l e s s than 1 0 0 GeU would r e q u i r e 6 0 metres o f i r o n , assuming 
- 1 - 2 

an energy l o s s o f 2 IlleV gm cm , which was out o f the q u e s t i o n i n 

t h i s case, so i t was found necessary t o use o n l y those p a r t i c l e s w i t h 

l a r g e i n c i d e n t z e n i t h angles s i n c e t h B l o n g e r p a t h l e n g t h i n t h e 

atmosphere i n t h i s d i r e c t i o n absorbs many o f the low energy p a r t i c l e s 

and increases t h e mean energy to about 2 0 GeU. A l t h o u g h the v e r t i c a l 

s e a - l e v e l spectrum c o n t a i n s about 7 0 ° o muons, 2 9 / a e l e c t r o n s and 1 % 

p r o t o n s and n e u t r o n s , the s i n g l e p a r t i c l e spectrum a t z e n i t h angles 

g r e a t e r than 8 0 ° c o n s i s t s e n t i r e l y o f muons, s i n c e a l l o t h e r p a r t i c l e s 

are absorbed i n t h e t h i c k n e s s of t h e atmosphere ( ^ 5 0 0 0 gm cm ) . 

6 . 2 E x p e r i m e n t a l arrangement 

The f l u x o f h o r i z o n t a l muons o f any energy i s v e r y low so 

a system was b u i l t w i t h a f a i r l y l a r g e s o l i d angle acceptance. There 

a l r e a d y e x i s t e d i n the l a b o r a t o r y s c i n t i l l a t o r t e l e s c o p e s o f area 
2 

6 0 x 3 0 cm so a fflUJPC was designed from perspex w i t h an a c t i v e area 
2 

o f 6 6 x 3 3 cm . Two s c i n t i l l a t o r s wore t o a c t as a t r i g g e r f o r cosmic 
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rays so the s l i g h t l y l a r g e r area o f the chamber ov/er the s c i n t i l l a t o r s 

was t o ensure t h a t no p a r t i c l e went t h r o u g h the edges o f the chamber 

where the f i e l d i s d i s t o r t e d due t o t h e i n c r e a s e d diameter o f t h B 

o u t e r sense w i r e s and t h o d i e l e c t r i c m a t e r i a l o f the chamber frame 

i t s e l f . 

The IK1UJPC was c o n s t r u c t e d from f o u r perspex frames, t h e two 

o u t e r ones which h e l d t h e 50 melinex windows being |" t h i c k . 

The H.T. w i r e s and sense w i r e s were wound on t h e two middle frames, 

each f " t h i c k ( t h u s g i v i n g a cathode/sense-wire plane s p a c i n g o f 

9.5 mm) and i n between which was an '•' r i n g . The w i r e m a t e r i a l f o r 

bot h planes was e x a c t l y t h e same as f o r p r e v i o u s chambers. The f o u r 

frames were clamped t o g e t h e r by brass QBA b o l t s , the s e a l between 

each middle and o u t e r frame being made w i t h t w i n s t i c k . 

Because no p o s i t i o n a l i n f o r m a t i o n was r e q u i r e d from the 

chamber the sense w i r e s were more w i d e l y spaced than normal a t 0.5 cm. 

Thi s meant l e s s w i r e s were r e q u i r e d and a l s o t h e chamber c o u l d be 

op e r a t e d a t a c o r r e s p o n d i n g l y lower v o l t a g e than w i t h c o n v e n t i o n a l 

2 mm s p a c i n g . The r e s o l u t i o n o f t h e chamber was i n no way i m p a i r e d 

by t h i s p r o c e d u r e ; i n f a c t t e s t s showed t h a t even up t o a w i r e 

s p a c i n g o f 8 mm t h e r e s o l u t i o n remained about 25^ a t an energy o f 

6 keU, as shown i n section 4 . 5 i f o r 2.5 mm s p a c i n g . T h i s i s , however, 

t o be expected s i n c e the average d i s t a n c e t r a v e l l e d by the p o s i t i v e 

and n e g a t i v e i o n s t o t h e i r r e s p e c t i v e e l e c t r o d e s when the ca t h o d e / 

sense-wire plane s p a c i n g equals 9.5 mm i s not s i g n i f i c a n t l y i n c r e a s e d 

when t h e sense w i r e s p a c i n g i s i n c r e a s e d from 2 mm t o 8 mm, and hence 

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

The l a r g e area o f the chamber meant t h e sense u i r e s had a 

f a i r l y h i g h c a p a c i t a n c e t o e a r t h , about 350 pF i n f a c t . The t e c h n i q u e 

used here t o s e p a r a t e t h e p a r t i c l e p u l s e from t h e X-ray p u l s e r e l i e s 
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upon the RC decay time o f t h e chamber and a m p l i f i e r b eing as s m a l l 

as p o s s i b l e ; a l t h o u g h i t mas now s t i l l l e s s than the c o l l e c t i o n 

time o f t h e e l e c t r o n component of the i o n i z a t i o n i n the chamber the 

h i g h c a p a c i t a n c e reduced t h e bandwidth o f the a m p l i f i e r . Consequently 
55 

the w i d t h o f an Fe X-ray p u l s e was g r e a t e r than 7 nsec FUIHIYI, w i t h 

a c o r r e s p o n d i n g r e d u c t i o n i n h e i g h t , and t h e e f f i c i e n c y of the 

system f o r s e p a r a t i n g p a r t i c l e s . f r o m X-rays was s e v e r e l y reduced. 

T h e r e f o r e i t was necessary t o d i v i d e the sense w i r e plane 

i n t o t h r e e equal s e c t i o n s . To produce an adequate p u l s e h e i g h t from 

the chamber w h i l e i t was s t i l l o p e r a t i n g i n t h e p r o p o r t i o n a l r e g i o n 

each s e c t i o n was o p e r a t e d from a p a i r of cascaded a m p l i f i e r s , the 

o u t p u t s o f which were surnned,as i n f i g u r e 6.1. 

I f two c u r r e n t a m p l i f i e r s i d e n t i c a l t o t h a t o f f i g u r e 4.7, 

each w i t h a g a i n o f 50, were cascaded i t was v e r y d i f f i c u l t t o p r e v e n t 

them from o s c i l l a t i n g and i t was necessary t o reduce the g a i n o f the 

f i r s t a m p l i f i e r i n each p a i r t o 10 (by i n c r e a s i n g R̂  t o 100o. ) t o 

achieve s a t i s f a c t o r y o p e r a t i o n . I n a d d i t i o n the c i r c u i t s were v B r y 

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

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

I n o r d e r t o r e s t r i c t cosmic rays p a s s i n g t h r o u g h the chamber 

to z e n i t h angles g r e a t e r than 82.5° the two p a r t i c l e d e f i n i n g 

t e l e s c o p e s , A and B, were placed. 240 cm a p a r t , f i g u r e 6.2. The t h i r d 

s c i n t i l l a t o r t e l e s c o p e , C, a c t e d as an a n t i - s h o w e r c o u n t e r and was 

p l a c e d above B i n the h o r i z o n t a l p l a n e . Telescopes B and C and t h e 

p r o p o r t i o n a l chamber are shown i n the photograph i n f i g u r a 6.3; 

t e l e s c o p e A i s out o f view on t h e l e f t . 

The e l e c t r o n i c p r o c e s s i n g c i r c u i t was t h a t shown i n f i g u r e 

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

p u l s e t o the c o i n c i d e n c e u n i t between t e l e s c o p e s A and B. A p a r t from 
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the c u r r e n t a m p l i f i e r s a t t a c h e d to the chamber a l l e l e c t r o n i c s were 
i n the form of modules manufactured by EG & G, the PHA a N o r t h e r n 
S c i e n t i f i c type NS 900, and the s c a l e r s were made by Borer 
( S w i t z e r l a n d ) , t y p e 613. The cathode-anode s p a c i n g on t h i s chamber 
being 9.5 mm, the maximum e l e c t r o n c o l l e c t i o n time was about 240 nsec. 
w i t h an e l e c t r o n d r i f t v e l o c i t y o f 4 cm/ /jsec so t h e s c i n t i l l a t o r 
c o i n c i d e n t p u l s e was l e n g t h e n e d t o 400 nsec t o ensure no d e l t a - r a y 
or X-ray s i g n a l was missed, and the chamber pulse was delayed s l i g h t l y 
so t h a t i t d i d n o t a r r i v e a t the c o i n c i d e n c e t o the s c a l e r b e f o r e 
the s c i n t i l l a t o r p u l s e . I n a d d i t i o n both the chamber and s c i n t i l l a t o r 
p u l ses were delayed by equal times t o ensure the v e t o p u l s e (which 
was 600 nsec l o n g ) s t a r t e d b e f o r e (and ended a f t e r ) the t r i g g e r p u l s e . 

6 .3 T r a n s i t i o n r a d i a t o r s t a c k 

I t was concluded a t the end o f the l a s t c h a p t e r t h a t p l a s t i c 

foam r a d i a t o r s t a c k s are about h a l f as e f f i c i e n t t r a n s i t i o n r a d i a t i o n 

producers as ones c o n s i s t i n g of r e g u l a r l y spaced d i e l e c t r i c s h e e t s . 

