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ABSTRACT 

T h i s t h e s i s i s concerned w i t h t h e d e t e c t i o n o f very high 

energy 7-rays from i s o l a t e d p u l s a r s and o b j e c t s t h a t are not 

known t o e m i t p u l s e d r a d i a t i o n , u s i n g t h e atmospheric Cerenkov 

t e c h n i que. 

The f i r s t c h a p t e r summarises t h e processes by which 

c e l e s t i a l 7 - r a y s can be generated and absorbed. A d i s c u s s i o n o f 

t h e c r i t e r i a f o r s e l e c t i n g o b j e c t s f o r study i s g i v e n . The second 

c h a p t e r d e s c r i b e s t h e atmospheric Cerenkov t e c h n i q u e and gives a 

b r i e f o u t l i n e o f i t s h i s t o r i c a l development. D e t a i l s o f the 

desi g n and o p e r a t i o n o f t h e c u r r e n t Durham u n i v e r s i t y V.H.E. 7-

ray t e l e s c o p e s are g i v e n . The t h i r d c hapter d e s c r i b e s t h e 

s t a n d a r d a n a l y s i s t e c h n i q u e s used t o search f o r pulsed and 

unpulsed e m i s s i o n . 

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

f o u r i s o l a t e d p u l s a r s . Upper l i m i t s t o th e V.H.E. 7-ray f l u x are 

d e r i v e d f o r each p u l s a r . A summary o f t h e r e s u l t s i s given and 

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

f o r t h e most p o p u l a r p u l s a r model. 

The f i f t h c h a p t e r d e a l s w i t h new a n a l y s i s t e c h n i q u e s t h a t 

have been developed t o t e s t d ata f o r t h e presence o f a s i g n a l 

which i s n ot n e c e s s a r i l y p e r i o d i c . A number o f d i f f e r e n t 

approaches i s d e s c r i b e d . The r e s u l t s o f these techniques when 

a p p l i e d t o s i m u l a t e d d a t a a re pre s e n t e d and c o n c l u s i o n s are drawn 

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

c h a p t e r a p p l i e s t h e most s u c c e s s f u l t e s t t o data from t h r e e 

o b j e c t s . Upper l i m i t s t o t h e f l u x from Centaurus A and SN1987a 



are d e r i v e d from our o b s e r v a t i o n s . Evidence f o r V.H.E. 7-ray 

e m i s s i o n from S c o r p i u s X-1 i s p r e s e n t e d , t o g e t h e r w i t h evidence 

t h a t t h i s e m i s s i o n i s modulated w i t h t h e p e r i o d o f the binary-

o r b i t o f t h i s system. 

The f i n a l c h a p t e r summarises t h e preceding r e s u l t s and 

c o n c l u s i o n s and i n d i c a t e s areas where c u r r e n t research may lead 

t o s u b s t a n t i a l improvements i n t e l e s c o p e design and a n a l y s i s 

t e c h n i q u e s . 
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PREFACE 

The Durham U n i v e r s i t y Mark I I I Telescope began o p e r a t i o n i n 

N a r r a b r i , New South Wales, i n October 1986. The author was 

i n v o l v e d i n development o f t h e o n l i n e performance m o n i t o r used i n 

t h i s e x p e r i m e n t . He was a l s o one h a l f o f t h e two-person o b s e r v i n g 

team f o r a t o t a l o f 8 dark Moon p e r i o d s . The author has been 

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

t h e s i s except PSR 0531+21, 

The Mark IV t e l e s c o p e o p e r a t e d i n La Palma from June t o 

October 1988 and has been o p e r a t i n g s i n c e June 1989. I t i s 

planned t h a t i t s h o u l d c o n t i n u e u n t i l October 1989. The author 

was i n v o l v e d i n t h e c o n s t r u c t i o n o f t h e Mark IV i n Durham before 

i t was shipped t o La Palma. He was a l s o i n v o l v e d i n the 

development o f t h e Mark IV loggong s o f t w a r e . 

The a u t h o r has been p a r t o f t h e team r e s p o n s i b l e f o r t h e 

r o u t i n e p r e - p r o c e s s i n g o f data from both t e l e s c o p e s . I n a d d i t i o n , 

he has been i n v o l v e d i n much o f t h e a n a l y s i s o f data from both 

t e l e s c o p e s , being l a r g e l y r e s p o n s i b l e f o r t h e a n a l y s i s o f PSR 

0531+21, PSR 1055-52, PSR 1509-58, and Scorpius X-1 and h e a v i l y 

i n v o l v e d i n t h e l a t t e r stages o f a n a l y s i s o f SN1987a. 

The a u t h o r w r o t e a number o f programs based on curve f i t t i n g 

methods t o search f o r unpulsed 7-ray e m i s s i o n . He wrote a program 

t o s i m u l a t e t e l e s c o p e d a t a , which he then used t o t e s t the 

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

unpulsed s i g n a l s . He a l s o wrote t h e programs used i n chapter 7 t o 

show t h e e f f e c t o f v a r y i n g z e n i t h angle on the two most common 



methods o f s i g n a l enhancement used by t h i s research group. 

None o f t h e m a t e r i a l c o n t a i n e d i n t h i s t h e s i s has been 

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

o t h e r u n i v e r s i t y . 
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CHAPTER 1 

CELESTIAL 7-RAYS 

1.1. I n t r o d u c t i o n 

The 7-ray r e g i o n o f t h e e l e c t r o m a g n e t i c spectrum runs from 

e n e r g i e s o f 1 MeV upwards. There are s e v e r a l d i f f e r e n t methods 

used f o r d e t e c t i n g c e l e s t i a l 7-rays o f v a r i o u s e n e r g i e s . For 

e n e r g i e s around 1 MeV, s o l i d s t a t e d e t e c t o r s o r s c i n t i l l a t i o n 

c o u n t e r s are used i n r o c k e t s , b a l l o o n s o r s a t e l l i t e s . For ene r g i e s 

f r o m about 30 MeV t o about 10 GeV, t h e most s u c c e s s f u l i n s t r u m e n t 

i s t h e spark chamber, i n which h i g h energy e l e c t r o n s produced by 

p a i r c r e a t i o n f r o m t h e 7-ray p r i m a r y are d e t e c t e d . These are 

c a r r i e d i n s a t e l l i t e s and have proved v e r y e f f e c t i v e i n such 

e x p e r i m e n t s as COS-B ( S c a r s i e t a l . , 1977) and SAS-2 (Derdeyn e t 

a l . , 1972). From around 100 GeV t o around 100 TeV, t h e Atmospheric 

Cerenkov Technique has been t h e most s u c c e s s f u l method o f 

d e t e c t i o n . T h i s w i l l be di s c u s s e d i n d e t a i l i n chapter 2. Above 

100 TeV, t h e p a r t i c l e s produced by t h e i n t e r a c t i o n s o f the 7-ray 

p r i m a r y i n t h e upper atmosphere s u r v i v e t o ground l e v e l and can be 

d e t e c t e d d i r e c t l y . I n t e r e s t i n t h e Astronomy o f these energy 

ranges arose r e l a t i v e l y r e c e n t l y . 

Measurements o f t h e f l u x o f cosmic 7-rays were made i n the 

e a r l y 1950s u s i n g b a l l o o n s and r o c k e t s ( B e r g s t r a h l and Schroeder, 

1951; R e i f f e l and Burgwald, 1954; Johnson e t a l . , 1954) and an 

a t t e m p t was made by J e l l e y and Gold t o observe t h e Crab Nebula 

( J e l l e y , 1987). However, t h e t h e f i r s t a t t e m p t s a t s y s t e m a t i c 

1 



s t u d i e s a re g e n e r a l l y t h o u g h t t o have s t a r t e d w i t h a paper by 

M o r r i s o n ( 1 9 5 8 ) . Much e x p e r i m e n t a l work was i n s p i r e d by t h i s . The 

f i r s t d e f i n i t e d e t e c t i o n o f c e l e s t i a l 7-rays was made by OSO-3 i n 

1967-1968 ( C l a r k e t a l , , 1968; Kraushaar e t a l , , 1972). SAS-2 and 

COS-B mapped t h e Galaxy a t e n e r g i e s above 50 MeV and s t u d i e d p o i n t 

sources l i k e t h e Crab p u l s a r (see f o r example, F i c h t e l e t a l , , 

1975; P o l l o c k e t a l . , 1985), I n t h e energy range w i t h which t he 

c u r r e n t work i s concerned ( l O ^ i - 10^^ eV), t h e i n c i d e n t f l u x on a 

s a t e l l i t e p r o p o r t i o n a l c o u n t e r o f area 1 would be about 10"* 

min-1, which would be t o o low f o r p r a c t i c a l o b s e r v a t i o n s . I n t h i s 

r e g i o n , t h e r e f o r e , ground-based t e c h n i q u e s have proved more 

s u c c e s s f u l (see c h a p t e r 2 ) . 