I t was t h e r e f o r e t h o u g h t wise t o accept t h i o 5 0 ; . l o s s i n s i g n a l and 

c a r r y out t h e cosmic r a y experiment w i t h soma k i n d o f s u i t a b l e p l a s t i c 

foam, r a t h e r than spend time i n c o n s t r u c t i n g a r e g u l a r s t a c k o f 

melinex s h e e t s , which would be q u i t e an u n d e r t a k i n g f o r t h i s e x p eriment 

because of the l a r g e area o f the chamber. 

S e v e r a l samples o f m a t e r i a l , m a i n l y v a r i o u s types o f 

pa c k i n g foam, were i n v e s t i g a t e d w i t h a t r a v e l l i n g microscope; b e a r i n g 

i n mind the need f o r t h e t h i c k n e s s e s o f the two d i f f e r e n t d i e l e c t r i c s 

t o exceed t h e i r r e s p e c t i v e f o r m a t i o n zones p o l y u r e t h a n e foam was 

found t o be t h e best t y p e o f m a t e r i a l . From a s e t o f t e n random 

measurements i t s s t r u c t u r e had the f o l l o w i n g dimensions: 
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UJall t h i c k n e s s = (20 - 7) pm 

Average bubble s i z e = (270 - 40) ̂ m 

Since p o l y u r e t h a n e i s v e r y s i m i l a r i n c h e m i c a l c o m p o s i t i o n 

and d e n s i t y to melinex i t mas assumed t h e i r Formation zones mould 

be almost i d e n t i c a l . From the f o r m a t i o n zone curves i n f i g u r e 3.2 

the foam w a l l s i z e exceeds the f o r m a t i o n zone f o r any energy upto a 

photon energy o f 20 keV, the h i g h e s t energy o f i n t e r e s t i n t h i s 

e x p e r i m e n t , but t h e bubble s i z e ( a i r ) does f a l l below i t s f o r m a t i o n 

zone f o r photon e n e r g i e s beloiu about 6 keU and c o n s e q u e n t l y t h e r e 

mould p r o b a b l y be a v e r y s m a l l l o s s i n s i g n a l below t h i s energy. 

However the most i m p o r t a n t f a c t o r w i t h r a d i a t o r s t a c k s i s t o keep 

a b s o r p t i o n i n the s o l i d d i e l e c t r i c t o a minimum and f o r t h i s reason 

p o l y u r e t h a n e was chosen as the optimum m a t e r i a l . 

Two b l o c k s o f foam were used, one on e i t h e r s i d e o f thB 

chamber, s i n c e the nuans were n o t u n i - d i r e c t i o n a l but c o u l d approach 

from e i t h e r s i d e o f the chamber. The area o f c r o s s s e c t i o n o f each 

b l o c k was s u f f i c i e n t l y l a r g e r than the a c t i v e area o f the chamber 

to ensure t h a t a l l p a r t i c l e s would t r a v e r s e the t o t a l t h i c k n e s s o f 

each, which was 33 cm. Thus, assuming a w a l l / b u b b l e c o m b i n a t i o n t o 

measure 290 jjm, t h e r e were an e q u i v a l e n t number of f o i l s o f about 
-2 

1140, r e p r e s e n t i n g a t h i c k n e s s o f 2.3 gm cm 

6.4 E x p e r i m e n t a l procedure 

D i s c r i m i n a t o r 'A' i n t o which p u l s e s from the chamber 

a m p l i f i e r s were f e d , and the PHA, were c a l i b r a t e d as d e s c r i b e d i n 

Chapter 4. 

I n t h i s e xperiment the a c c u m u l a t i o n o f data was v e r y 

slow because o f the low i n t e n s i t y o f muons; i n f a c t t h e r e were o n l y 

1.4 t r i g g e r s per m i n u t e . Consequently i t was necessary t o r u n the 

experiment 24 hours a day and i t was found t h e r e was o f t e n a day t o 
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day v a r i a t i o n i n t h e d i s c r i m i n a t o r t h r e s h o l d , up t o 4% a t tha 6 koV 

l e v e l oF 80 mV. The t o t a l v a r i a t i o n over the whole experiment ujas 

14/5. Because o f t h i s i t was necessary t o c a r r y out d a i l y c a l i b r a t i o n s 

i n o r d e r t o keep an a c c u r a t e check on the e q u i v a l e n t energy of each 

t h r e s h o l d s e t t i n g . 

D u r i n g t h e experiment d a i l y checks were a l s o made t o ensure 

t h a t the g a i n o f t h e chamber d i d not v a r y , by m o n i t o r i n g the channel 
55 

number o f the peak o f the spectrum from the chamber of tha Fe 6 keU 

X-ray. 

The b a s i c procedure was as i n the l a s t e x p e r i m e n t . The 

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

a t a range o f t h r e s h o l d s e t t i n g s between 2.8 and 20 keV. Then the 

combined b r e a k t h r o u g h and XTR photon r a t e was measured by c a r r y i n g o ut 

runs w i t h the p o l y u r e t h a n e foam i n p o s i t i o n . The ' w i t h s t a c k ' and 

' w i t h o u t s t a c k ' runs were a l t e r n a t e d d a i l y . The CRT photograph i n 

f i g u r e 6.4 i s from an event where the c u r r e n t p u l s e from the chamber 

exceeded the p r e s e t t h r e s h o l d energy; i t shows a l a r g e s p i k e a g a i n s t 

the low l e v e l p a r t i c l e i o n i z a t i o n and r e p r e s e n t s t h e d e t e c t i o n o f a 

p o s s i b l e t r a n s i t i o n r a d i a t i o n photon. I t was tak e n d u r i n g a r u n w i t h 

a 4.1 keU t h r e s h o l d w i t h the p o l y u r e t h a n e s t a c k i n p o s i t i o n . W i t h 

r e f e r e n c e t o f i g u r e 4.9 t h e scope i n p u t was t h e o u t p u t o f the c u r r e n t 

a m p l i f i e r , t h e scope b e i n g t r i g g e r e d from the c o i n c i d e n c e between 

d i s c r i m i n a t o r A and the s c i n t i l l a t o r s ; t h us the t r a c e i s from a muon 

which caused a 9 keV c u r r e n t s p i k e though i t i s not p o s s i b l e t o say 

c a t e g o r i c a l l y whether t h i s r e p r e s e n t s an X-ray or d e l t a - r a y . S i m i l a r 

r uns were a l s o made w i t h a p p r o x i m a t e l y t h e same t h i c k n e s s o f absorber 

as t h e p o l y u r e t h a n e foam, but w i t h o u t the m u l t i t u d e of i n t e r f a c e s . 

Two s l a b s o f perspex, e q u i v a l e n t i n t h i c k n e s s t o the p o l y u r e t h a n e 

foam, were used f o r these dummy r u n s . 
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The g a t i n g p u l s e a p p l i e d ho the l i n e a r gats from the 

d i s c r i m i n a t o r was 30 nsec. 

6. 5 R e s u l t s 

F i g u r e 6.5 shows the i n t e g r a l s p e c t r a f o r d e l t a - r a y break

t h r o u g h ( c r o s s e s ) and the combined d e l t a - r a y and XTR photon r a t e 

( c i r c l e s ) . Data was t a k e n a l t e r n a t e l y w i t h and w i t h o u t the r a d i a t o r 

s t a c k i n p o s i t i o n a t t h e same t h r e s h o l d s e t t i n g ; the reason t h a t 

c o r r e s p o n d i n g p o i n t s on each o f the two s p e c t r a do not always c o i n c i d e 

w i t h the same .energy i s because o f the f l u c t u a t i o n s i n d i s c r i m i n a t o r 

t h r e s h o l d mentioned e a r l i e r . 

Every p o i n t i n the aoove f i g u r e corresponds t o about 4000 

t r i g g e r s which, a t 1.4 t r i g g e r s per m i n u t e , i s about two days dat a 

c o l l e c t i o n per p o i n t . The complete f i g u r e t h e r e f o r e r e p r e s e n t s about 

two months r u n n i n g . Data from f u r t h e r r u n s , i n which the t h r e s h o l d of 

the d i s c r i m i n a t o r v a r i e d by more than 4%, was not used. 