1.2, P r o d u c t i o n Processes 

1.2.1. Nuclear I n t e r a c t i o n s 

Low energy 7-rays can be produced by t h e decay o f 

r a d i o a c t i v e n u c l e i o r by t h e decay o f n or K mesons produced by 

th e c o l l i s i o n o f h i g h energy p r o t o n s w i t h n u c l e i . 

e.g. 5 6co + e- — > 5 6Fe^+ ^ ^ y 
' > Fe, -t 0 

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

r a d i o a c t i v e n u c l e i t o have decayed. Most o f t h e r a d i o a c t i v e n u c l e i 

now p r e s e n t have t h e i r o r i g i n i n supernova e x p l o s i o n s . Thus, t h i s 

k i n d o f em i s s i o n w i l l be p r i m a r i l y a s s o c i a t e d w i t h supernova 

remnants. Indeed, t h e 7-ray l i n e f rom t h e above decay has been 

d e t e c t e d i n SN1987a (see c h a p t e r 6 ) . TT and K mesons are a l s o 

produced by c o l l i s i o n s between nucleons o r n u c l e i a t h i g h e n e r g i e s 



o r by i n t e r a c t i o n s o f h i g h energy nucleons w i t h photons o f t h e 

microwave background, 

i . e . P + P — > 7r+ + n + p 

or p + y(\i) — > 7r+ + n 

The former i n t e r a c t i o n w i l l t a k e p l a c e i n r e g i o n s c o n t a i n i n g high 

energy nucleons i n t h e presence o f l a r g e m a t t e r d e n s i t i e s . This i s 

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

The l a t t e r r e a c t i o n w i l l occur i n i n t e r s t e l l a r space between 

cosmic ray p r o t o n s and photons o f t h e microwave background. The 

mesons produced i n these r e a c t i o n s w i l l decay w i t h t h e p r o d u c t i o n 

o f 7-ray photons, 

e.g. n* — > e+ + v + 7 

The t y p i c a l e n e r g i e s o f t h e 7-rays produced i n these r e a c t i o n s 

range f r o m -1 MeV t o -100 MeV. 

1.2.2. P a r t i c l e A n n i h i l a t i o n 

An e l e c t r o n and a p o s i t r o n w i l l a n n i h i l a t e on c o l l i s i o n w i t h 

p r o d u c t i o n o f > 2 7 - r a y photons. 

e.g. e* + e- — > 7 + 7 

T h i s i n t e r a c t i o n produces a c h a r a c t e r i s t i c sharp l i n e a t r e s t o f 

0.511 MeV. P o s i t r o n s are produced i n t h e decay o f p o s i t i v e l y 

charged mesons. Thus, t h i s i n t e r a c t i o n i s found most commonly i n 

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

p r o d u c i n g beams o f h i g h energy e l e c t r o n s and p r o t o n s . The g a l a c t i c 

c e n t r e i s a l s o a source o f t h i s r a d i a t i o n (Barthelmy e t a l . , 

1989). A n t i n u c l e o n p r o d u c t i o n w i l l occur under t h e same 



c o n d i t i o n s , b u t w i l l be r a r e r due t o t h e g r e a t e r mass o f the 

p a r t i c l e i n v o l v e d . Nucleons and a n t i n u c l e o n s a l s o a n n i h i l a t e w i t h 

t h e p r o d u c t i o n o f mesons and 7 - r a y s . The mesons then decay t o 

produce more 7 - r a y s as d e s c r i b e d above. 