The d i s t r i b u t i o n o f r e a d i n g s f o r each experiment i n t h e 

p r e c e d i n g and p r e s e n t c h a p t e r s was assumed t o be b i n o m i a l so t h a t , i f 

x events were r e c o r d e d from a t o t a l o f n c o i n c i d e n c e s , the a b s o l u t e 

e r r o r on x was £n( X/n)(l - X / n ) J . The e r r o r bars i n f i g u r e 6.5 

are c a l c u l a t e d from t h i s term and i t can be seen t h a t below 11 keV 

t h e r e i s a c l e a r XTR s i g n a l above the d e l t a - r a y spectrum. Above 

11 keU the e r r o r s on each s p e c t r u n b e g i n t o o v e r l a p and the two 

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

The lower curve i n f i g u r e 6.6 shows the i n t e g r a l XTR spectrum 

from cosmic r a y s , which was o b t a i n e d by d i r e c t s u b t r a c t i o n o f the 

d e l t a - r a y spectrum i n f i g u r e 6.5 from the combined d e l t a r a y p l u s 

XTR spectrum; because t h e l a s t two s p e c t r a are so c l o s e t o g e t h e r the 

t r u e XTR spectrum from t h i s s u b t r a c t i o n has n e g l i g i b l e e r r o r due 
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to an X-ray and d e l t a - r a y p u lse exceeding the d i s c r i m i n a t i o n lev/el 
d u r i n g the same e v e n t . 

F i g u r e 6.7(a) t h e n shows the d i f f e r e n t i a l XTR spectrum der

i v e d from t h e above i n t e g r a l spectrum. Both t h i s spectrum and t h e one 

i n the l a s t f i g u r e o n l y go down t o an energy o f 2.8 keVas t h i s 

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

The p o i n t s i n f i g u r e 6.5 were o b t a i n e d from the r a t i o o f 

the number o f muon t r i g g e r s accompanied by a s i g n a l exceeding the 

d i s c r i m i n a t o r t h r e s h o l d t o the t o t a l number o f t r i g g e r s , at each o f 

the v a r i o u s t h r e s h o l d l e v e l s . However, besides r e g i s t e r i n g t h i s 

p a r t i c u l a r r a t i o each run a l s o produced the p u l s e h e i g h t spectrum o f 

the above s i g n a l s , i . e . t h e energy s p e c t r a o f d e l t a - r a y s and XTR 

photons, because each s i g n a l exceeding the d i s c r i m i n a t o r t h r e s h o l d 

was f e d i n t o an i n t e g r a t o r and t h e r e s u l t a n t p u l s e analysed i n the 

PHA. F i g u r e 6.8 shows the two s p e c t r a f o r runs w i t h and w i t h o u t the 

s t a c k s i n p o s i t i o n a t the l o w e s t t h r e s h o l d s e t t i n g o f 2.8 keV. Each 

spectrum i s d e r i v e d from 4000 t r i g g e r s and i t i s c l e a r t h a t the 

s p e c t r a w i t h t h e s t a c k c o n t a i n s a l a r g e r s i g n a l than t h a t w i t h o u t . 

S u b t r a c t i o n o f the l a t t e r from the former g i v e s the d i f f e r e n t i a l XTR 

spectrum d e t e c t e d by t h e PHA and i s shown i n f i g u r e 6 . 7 ( b ) . Thus b o t h 

diagrams i n f i g u r e 6.7 r e p r e s e n t the same spectrum, t h e data f o r each 

be i n g o b t a i n e d i n d i f f e r e n t ways. 

Two f u r t h e r PHA s p e c t r a , one w i t h the s t a c k i n p o s i t i o n and 

one w i t h o u t , are shown i n f i g u r e 6.9 f o r a t h r e s h o l d s e t t i n g o f 5 keU, 

where the d e l t a - r a y b r e a k t h r o u g h i s o n l y 5.8% and XTR p r o d u c t i o n about 

1%. The two s p e c t r a are c l e a r l y l e s s w e l l s e p a r a t e d than those o f 

f i g u r e 6.8 

Data t a k e n from t h e runs w i t h the p o l y u r e t h a n o s t a c k s 

r e p l a c e d by t h e i r e q u i v a l e n t t h i c k n e s s o f s o l i d absorber show t h e r e 
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was n e g l i g i b l e p r o d u c t i o n of knock-on e l e c t r o n s or b r e m s s t r a h l u n g 

i n the s t a c k ; f i g u r e 6.10 shows the s t a c k r e s u l t s again ( c i r c l e s ) and 

the b r e a k t h r o u g h o b t a i n e d w i t h t h e perspex absorber ( s o l i d c i r c l e s ) . 

The curve t h r o u g h the l a t t e r p o i n t s c o i n c i d e s almost e x a c t l y w i t h 

t h a t f o r the d e l t a - r a y spectrum i n f i g u r e 6.5i 

6.6 D i s c u s s i o n 

6.6.1 D e l t a - r a y s p e c t r a 

A comparison o f the t h r e e i n t e g r a l d e l t a - r a y s p e c t r a o b t a i n e d 

so f a r show t h e y are a l l very s i m i l a r but w i t h some s m a l l i m p o r t a n t -

d i f f e r e n c e s . 
90 

The spectrum from Sr b e t a - p a r t i c l e s , f i g u r e 4.1.1, and t h a t 

from 1.5 GeU p i o n s , f i g u r e 5.4, are almost i d e n t i c a l i n s l o p e a t a l l 

e n e r g i e s but the b e t a - p a r t i c l e d e l t a - r a y spectrum i s d i s p l a c e d t o a 

h i g h e r energy-, r e l a t i v e t o i t s p r e d i c t e d c u r v e , by a f a c t o r o f 1.9 - 0.3 

over the range 3 t o 20 keV. T h i s r a t h e r l a r g e d i f f e r e n c e can perhaps 

be accounted f o r by two main reasons: 

i ) I t i s p o s s i b l e t h a t some o f the b e t a - p a r t i c l e t r i g g e r s are n o t , 

i n f a c t , due t o minimum i o n i z i n g p a r t i c l e s but t o those o f a s m a l l e r 
v e l o c i t y and hence g r e a t e r i o n i z i n g power. A l t h o u g h an absorber was 

90 

used i n the Sr b e t a - p a r t i c l e e x periment range s t r a g g l i n g would s t i l l 

l e t a few low energy p a r t i c l e s t h r o u g h . 

i i ) A c o n s i d e r a b l e s h i f t i n t h e two curves would occur i f t h e r e was 

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

e.g. an u n d e r - c a l i b r a t i o n o f one by 10% would l e a d t o a l l p o i n t s 

being s h i f t e d t o a h i g h e r energy by an average o f ZO%. 

The d o l t a - r a y spectrum from muons, on the o t h e r hand, though 

g r e a t e r than the t h e o r e t i c a l spectrum at low a n e r g i c s , has a s m a l l e r 

g r a d i e n t than the o t h e r two e x p e r i m e n t a l s p e c t r a up t o 5 or 6 keU, 
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then f a l l s aiuay i n a s i m i l a r manner to the o t h e r two above t h i s 

energy. T h i s i m p l i e s , s i n c e the s p e c t r a are i n t e g r a l , t h a t fewer 

d e l t a rays between 3 and 5 keU aici produced here than w i t h the b e t a -

rays or p i o n s , which s h o u l d c e r t a i n l y not be so. D e s p i t e the group

i n g of the sense w i r e s and the use o f s e v e r a l c u r r e n t a m p l i f i e r s i n 

t h i s experiment i t i s p o s s i b l e t h a t the e x t r a l a r g e c a p a c i t a n c e i n 

the l a r g e chamber c o u l d s t i l l be d e g r a d i n g a n a l y s i s i n t h i s energy 

r e g i o n but the a n a l y s i s o f t r a n s i t i o n r a d i a t i o n photons w i l l not be 

a f f e c t e d s i n c e t h e i r spectrum i s o b t a i n e d by the s u b t r a c t i o n process 

d e s c r i b e d i n the p r e v i o u s s e c t i o n . 

I t was p o i n t e d out i n Chapter 4 t h a t , because a p a r t i c l e 

produces an almost c o n s t a n t low l e v e l d i s t r i b u t i o n o f i o n i z a t i o n , the 

p u l s e from a d e l t a - r a y , o r an X-ray c r e a t i n g i o n i z a t i o n s i m u l t a n e o u s l y 

w i t h t h e p a r t i c l e , w i l l n o t i n f a c t s t a r t from the b a s e l i n e ( z e r o energy) 

o f an o s c i l l o s c o p e t r a c e b u t , on average, 0.5 keU above i t . Since 

t h i s has a much g r e a t e r r e l a t i v e e f f e c t a t low e n e r g i e s t h e s i g n a l 

r e c o r d e d by the experiment s h o u l d be h i g h e r than expected a t low 

d i s c r i m i n a t i o n l e v e l s . T h i s i s t h e r e f o r e the major cause f o r the 

shape of the muon d e l t a - r a y spectrum which, up t o about 8 keV, i s 

s h i f t e d 0.3 keU to a h i g h energy r e l a t i v e t o the t h e o r e t i c a l s pectrum, 

and i t would a l s o p a r t l y e x p l a i n the h i g h b r e a k t h r o u g h r a t e o b t a i n e d 
90 

w i t h Sr b e t a - p a r t i c l e s a t low e n e r g i e s . 

I t was e x p l a i n e d B a r l i e r t h a t p h o t o e l e c t r o n s from 15 keU 

X-rays or g r e a t e r have ranges i n argon which are becoming comparable 

w i t h the chamber t h i c k n e s s , and t h e i r c o r r e s p o n d i n g c u r r e n t p u l s e s 

become wid e r a t the expense o f h e i g h t so t h a t thBy cannot exceed 

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

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

the t h e o r e t i c a l spectrum as the d e l t a - r a y energy i n c r e a s e s . 
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6.6.2 X-ray T r a n s i t i o n R a d i a t i o n Spectrum 

I t has been found t h a t t h o r o ore 0.023 photons of energy 

g r e a t e r than 2.8 keV d e t e c t e d by the p r o p o r t i o n a l chamber f o r every 

muon t r a v e r s i n g the r a d i a t o r s t a c k . Though t h i s number i s c l e a r l y 

t o o s m a l l t o enable a measurement o f the h o r i z o n t a l muon energy 

spectrum t h e r e are ways o f i n c r e a s i n g the photon f l u x and i m p r o v i n g 

the. t e c h n i q u e , and these w i l l be d e a l t with i n t h e f o l l o w i n g c o n c l u d i n g 

c h a p t e r . 

I t i s u s e f u l t o c a l c u l a t e t h e t h e o r e t i c a l photon spectrum 

expected from a h o r i z o n t a l muon spectrum d e r i v e d e x p e r i m e n t a l l y and 

compare i t w i t h the measured photon spectrum o b t a i n e d h e r e . fflacKaown 

e t a l . ( 2 ) have measured the d i f f e r e n t i a l momentum spectrum o f muons 

w i t h z e n i t h angles g r e a t e r than 82.5°, and t h e i r r e s u l t a n t spectrum 

i s shown i n f i g u r e 6.11. This spectrum was d i v i d e d i n t o e i g h t c e l l s , 

the average gamma o f each one being taken a t i t s m i d - p o i n t energy. 

The number o f p a r t i c l e s i n each c e l l was then d e t e r m i n e d by t h e area 

o f each c e l l and t h e percentage o f p a r t i c l e s per c e l l i s shown i n row 

3 o f Table 6.1. 

TABLE 6.1 

Average energy o f 
c e l l (GeU) 4.4 28.2 63.5 90 158 264 425 795 

Average y o f c e l l 42 268 600 850 1500 2500 4000 7500 

Percentage o f 
p a r t i c l e s 14.7 50.2 12.3 10.1 7.8 2.9 1 .4 0.6 

A d j u s t e d percentage 
o f p a r t i c l e s 14.4 48.3 11 .4 9.7 9.3 4.0 1 .9 1.0 

U n f o r t u n a t e l y these f i g u r e s do n o t r e p r e s e n t the t r u e 

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

p a r t i c u l a r experiment because o f a l a r g e landniass l y i n g due s o u t h o f 

the l a b o r a t o r y i n which measurements were t a k e n . The experiment l a y 
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i n a n o r t h - s o u t h d i r s c t i o n and o n l y those muons coming from t h e 

n o r t h ara r e p r e s e n t e d by the above f i g u r e s . The r e s u l t s of Rlackeown 

a t a l . are c o r r e c t e d f o r t h e presence o f the landmass but i n h i s 

t h e s i s ( 3 ) IflacKeown c a l c u l a t e s the c u t - o f f e n e r g i e s f o r p a r t i c l e s 

p a s s i n g t h r o u g h the landmass: f i g u r e 6.12 shows a graph o f c u t - o f f 

energy a g a i n s t i n c i d e n t z e n i t h a n g l e . Even a t 82° the c u t - o f f energy 

i s 90 GeV so the g r e a t m a j o r i t y of p a r t i c l e s from tho s o u t h i n the 

f i r s t f o u r c e l l s are e n t i r e l y absorbed i n t h e landmass. T a k i n g account 

of the r e l a t i v e number o f p a r t i c l e s a t each i n c i d e n t anglB between 

82.5° and 90°-, t h e a d j u s t e d energy d i s t r i b u t i o n of p a r t i c l e s p a s s i n g 

t h r o u g h the chamber from both d i r e c t i o n s i s g i v e n i n row 4 of T a b l s 

6.1 . 

This l a s t row o f f i g u r e s was then computed i n the same manner 

as f o r the 1.5 GeU e l e c t r o n s t o d e t e r m i n e t h e d i f f e r e n t i a l number • 

spectrum o f t r a n s i t i o n r a d i a t i o n photons they s h o u l d produce when 

t r a v e r s i n g a r a d i a t o r s t a c k , which i n t h i s case was assumed t o c o n s i s t 

of 114Q l a y e r s o f p o l y u r e t h a n e each 20 jjm t h i c k , the mass a b s o r p t i o n 

c o e f f i c i e n t being taken as t h e same as t h a t of m e l i n e x ( f i g u r e 3 . 4 ) . 

The expected o u t p u t was taken as h a l f t h a t g i v e n by the above 

c o m p u t a t i o n f o r t h e reason g i v e n i n Chapter 3, and e x p e r i m e n t a l l y 

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

e f f i c i e n t as a r e g u l a r one i n p r o d u c i n g t r a n s i t i o n r a d i a t i o n . 

From the above a n a l y s i s f i g u r e 6.13 shows the a c t u a l spectrum 

expected from the s t a c k , and the spectrum which s h o u l d be absorbed 

by the chamber, which was o b t a i n e d by f o l d i n g i n t o t h e f i r s t 

d i s t r i b u t i o n the a b s o r p t i o n o f X-rays i n t h e 50 pm rnelinex window o f 

the chamber and a b s o r p t i o n i n t h e chamber gas i t s e l f . Also shown on 

the diagram are the t o t a l number of photons i n v o l v e d and t h e i r t o t a l 

energy. 
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I t can be seen t h a t the t o t a l spectrum emanating from t h e 
s t a c k (ji-.'ijks a t j u s t below 16 ka\l and s t i l l c o n t a i n s a c o n s i d e r a b l e 
photon f l u x at 30 keU. However, the very s m a l l a b s o r p t i o n c o e f f i c i e n t 
of the argon chamber above about 20 keU means the t h e o r e t i c a l l y 
measured spectrum o n l y peaks a t 6 keV, c o n t a i n s o n l y about 11$ o f the 
energy of the t o t a l spectrum, and c o n s i s t s of 0.019 photons per muon. 
I t can be compared w i t h the e x p e r i m e n t a l one i n two ways: 

i ) Tlie e q u i v a l e n t e x p e r i m e n t a l l y measured d i f f e r e n t i a l photon 

spectrum i s shown i n f i g u r e 6.7(a) and ( b ) where (a ) was o b t a i n e d from 

the s c a l e r r e a d i n g s a t v a r i o u s t h r e s h o l d l e v e l s , and (b) i s t h a t from 

s p e c t r a r e c o r d e d d i r e c t l y by the PHA. Mai n l y because o f the poor 

s t a t i s t i c s n e i t h e r o f these show a t r u e peak but the energy range they 

encompass compares very w e l l w i t h t h a t o f the t h e o r e t i c a l spectrum, 

about 2.5 keU t o 18 keV. 

i i ) I n t e g r a t i o n of the t h e o r e t i c a l spectrum y i e l d s t h e upper curve 

i n f i g u r e 6.6, which a l s o shows the e x p e r i m e n t a l i n t e g r a l photon 

spectrum. From the l a t t e r i t would seem t h a t the m a j o r i t y o f photons 

are of v e r y low energy, around 2 - 4 keU, s i n c e below the cross over 

p o i n t a t 2.95 ke\7, the t h e o r e t i c a l spectrum l e v e l s o f f and the 

e x p e r i m e n t a l one s t i l l r i s e s q u i t e s t e e p l y . At 2.8 keU, the l o w e s t 

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

photon s i g n a l i s 0.023 - 0.010 per muon, and t h e t h e o r e t i c a l one i s 

0.019, which agree t o w i t h i n one s t a n d a r d d e v i a t i o n . However, i t 

s h o u l d be borne i n mind t h a t the t h e o r e t i c a l spectrum i s q u i t e 

s e n s i t i v e t o t h e v a l u e taken f o r the w e l l t h i c k n e s s i n the foam s t a c k . 