1.2.3. Charged P a r t i c l e A c c e l e r a t i o n i n E l e c t r i c o r Magnetic 

F i e l d s 

Whenever a charged p a r t i c l e i s a c c e l e r a t e d , i t w i l l r a d i a t e 

e l e c t r o m a g n e t i c waves a t a r a t e g i v e n by 

r T 
dE 

d t 
(1.1) 

67re c 3 
0 

where E i s t h e energy o f t h e p a r t i c l e and a i s the a c c e l e r a t i o n i n 

t h e r e s t frame o f t h e p a r t i c l e . T h i s e q u a t i o n i s s u b j e c t o n l y t o 

t h e r e s t r i c t i o n t h a t t h e p a r t i c l e does not lo s e a s i g n i f i c a n t 

f r a c t i o n o f i t s t o t a l energy; a r e s t r i c t i o n t h a t w i l l g e n e r a l l y be 

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

There are t h r e e main a s t r o p h y s i c a l processes i n which t h i s 

o c c u r s : B r emsstrahlung, c y c l o t r o n and s y n c h r o t r o n r a d i a t i o n . 

B r e msstrahlung i s produced when an e l e c t r o n i s a c c e l e r a t e d by the 

e l e c t r i c f i e l d o f a nucleus or charged p a r t i c l e i t passes c l o s e t o 

(see f i g . 1.1). The energy o f t h e r a d i a t i o n depends on the amount 

by which t h e e l e c t r o n i s d e f l e c t e d . As l a r g e d e f l e c t i o n s , i m p l y i n g 

v e r y c l o s e approach t o t h e nucleus i n q u e s t i o n , are much l e s s 

common tha n s m a l l e r ones, most photons produced by t h i s mechanism 

are i n t h e lower r e g i o n o f t h e 7-ray spectrum. T h i s process w i l l 



Atomic n u c l e u s 

a) ., 

b) 

c) 

F i g u r e 1.1 a ) B r e m s s t r a h l u n g e m i s s i o n , b ) S y n c h r o t r o n ^ r a d i a t i o n and 
c ) T h e i n v e r s e Compton e f f e c t 



produce h i g h 7 - r a y f l u x e s o n l y i n a r e a s o f high m a t t e r d e n s i t y . 

When an e l e c t r o n t r a v e l s through a magnetic f i e l d , B, a t an angle 

e t o i t , i t undergoes an a c c e l e r a t i o n , a, g i v e n by 

a = (e/m) B/^ ( 1 . 2 ) 

where 7 i s t h e u s u a l r e l a t i v i s t i c f a c t o r , ( 1 - v ^ / c ^ ) - 1 / 2 , C y c l o t r o n 

r a d i a t i o n i s produced when n o n - r e l a t i v i s t i c e l e c t r o n s a r e 

a c c e l e r a t e d by magnetic f i e l d s ( s e e f i g , 1 . 1). The energy of the 

photons produced i s many o r d e r s of magnitude below t h a t of the 

o r i g i n a l e l e c t r o n , so t h i s w i l l r a r e l y produce 7-ray photons. 

S y n c h r o t r o n r a d i a t i o n i s produced by t h e same p r o c e s s o c c u r r i n g 

w i t h r e l a t i v i s t i c e l e c t r o n s , i . e . when 7 can not be approximated 

t o 1. T h i s can produce 7 - r a y s , but w i l l r a r e l y produce V.H.E. 7-

r a y s . 

1.2.4. I n v e r s e Compton E f f e c t 

When a low energy photon c o l l i d e s w i t h a r e l a t i v i s t i c 

p a r t i c l e , energy i s t r a n s f e r r e d from t h e p a r t i c l e t o the photon 

( s e e f i g . 1 . 1 ) . The p r o c e s s i s e s s e n t i a l l y the same a s Compton 

s c a t t e r i n g , where a photon i s s c a t t e r e d o f f an e l e c t r o n , e x c e p t 

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

th e s i m u l t a n e o u s p r e s e n c e o f low energy photons and r e l a t i v i s t i c 

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

many p u l s a r s , where l a r g e f l u x e s of r e l a t i v i s t i c p a r t i c l e s a r e 

produced i n the p r e s e n c e of a s t r o n g magnetic f i e l d . The 

s y n c h r o t r o n photons t h u s produced ( s e e s e c t i o n 1.2.3) w i l l then 

undergo i n v e r s e Compton s c a t t e r i n g w i t h t h e p a r t i c l e s t o produce 



7 - r a y s . I f t h e i n i t i a l p a r t i c l e energy i s s u f f i c i e n t l y high, 

V.H.E. 7- r a y photons can be produced. Hence, t h i s may be an 

i m p o r t a n t method o f p r o d u c t i o n o f cosmic V.H.E. 7 - r a y s . 