F i g u r e 6.14 shows the r e l a t i o n between the number of photons 

t h e o r e t i c a l l y measured by the chamber from the same 1140 l a y e r 

p o l y u r e t h a n e foam a g a i n s t i t s w a l l t h i c k n e s s . Below 10 ^im and above 

30 ^im the p r e d i c t e d number no l o n g e r agrees w i t h the e x p e r i m e n t a l l y 

measured number. 
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D e s p i t e t h i s r e s e r v a t i o n tho r e s u l t s show t h a t X-ray 

t r a n s i t i o n r a d i a t i o n has been d e t e c t e d from the h o r i z o n t a l component 

of cosmic ray muons and very good agreement i s o b t a i n e d w i t h the 

t h e o r e t i c a l l y d e r i v e d photon spectrum, 

6.7 R e l a t e d work 

The o n l y o t h e r known work i n v o l v i n g the d e t e c t i o n of 

X-ray t r a n s i t i o n r a d i a t i o n from cosmic rays i s t h a t by a Russian 

group who used cosmic r a y muons w i t h z e n i t h angles between 73° and 

90°, t h e energy range b e i n g 700 - 6000 GeU ( 4 ) . T h e i r s t a c k c o n s i s t e d 

of 300 l a y e r s o f 200 pm t h i c k paper, and X-rays were d e t e c t e d by a 

xenon gas s c i n t i l l a t o r d e t e c t o r , the a b s o r p t i o n o f X-rays b e i n g 

r e c o r d e d by s c i n t i l l a t i o n c o u n t e r s around the xenon d e t e c t o r . These 

a l l o w e d the number o f photons per event t o be measured, but not t h e i r 

energy. I n a d d i t i o n the xenon s c i n t i l l a t i o n d e t e c t o r o n l y r e g i s t e r e d 

photons w i t h energy g r e a t e r than 35 keU, the e l e c t r o n b i n d i n g energy i n 

the xenon K s h e l l and c o n s e q u e n t l y o n l y 77 events were r e c o r d e d i n a . 

t o t a l r u n n i n g time of 5465 hours. 

T h e r e f o r e , comparison w i t h t h e r e s u l t s of the cosmic r a y 

experiment which has been the s u b j e c t of t h i s c h a p t e r i s not r e a l l y 

p o s s i b l e ; n o n e t h e l e s s the l a t t e r has succeeded i n d e t e c t i n g the s o f t 

component o f X-ray t r a n s i t i o n r a d i a t i o n and s u g g e s t i o n s f o r improve

ment w i l l be made i n the f o l l o w i n g , c o n c l u d i n g c h a p t e r . 
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CHAPTER 7 

AN APPRAISAL OF THE DISCRIMINATION TECHNIQUE 
FOR TRANSITION RADIATION DETECTION 

7.1 Proposed developments oF p r e s e n t tuork 

7.1.1 I n t r o d u c t i o n 

I t has been shown t h a t t h e r e are b a s i c a l l y two methods 

of d e t e c t i n g the X-ray t r a n s i t i o n r a d i a t i o n s i g n a l i n (ilUJPC's when 

h i g h energy p a r t i c l e s t r a v e r s e a r a d i a t o r s t a c k : 

i ) The i o n i z a t i o n d e p o s i t e d by t h e p a r t i c l e and the XTR i t 

c r e a t e s are i n t e g r a t e d and an a n a l y s i s of the i o n i z a t i o n p u l s e 

h e i g h t d i s t r i b u t i o n s w i t h and w i t h o u t the s t a c k shows t h e r e are 

more pu l s e s a t a h i g h e r energy w i t h the s t a c k , t h i s b eing a t t r i b u t e d 

t o t h e a b s o r p t i o n o f XTR. 

i i ) The s i g n a l from t h e chamber i s read out i n c u r r e n t mode; i n 

t h i s way a p a r t i c l e p u l s e i s a r e l a t i v e l y low l e v e l one, whereas t h a t of an 

X-ray of comparable energy t o t h e p a r t i c l e i o n i z a t i o n l o s s i s q u i t e 

l a r g e and narrow. A s u i t a b l e t h r e s h o l d e l i m i n a t e s t h e m a j o r i t y 

of p a r t i c l e p ulses but a l l o w s t h r o u g h the X-ray p u l s e s . 

I n a d d i t i o n t h e r e has been a p r o p o s a l ( 1 ) i n which a n o t h e r 

p u l s e shape d i s c r i m i n a t i o n t e c h n i q u e c o u l d be used w i t h IMUPC's 

f o r t r a n s i t i o n r a d i a t i o n d e t e c t i o n , one which has been s u c c e s s f u l l y 

used i n r e d u c i n g t h e p a r t i c l e background i n X-ray astronomy w i t h 

p r o p o r t i o n a l c o u n t e r s ( 2 , 3 ) . I t c o n s i s t s i n measuring the b a s e l i n e 

c r o s s - o v e r time a f t e r t h e o u t p u t p u l s e from a charge s e n s i t i v e 

a m p l i f i e r a t t a c h e d to t h e c o u n t e r has been doubly d i f f e r e n t i a t e d ; 

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

i n f o r m a t i o n , X-rays h a v i n g s h o r t r i s e t imes and p a r t i c l e s r e l a t i v e l y 
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l o n g ones. As y e t , however, the t e c h n i q u e has not been a p p l i e d 

i n t h i s f i e l d but c o u l d no doubt be o f b e n e f i t . 

7.1.2 X-ray t r a n s i t i o n r a d i a t i o n from 1.5 GeV e l e c t r o n s 

W i t h the p a r t i c u l a r arrangement d e s c r i b e d i n Chapter 5 i t 

was p o s s i b l e , u s i n g an argon/methane f i l l e d filUJPC, t o o b t a i n a maximum 

r e j e c t i o n r a t i o i n s e p a r a t i n g t r a n s i t i o n r a d i a t i o n events from non-

t r a n s i t i o n r a d i a t i o n ones o f about 2.8, which o c c u r r e d a t a t h r e s h o l d 

s e t t i n g o f about 8 keU. The e l e c t r o n d e t e c t i o n e f f i c i e n c y a t t h i s 

p o i n t was 2.8^. I t i s not easy t o compare t h i s d i r e c t l y w i t h the 

i n t e g r a t i o n t e c h n i q u e s i n c e i n t h a t case one always g e t s a s i g n a l 

from the chamber a f t e r the passage o f a p a r t i c l e , and because o f 

the Landau d i s t r i b u t i o n o f i o n i z a t i o n i t i s v e r y d i f f i c u l t t o say 

from t h i s s i g n a l whetharan X-ray was d e t e c t e d or n o t . However, 

a v e r y i m p o r t a n t method o f s u b s t a n t i a l l y r e d u c i n g the problem o f 

the Landau t a i l w i l l be d e s c r i b e d i n j)7.2. 

UJith the t e c h n i q u e used i n t h i s work, i f e l e c t r o n s a r e 

bei n g s e p a r a t e d from p a r t i c l e s which don't produce r a d i a t i o n the 

r e g i s t r a t i o n o f a p u l s e i n d i c a t e s a 2.8 g r e a t e r p r o b a b i l i t y t h a t 

the p a r t i c l e was an e l e c t r o n than n o t . C l e a r l y , though, ways o f 

i n c r e a s i n g the r e j e c t i o n r a t i o are needed: 

i ) The a b s o r p t i o n o f X-rays i n t h e chamber o b e y s an i n v e r s e 

e x p o n e n t i a l law; thus h a l v i n g the chamber t h i c k n e s s l e s s t h a n h a l v e s 

t h e number o f X-rays absorbed but does reduce t h e b r e a k t h r o u g h r a t e 

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

c l e a r l y i m p r o v e the r e j e c t i o n r a t i o b ut w i l l a l s o reduce the d e t e c t i o n 

e f f i c i B n c y . 

i i ) A gas f i l l i n g i s needed which h a 3 a g r e a t e r o v e r a l l X-ray 

a b s o r p t i o n p r o b a b i l i t y r e l a t i v e t o p a r t i c l e i o n i z a t i o n l o s s , a 

c o n d i t i o n f u l f i l l e d by xenon and k r y p t o n . The p h o t o e l e c t r i c 

mass a b s o r p t i o n c o e f f i c i e n t s o f these two gases are shown i n f i g u r e 
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7.1 ( c o m p i l e d from the same r e f e r e n c e as t h a t f o r argon, t h e 

c o e f f i c i e n t o f uihich i s shown ag a i n here f o r c o m p a r i s o n ) . C l e a r l y 

xenon i s b e t t e r than k r y p t o n but t h e l a t t e r , a l t h o u g h more dense 

than a r g o n , does have the d i s a d v a n t a g e t h a t i t s c o e f f i c i e n t between 

3.5 and 1& kel/ i s l e s s t h a n t h a t o f argon, because o f the l< absorp

t i o n edge. 

I t was seen i n Chapter 4 t h a t t h e s i z e of c u r r e n t p u l s e 

from an X-ray absorbed i n an ar.gon f i l l e d chamber was p r o p o r t i o n a l 

t o i t s energy up t o about 15 keV, a t which p o i n t n o n - p r o p o r t i o n a l i t y 

began because the range o f the p h o t o e l e c t r o n c r e a t e d by t h e X-ray 

was becoming comparable w i t h t h e chamber w i d t h . The ranges o f 

e l e c t r o n s i n a r g o n , k r y p t o n and xenon were g i v e n i n f i g u r e 4. 5; from 

t h i s f i g u r e t h e c o r r e s p o n d i n g X-ray energy i n xenon a t which t h e above 

n o n - p r o p o r t i o n a l i t y s h o u l d s e t i n i s about 30 keU. This a l s o a p p l i e s , 

o f c o u r s e , t o d e l t a - r a y s i n xenon. Because of t h i s i t i s p o s s i b l e 

t o e x t e n d a n a l y s i s i n a xenon chamber t o much h i g h e r e n e r g i e s than 

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

of a 1 .6 cm t h i c k , xenon f i l l e d fflllJPC i n the experiment w i t h 1.5 GeV 

e l e c t r o n s . 

F i g u r e 7.2 shows such a chamber's d e t e c t i o n e f f i c i e n c y , 

w i t h due a l l o w a n c e made f o r X-ray a b s o r p t i o n i n t h e melinex window, 

c a l c u l a t e d from e q u a t i o n 5.2, I = I Q e / j c' x
> where p a n d dx i n 

t h i s i n s t a n c e are the a b s o r p t i o n c o e f f i c i e n t o f xenon and chamber 

t h i c k n e s s r e s p e c t i v e l y . I t shows c l e a r l y why xenon i s a f a r b e t t e r 

gas than argon f o r X-ray a b s o r p t i o n , the maximum e f f i c i e n c y b eing 

over 90% and, a p a r t from a s m a l l r e g i o n from 35 t.o 42 keU, the 

e f f i c i e n c y remains above 10$ even up t o 60 keU, whereas i n argon 

i t drops q u i c k l y below 10% a t 14 keU. 
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The d e l t a - r a y b r e a k t h r o u g h r a t e m i l l i n c r e a s e by a f a c t o r 
owcr t h a t o b t a i n e d w i t h argon o f the r a t i o o f the d e n s i t y o f xenon 
t o a r g o n , i . e . 3.3, and i s shown i n f i g u r e 7.3, The i n t e g r a l XTR 
spectrum i s o b t a i n e d by f o l d i n g the xenon chamber d e t e c t i o n e f f i c i e n c y 
i n t o the t r a n s i t i o n r a d i a t i o n spectrum emanating from the p o l y t h e n e 
s t a c k , f i g u r e 5.2, and i s a l s o shown i n f i g u r e 7.3 The a n a l y s i s 
beyond 30 keV w i l l be s l i g h t l y i n e r r o r because o f the i n c r e a s i n g 
p h o t o e l e c t r o n range above t h i s energy. The a b s o r p t i o n o f a l l X-rays 
i s d r a m a t i c a l l y i n c r e a s e d , e s p e c i a l l y those above 10 keV, where the 
spectrum i n argon f a l l s away very r a p i d l y . The r e j e c t i o n r a t i o now 
peaks a t 20 keU (and a l s o a t about 40 keV because o f the xenon a b s o r p t i o n 
edge) b u t , more i m p o r t a n t , i t s magnitude i s about 22, the o v e r a l l 
e l e c t r o n d e t e c t i o n e f f i c i e n c y a t t h i s p o i n t being 7.85%, o f which o n l y 
0.32$ i s due t o b r e a k t h r o u g h . T h i s i s a b i g improvement on t h e 2.B% 
e f f i c i e n c y a t the peak o f the r e j e c t i o n r a t i o curve i n argon, which 
o c c u r r e d a t 8 keV and was o n l y 2.8. 

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

t h i s t e c h n i q u e by u s i n g more than one chamber i n a c h a m b e r - r a d i a t o r 

sandwich c o n f i g u r a t i o n , the chamber o u t p u t s being connected i n 

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

d i r e c t l y i n p r o p o r t i o n t o the number o f chambers because t h e r e i s 

a p r o b a b i l i t y t h a t one chamber w i l l r e g i s t e r an o u t p u t on t h e 

same event as a n o t h e r ; i f X = d e t e c t i o n e f f i c i e n c y o f one chamber 

f o r the d e s i r e d p a r t i c l e , the e f f i c i e n c y , Y, o f n chambers i s 

g i v e n by 

Y = 1 - (1 - X ) n 7.1 

T h e r e f o r e when X i s s m a l l the d e t e c t i o n e f f i c i e n c y 'does, i n f a c t , 

a pproximate t o n x X, the number o f chambers times the s i n g l e chamber 

d e t e c t i o n e f f i c i e n c y . 
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For comparison w i t h a l a t e r s e c t i o n i n t h i s c h a p t e r an 

e f f i c i e n c y o f 50.$ w i l l be c o n s i d e r e d . For argon chambers t h e peak 

o f the r e j e c t i o n r a t i o c u r v e i s a t 8 keU, where X = 0.025. Thu3 

s u b s t i t u t i n g Y = 0.5 i n e q u a t i o n 7.1, the number o f chambers r e q u i r e d 

becomes 27. The same e q u a t i o n can be used f o r b r e a k t h r o u g h s , which 

i n c r e a s e t o 20%, so t h a t the r e j e c t i o n r a t i o remains the same. For 

xenon t h e number o f chambers r e q u i r e d i s 1D and the o v e r a l l b r eak

t h r o u g h i n t h i s case i s almost Z% so t h a t the r e j e c t i o n r a t i o has 

dropped from 22 t o about 17. D e s p i t e t h i s these t e n xenon chambers 

would p r o v i d e an e x t r e m e l y e f f i c i e n t method o f s e p a r a t i n g e l e c t r o n s 

from o t h e r ( n o n - r a d i a t i n g ) p a r t i c l e s a t 1.5 GaV. P a r t i c l e s e p a r a t i o n 

can o b v i o u s l y be a c h i e v e d a t t h i s energy s i m p l y by t h e use o f magnets 

but t h B p o i n t o f t h e above a n a l y s i s i s t o show how u s e f u l t h i s 

t e c h n i q u e would be a t h i g h e r p a r t i c l e e n e r g i e s where p r e s e n t - d a y 

magnets are o f l i t t l e use. I n a d d i t i o n , however, more e n e r g e t i c 

e l e c t r o n s w i l l produce a g r e a t e r y i e l d o f XTR whereas b r e a k t h r o u g h 

w i l l remain r e l a t i v e l y t h e same. The r e j e c t i o n r a t i o w i l l t h e r e f o r e 

i n c r e a s e and the t e c h n i q u e w i l l become p r o g r e s s i v e l y e a s i e r s i n c e 

the number o f chambers r e q u i r e d t o achieve 5Qa/o d e t e c t i o n e f f i c i e n c y 

w i l l be reduced. 

7.1.3 XTR from Cosmic Rays 

I n the l a s t c h a p t e r the l o w e s t d i s c r i m i n a t o r threshold 

s e t t i n g o f 2.8 keU gave a measured XTR photon s i g n a l o f 

0.023 - 0.010 per p a r t i c l e , showing c o n c l u s i v e l y t h a t t r a n s i t i o n 

r a d i a t i o n had been d e t e c t e d from cosmic r a y muons. This f i g u r e , 

and the v a r i a t i o n i n the XTR r a t e as the t h r e s h o l d i s . i n c r e a s e d , 

are t o o s m a l l t o enable q u a n t i t a t i v e c a l c u l a t i o n s on, say, t h e 

muon spectrum, b u t t h e r e are s i g n i f i c a n t improvements which c o u l d 

be made. 

* 7 > s . 

V 7 MAY 1974 
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Tiuo a l t e r n a t i v e s o f i n c r e a s i n g t h e photon s i g n a l i n t h e 

p r e s e n t cosmic-ray experiment a r e : 

a) A s e r i e s o f argon/carbon d i o x i d e chambers c o u l d be arranged 

t o form an a r r a y o f c h a m b e r - r a d i a t o r sandwiches, as suggested f o r 

d e t e c t i o n o f 1.5 GeU e l e c t r o n s . I f the o u t p u t s o f t h e chambers were 

summed the a b s o l u t e XTR s i g n a l would i n c r e a s e , e.g. a s e t of 10 

chambers each w i t h a t h r e s h o l d o f 5 keU s h o u l d , a c c o r d i n g t o 

e q u a t i o n 7.1, produce an o v e r a l l b r e a k t h r o u g h s i g n a l o f 0.45 per 

p a r t i c l e and a combined d e l t a - r a y and XTR photon s i g n a l of 0.50 

per p a r t i c l e , t h e r e b y i n c r e a s i n g t h e XTR s i g n a l t o 0.05 per p a r t i c l e . 

At v ery low t h r e s h o l d s t h e r e would be a b r e a k t h r o u g h f o r every 

p a r t i c l e so i t would, o f c o u r s e , be necessary to i n v e s t i g a t e e very 

t h r e s h o l d w i t h d i f f e r e n t numbers o f chambers. A s u i t a b l e a l t e r n a t i v e 

t o the l a t t e r would be t o employ t h i n n e r chambers w h i c h , besides 

d e c r e a s i n g the b r e a k t h r o u g h r a t e , would i n c r e a s e the r a t i o o f photon 

r a t e t o b r e a k t h r o u g h r a t e s i n c e t h e a b s o r p t i o n o f X-rays v a r i e s 

e x p o n e n t i a l l y , and energy l o s s o f p a r t i c l e s l i n e a r l y , w i t h gas 

t h i c k n e s s . 

b) The use o f xenon gas i n o n l y one chamber would a l s o g r e a t l y 

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

t h a t use. c o u l d be made o f the f a c t t h a t when t h e i n t e r f a c e t h i c k n e s s 

i n a t r a n s i t i o n r a d i a t i o n s t a c k becomes equ a l t o t h e f o r m a t i o n zone 

f o r a p a r t i c l B o f p a r t i c u l a r gamma then t h e XTR o u t p u t s a t u r a t e s 

and i n c r e a s e s v e r y l i t t l e f o r p a r t i c l e s o f h i g h e r energy ( 4 ) . Consider 

a s t a c k o f 1000 20 pm melinex s h e e t s , each spaced 1 mm a p a r t . 