1.3. A b s o r p t i o n P r o c e s s e s 

I n t e r a c t i o n s o f V.H.E. 7 - r a y s w i t h t h e matter of the 

i n t e r s t e l l a r medium do not c a u s e a p p r e c i a b l e a t t e n u a t i o n , due t o 

t h e low i n t e r a c t i o n c r o s s - s e c t i o n and low m a t t e r d e n s i t y i n v o l v e d . 

The r a d i a t i o n l e n g t h f o r a t y p i c a l photon i s about 25 gcm-2, 

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

10 kpc i s about 0.05 gem"2. Much more im p o r t a n t a r e photon-photon 

i n t e r a c t i o n s . T h i s i s e s s e n t i a l l y t h e r e v e r s e of the e l e c t r o n -

p o s i t r o n a n n i h i l a t i o n i n t e r a c t i o n . I n t h i s c a s e , two photons 

i n t e r a c t t o form an e l e c t r o n - p o s i t r o n p a i r . 

i . e . 7 + 7 — > e* + e" 

The r e a c t i o n can o n l y t a k e p l a c e i f t h e t o t a l energy of the 

photons i n t h e z e r o momentum frame, E, i s l a r g e enough t o p r o v i d e 

t h e mass of t h e p a r t i c l e s produced. 

i . e . E > 2me c2 ( 1 . 3 ) 

I n t e r a c t i o n s o f t h i s k i n d w i t h t h e microwave background s e v e r e l y 

a t t e n u a t e 10^3 eV 7 - r a y s o v e r i n t e r g a l a c t i c d i s t a n c e s . The o t h e r 

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

a c t u a l l y t h e same i n t e r a c t i o n a s above, e x c e p t t h a t the 7-ray 

i n t e r a c t s w i t h a v i r t u a l photon o f the magnetic f i e l d . T h i s i s 

o n l y i m p o r t a n t i n r e g i o n s of v e r y i n t e n s e (-lO^ Gauss) f i e l d . 

F i e l d s o f t h i s s t r e n g t h a r e o n l y found near the s u r f a c e of neutron 



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

e m i t t i n g V.H.E. 7 - r a y s t o be away from t h e s t a r ' s s u r f a c e . 

1.4. S o u r c e C a n d i d a t e s 

The above d e t a i l s must be borne i n mind when d e c i d i n g which 

o b j e c t s t o o b s e r v e . C a n d i d a t e s o u r c e s must c l e a r l y be o b j e c t s or 

r e g i o n s where h i g h energy p r o c e s s e s a r e t a k i n g p l a c e . The most 

s u i t a b l e o b j e c t s under t h i s c r i t e r i o n a r e q u a s a r s , a c t i v e 

g a l a x i e s , p u l s a r s and X-ray b i n a r i e s . Q u a s a r s a r e u n l i k e l y t o 

produce a d e t e c t a b l e f l u x of V.H.E. 7 - r a y s above 10^* eV, as 

a t t e n u a t i o n by t h e microwave background over t h e v e r y g r e a t 

d i s t a n c e t o even t h e n e a r e s t q u a s a r would be f a r too g r e a t . 

S i m i l a r l y , most a c t i v e g a l a x i e s would be too f a r away, t h e on l y 

l i k e l y e x c e p t i o n b e i n g Centaurus-A, which i s t he c l o s e s t a t - 5 Mpc 

away. G a l a c t i c X-ray b i n a r i e s a r e good c a n d i d a t e s , s i n c e 

o b s e r v a t i o n of s y n c h r o t r o n r a d i a t i o n from many of them i n d i c a t e s 

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

enough t h a t a t t e n u a t i o n w i l l not s e r i o u s l y a f f e c t the observed 

f l u x . Indeed, X-ray b i n a r i e s a r e t h e most common s o u r c e of V.H.E. 