C a l c u l a t i o n of the photon f l u x from t h i s s t a c k f o r h o r i z o n t a l muons 

shows t h e r e would be 0.35 photons per p a r t i c l e , which are d i s t r i b u t e d 

among the energy b i n s s e l e c t e d i n Chapter 6 as shown i n Table 7.1. 
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TABLE 7.1 

Average 
o f b i n 

42 268 600 850 1500 2500 4000 7500 

T o t a l no, of 
photons from 
s t a c k 
(0->30 kev) 

0 0.006 0.012 0.024 0.080 0.082 0.074 0,072 

Energy o f 
these photons 
( k e v ) 

0 0.06 0.14 0.34 1 .32 1.56 1 .54 1 .60 

Mo. o f photons 
absorbed i n 
xenon chamber 
(0-*-30 kev) 

0 0.004 0.008 0.012 0.D32 0.026 0.020 0.018 

Energy o f 
these photons 
( k e v ) 

0 0.04 • • .08 0.12 0.36 0.32 0.26 0.24 

Also shown i n t h i s t a b l e are the number o f these photons absorbed 

i n a 1.9 cm t h i c k xenon chamber p l a c e d d i r e c t l y behind the m e l i n e x 

s t a c k ( a g a i n o n l y photons of energy up t o 30 kev are c o n s i d e r e d i n 

t h i s a n a l y s i s because o f t h e i n c r e a s i n g p h o t o e l e c t r o n range above 

t h i s e n e r g y ) . The muon energy spectrum used s t i l l t akes i n t o account 

the e f f e c t o f t h e landmass on t h s s o u t h s i d e o f the e x p e r i m e n t . 

I f , f o r i n s t a n c e , the t h i c k n e s s o f the f o i l s i n t h e s t a c k 

were such t h a t o n l y h a l f t h e photons f o r the b i n w i t h = 7500 were 

produced the photon number would be reduced by 0.009.to 0.111 per 

p a r t i c l e . A s t a c k o f even t h i n n e r f o i l s w i t h a f o r m a t i o n zone below 

t h a t f o r = 4000 would f u r t h e r reduce the photon s i g n a l by 0.010 

to 0.101 per p a r t i c l e . Measurement o f the photon s i g n a l l o s s i n 

each case would a l l o w an e v a l u a t i o n o f the number o f p a r t i c l e s i n 

each energy b i n and, s i n c e t h e experiment i n Chapter 6 was a b l e t o 
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d e t e c t a photon f l u x o f 0.023 per p a r t i c l e w i t h an a b s o l u t e e r r o r 

of 0.010, t h e above c a l c u l a t e d r e d u c t i o n s i n s i g n a l c o u l d be 

measured, though t h e i r e r r o r s would have to be reduced by l o n g e r 

r u n - t i m e s t h a n used i n Chapter 6; t h i s procedure would t h e r e f o r e 

c o n s t i t u t e an e n t i r e l y d i f f e r e n t method o f measuring t h e h o r i z o n t a l 

muon spectrum. 

7.2 R e l a t e d Work 

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

charge from a MUJPC i n i n t e g r a l mode a t e c h n i q u e , f i r s t suggested 

i n ( 1 ) , has been developed which e l i m i n a t e s t h e troublesome Landau 

t a i l o f the i o n i z a t i o n l o s s d i s t r i b u t i o n . T h is i n v o l v e s u s i n g t h e 

same c h a m b e r - r a d i a t o r sandwich c o n f i g u r a t i o n used i n ^ 7 . 1 . 2 but 

the o u t p u t s of the chambers, i n s t e a d o f being added, as d e s c r i b e d 

i n Chapter 4, are fed i n t o a d e v i c e which measures t h e i r g e o m e t r i c 

mean. Th i s has the e f f e c t o f 'a v e r a g i n g n u t * t h e l a r g e energy 

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

t h a t o f a Gaussian ss the number of chambers i s i n c r e a s e d . The 

e f f i c a c y o f t h i s i d e a has been shown by Yuan e t a l . ( 5 ) and f i g u r e 

7.4 shows the i o n i z a t i o n d i s t r i b u t i o n s , one w i t h and one w i t h o u t 

the 5.3" s t y r o f o a m t r a n s i t i o n r a d i a t o r s , from 10 GeU e l e c t r o n s 

t r a v e r s i n g 10 c h a m b e r - r a d i a t o r segments. The e l i m i n a t i o n of the 

Landau t a i l and consequent s e p a r a t i o n of the two d i s t r i b u t i o n s i s 

j u s t b e g i n n i n g . 

Yuan e t a l . , t o o , d e f i n e a r e j e c t i o n r a t i o , which i s the 

i n v e r s e o f the f r a c t i o n o f the number o f counts i n the c r o s s - h a t c h e d 

area o f f i g u r e 7.4 by t a k i n g the d e t e c t i o n e f f i c i e n c y o f 50/5 f o r the 

d e s i r e d p a r t i c l e . F i g u r e 7.5 shows i t s dependence upon . the number 

of chambers. A l t h o u g h t h i s graph i s f o r 10 GeV e l e c t r o n s and the 
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work i n t h i s t h e s i s i n v o l v e d 1.5 GeV e l e c t r o n s the d i f f e r e n c e i n 

energy o f the XTR t h e y c r e a t e i n the photon range 0 t o 20 keV (which 

i s the o n l y one o f i n t e r e s t here s i n c e the chambers are f i l l e d w i t h 

argon) i s q u i t e s m a l l : f i g u r e 3.6 and 3.7 show the XTR c o n t e n t o f 

p a r t i c l e s w i t h X = 1000 and 10,000 r e s p e c t i v e l y , gamma va l u e s 

s i m i l a r t o those o f the p a r t i c l e s under d i s c u s s i o n h e r e . The photon 

energy from a 250 l a y e r melinex s t a c k i n f i g u r e 3.6 i s about 6 keV 

per p a r t i c l e . Yuan used 5.3" s t y r o f o a m r a d i a t o r s w hich, assuming 

an i n t e r f a c e s p a c i n g o f about 300 ûm as f o r the p o l y u r e t h a n e i n 

Chapter 6, i s e q u i v a l e n t t o almost 450 i n t e r f a c e s , which s h o u l d 

y i e l d 12.5 keV per p a r t i c l e from a r e g u l a r s t a c k a c c o r d i n g to f i g u r e 

3.7, or about 6.25 keU f o r the foam used i n t h i s case. 

T h e r e f o r e i t i s c l e a r t h a t Yuan's method produces a f a r 

g r e a t e r r e j e c t i o n r a t i o t han would be o b t a i n e d by u s i n g a s e r i e s o f 

chambers w i t h c u r r e n t a m p l i f i e r s , e.g. f a r 27 chambers h i s r e j e c t i o n 

r a t i o i s 35. T h i s i s s i m p l y because, w i t h h i s t e c h n i q u e , both 

d e t e c t i o n e f f i c i e n c y and r e j e c t i o n . r a t i o i n c r e a s e as the number o f 

chambers i n c r e a s e , whereas the r e j e c t i o n r a t i o remains v i r t u a l l y 

c o n s t a n t i n the o t h e r t e c h n i q u e . 

However the p r e d i c t e d r e s u l t s o f a s i n g l e xenon f i l l e d 

chamber.attached to a c u r r e n t a m p l i f i e r are v e r y e n c o u r a g i n g ; a t 

h i g h e r p a r t i c l e e n e r g i e s where the XTR i n c r e a s e s i n b o t h f l u x and 

average photon energy, a s i n g l e xenon chamber would g i v e even l a r g e r 

r e j e c t i o n r a t i o s a t 50% e l e c t r o n d e t e c t i o n e f f i c i e n c y . 

Another t e c h n i q u e , which u t i l i z e s the e x i s t e n c e o f the 

r e l a t i v i s t i c r i s e i n the i o n i z a t i o n l o s s of p a r t i c l e s , has been 

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

(6) but t h i s i s somewhat r e s t r i c t e d i n t h a t the r e l a t i v i s t i c r i s e 

e v e n t u a l l y reaches s a t u r a t i o n a t very h i g h e n e r g i e s because o f the 

d e n s i t y e f f e c t . 
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7 .3 C o n c l u d i n g Remarks 

The t e c h n i q u e o f measuring t r a n s i t i o n r a d i a t i o n has been 

shown t o have a g r e a t p o t e n t i a l f o r s e p a r a t i n g r e l a t i v i s t i c charged 

p a r t i c l e s . The d e t e c t i o n process i n v e s t i g a t e d i n t h i s t h e s i s has 

produced u s e f u l and encouraging r e s u l t s , s i n c e not o n l y has i t been 

p o s s i b l e t o e x p e r i m e n t a l l y d i f f e r e n t i a t e between e l e c t r o n s and pi o n s 

and t o d e t e c t t r a n s i t i o n r a d i a t i o n from cosmic ray muons, but a l s o 

t h e d e t e c t e d XTR r a t e s are i n good agreement w i t h those p r e d i c t e d 

by t h e o r y . Emphasis has, o f n e c e s s i t y , been p l a c e d on r e l a t i v e l y 

low energy p a r t i c l e s . However, chambers f i l l e d w i t h a heavy gas 

such as xenon w i l l u ndoubtedly p l a y an i m p o r t a n t r o l e i n s e p a r a t i n g 

and i d e n t i f y i n g charged p a r t i c l e s o f a h i g h e r energy. 
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APPEND IX I 

a) C a l c u l a t i o n o f the e l e c t r o s t a t i c Force between i n d i v i d u a l sense 
mi res . 

As shown i n J>*2.3 the f o r c e between two w i r e s which are a 

d i s t a n c e 'd 1 a p a r t i s : 

2 
1 2q 

/d 

F i g u r e A.1 shows a s e c t i o n along d i s p l a c e d sense .wires. Consider 

the e f f e c t on w i r e 1 o f the f o r c e s from a l l the w i r e s t o i t s r i g h t . 

The h o r i z o n t a l component o f a l l t h e f o r c e s on i t c a n c e l s w i t h t h a t 

from the c o r r e s p o n d i n g w i r e s on the l e f t . The r e s u l t a n t f o r c e on 

w i r e 1 i s t h e r e f o r e the v o r t i c a l component o f the f o r c e s from a l l the 

o t h e r w i r e s . 

L e t u = sense w i r e d i s p l a c e m e n t p e r p e n d i c u l a r to sense 
w i r e p l a n e , 

Then: 

s = sense w i r e s p a c i n g , 

and d m, n 

12 

14 

d i s t a n c e from w i r e 'm' t o w i r e 'n' 

, 2 2 
4 u + 3 

2 2 4u + 9s 

( u «T s) 

9s 

l . e , 1n 
/ \ 2 2 (n - 1) s 

Thus, the v e r t i c a l component o f f o r c e o f w i r e 2 on w i r e 1 , f o r 

example, i s 

F v = F 1 2 C 0 S 9 12 

2 
l _ 

"12 

2q . 2u 
d 12 

= 2g • 2LI 
s s 
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T h e r e f o r e the t o t a l Pores on w i r e 1 Prom a l l o t h e r mires t o i t s 
l o f t and r i g h t i s 

F 2 

Now TT 

T h e r e f o r e F 

b) C a l c u l a t i o n o f the e l e c t r o s t a t i c f o r c e between sense mires and 
the cathods plane 

T h i s c a l c u l a t i o n can be c a r r i e d out by c o n s i d e r i n g t h e 

i n f i n i t e number o f images o f a p a r t i c u l a r sense mire which must e x i s t 

t o g i v e a c o n s t a n t p o t e n t i a l on both cathode p l a n e s . 

F i g u r e A.2 shows anode w i r e 1 u i i t h i t s c o r r e s p o n d i n g image 

mires and charges i n the two cathode p l a n e s . The f o r c e s on mire 1 

from p o s i t i v e image w i r e s c a n c e l because c o r r e s p o n d i n g w i r e s on t h e 

l e f t and r i g h t are equal d i s t a n c e s away from i t . However t h e 

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

1 and t h e r e f o r e cause a r e s u l t a n t f o r c e on i t . 

L e t u = d i s p l a c e m e n t o f w i r e 1 p e r p e n d i c u l a r t o sense w i r e plane 

and a = sense w i r e plane - cathode plane s p a c i n g 

The d i s t a n c e s from w i r e 1 t o i t s two n e a r e s t n e g a t i v e image w i r e s are 

d = 2a - 2u , d „ = 2a + 2u 

CO 

/ F' cos 0 „ . 2 (n even o n l y ) c „ 1n 1n n = 2 
CO 

2 q 2 . 2u . 2 (n even o n l y ) 
n r-. 2 ( n - l ) s ( n - l ) s 
CO 

^ Sq 2 u (n even o n l y ) 
n = 2 , ,\2 2 (n-1) s 

8(1 + 1 / 3 2 + V 5 2 ...) 

2 2 TT q u 
2 

s 
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Thus the f o r c e on u/ire 1 from w i r e s 2 and 3 i s g i v e n by: 

? 2 F„„ = 2c, - 2a 23 
la ~ 2u 2a + 2u 

2 n 2 . 4u 
/ 2 . 2 4a - 4u 

2 
2q u 2 

a 
S i m i l a r l y d... = 6a - 2u , d 1 r = 6a + 2u , and '14 " u ' "15 

45 
2 2 

6a ~ 2u 6a + 2u 

2 g 2 . 4u 
2 ? 36a - 4u 

2 
~ 2 q l u 

2 
9a 

2 
and F__ ~ 2q u e t c . 67 

2 5 a 2 

T h e r e f o r e t o t a l f o r c e on w i r e 1 i s g i v e n by 

2 2 2 F 3 = 2q u + 2q u + 2q u + 
2 2 2 a 9a 25a 

2g 2U (1 + _ 1 _ + _ J _ 
2 2 2 a 3 5 

2 2 
T h e r e f o r e F^ - TT q u 4 a 2 
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APPEMOIX I I 

C a l c u l a t i o n of X-ray t r a n s i t i o n r a d i a t i o n Flux from a r a d i a t o r s t a c k 

Consider a charged p a r t i c l e o f g i v e n X t r a v e r s i n g a s t a c k 

o f 'n' f o i l s , each o f t h i c k n e s s ' t ' , f i g u r e A.3. T r a n s i t i o n r a d i a t i o n 

w i i l be c r e a t e d a t each f o i l i n the f o l l o w i n g manner. (For s i m p l i c i t y 

the medium around t h e f o i l s w i l l be assumed t o be a vacuum). 

1st f o i l ; At the f i r s t i n t e r f a c e a spectrum o f photons, ^ / d E , i s 

produced, which undergoes a b s o r p t i o n i n t h e f o i l so t h a t o n l y a 

f r a c t i o n e ^ are t r a n s m i t t e d , where p = l i n e a r a b s o r p t i o n c o e f f i c i e n t 

o f the f o i l m a t e r i a l . At the second i n t e r f a c e a f u r t h e r spectrum 

^/dE i s produced so t h a t the t o t a l X-ray f l u x emanating from the f i r s t 

f o i l i s : 

^1 = dN (1 + e - ^ ) 
dE dE 

2nd f o i l : 

F i r s t i n t e r f a c e : Spectrum o f photons ^/dE I s produced. 

Second i n t e r f a c e : T h i s spectrum a t t e n u a t e d t o ^^/dE e ^ ̂  

F u r t h e r spectrum ^/dE i s produced 
dN 1 a t t e n u a t e d t o dN (1 + e " ' y t ) e~ ^ J t 

dE dE 
Thu3 the t o t a l XTR f l u x emanating from the second f o i l i s : 

^ 2 = dN (1 + B " ^ * ) e" ̂  + dN (1 + e " ^ ) 
dE dE dE 

--= dN (1 + 2 e - > j t
 + e " 2 ^ ) 

dE 

3rd f o i l : Repeating the same procedure the f l u x eman-ating from t h i s 

f o i l i s : 



00 
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QJ to to to i to to fN (N to CM 
CN fN 
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^ 3 = dN (1 + 2B" ̂  + e-2^t)o-^Jt

 + dN (1 + 

dE dE dE 

= dN (1 + 2 e - ^ b
 + 2e~2^t

 + e " 3 ^ ) 
dE 

Thus f o r 'n' f o i l s the o u t p u t f l u x i s : 

dN ... /. „ - /J t „ -2 u t _ - ( n - l ) > j t - n / J t v n = _dN (1 + 2e r + 2o r + . . . . + 2e " + e ' ) 
dE dE 

< ^ - LI t ' -2 LI t -3 ju t Now 1 = 1 + e ^ v e r + e ' + . . . . 
- LI t 1 - e r 

dN ... . - LI t - n u t - n u t . . n = d_N (1 + 2e " - 2e ~ + G R ) 
dE dE , - j u t 

1 — e ' 

(1 * o " > U t - o " ^ 1 - e - ( n + 1 ^ f c ) 
d E (1 - o " ^ ) 

dN (1 - e - ^ ^ d • e " ^ ) 
d E (1 - a " ^ * ) 

M (1 - e ^ ^ l d + 1 - pt + ( ^ t ) 2 / 2 ! - ( > " t ) 3 / 3 ! . . . ) 

( 1 - 1 + jjt - ( > y t ) > 2 ! + ^ /3!...) 

dN (1 - B ~ n ^ b ) ( 2 - j j t ) f o r pt < 1 
dE pt 

dN _2 (1 - e""^ t ) f o r pt <£ 1 
dE pt 
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