7 - r a y s so f a r d e t e c t e d . I s o l a t e d p u l s a r s a r e a l s o p romising 

c a n d i d a t e s f o r V.H.E. 7- r a y e m i s s i o n . They a r e t o be found w i t h i n 

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

S y n c h r o t r o n r a d i a t i o n has a l s o been o b s e r v e d from such c a n d i d a t e s 

a s t h e Crab ( s e e s e c t i o n 4 . 2 . 1 ) , i n d i c a t i n g t h e p r e s e n c e of 

r e l a t i v i s t i c p a r t i c l e s . These l a s t two c l a s s e s of o b j e c t , then, 

a r e t h e p r i n c i p a l t a r g e t s o f t h e V.H.E. 7-ray o b s e r v e r . C l e a r l y , 



any o b j e c t d e t e c t e d i n X - r a y s , Low Energy o r U l t r a High Energy 7-

r a y s w i l l be o f c o n s i d e r a b l e i n t e r e s t . 
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CHAPTER 2 

THE ATMOSPHERIC CERENKOV TECHNIQUE 

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

The d e t e c t i o n o f V.H.E. 7 - r a y s u s i n g t h e a t m o s p h e r i c Cerenkov 

t e c h n i q u e r e l i e s on d e t e c t i n g Cerenkov l i g h t from c a s c a d e s of 

h i g h energy p a r t i c l e s i n t h e upper atmosphere produced by a 

c o s m i c V.H.E. photon. The t e c h n i q u e has many advantages o v e r 

a l t e r n a t i v e s l i k e s a t e l l i t e d e t e c t i o n . Being ground-based, i t i s 

much c h e a p e r t h a n a s a t e l l i t e . A l s o , t y p i c a l f l u x e s of V.H.E. 7-

r a y s a r e o f t h e o r d e r o f 10-° cm-^ s-, s o a s p a r k chamber c a p a b l e 

o f d e t e c t i n g them i n a p r a c t i c a l amount of time would be too 

l a r g e t o be c a r r i e d on a s a t e l l i t e . The e f f e c t i v e c o l l e c t i n g a r e a 

o f any Cerenkov d e t e c t o r , however, i s t h e a r e a o f t h e pool o f 

Cerenkov l i g h t on t h e ground, which i s -10'* m̂  (Hi l i a s and 

P a t t e r s o n , 1 9 8 7 ) . O t h e r ground-based d e t e c t i o n t e c h n i q u e s a r e not 

v e r y e f f e c t i v e up t o 10^3 eV, a s t h e c a s c a d e p a r t i c l e s do not 

r e a c h t h e ground. 

2.2 Cerenkov R a d i a t i o n 

2.2.1 C o n d i t i o n s f o r t h e P r o d u c t i o n of Cerenkov R a d i a t i o n 

When a ch a r g e d p a r t i c l e moves through a medium, i t in d u c e s 

c h a r g e p o l a r i s a t i o n s on t h e atoms a s i t p a s s e s . O r d i n a r i l y , t h e s e 



atoms r e t u r n t o t h e ground s t a t e randomly t o g i v e o f f r a d i a t i o n 

w hich i n t e r f e r e s d e s t r u c t i v e l y and i s t h e r e f o r e not s e e n. I f , 

however, t h e p a r t i c l e i s t r a v e l l i n g f a s t e r than the phase 

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

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

t h e r e f o r e o b s e r v a b l e . A Huygens c o n s t r u c t i o n i l l u s t r a t e s t h i s 

w e l l ( s e e f i g 2 . 1 ) . T h i s r a d i a t i o n i s known as Cerenkov 

r a d i a t i o n , a f t e r P. A. Cerenkov (1934, 1937), who d i d some of the 

f i r s t e x p e r i m e n t a l work on t h e e f f e c t . I t has r e c e n t l y come to 

l i g h t t h a t t h e e f f e c t had been p r e d i c t e d i n s u r p r i s i n g d e t a i l 46 

y e a r s e a r l i e r by O l i v e r H e a v i s i d e . I n a f a s c i n a t i n g paper, which 

f i r s t appeared i n 'The E l e c t r i c i a n ' and was r e p r i n t e d i n a 

c o l l e c t i o n o f h i s e l e c t r i c a l p a p e r s ( 1 8 9 2 ) , he d e s c r i b e s the 

e f f e c t and g i v e s t h e c o r r e c t r e l a t i o n s f o r the 'Cerenkov' 

c o n d i t i o n and 'Cerenkov' a n g l e i n terms o f c l a s s i c a l 

e l e c t r o d y n a m i c s . Indeed, t h e r e c o u l d be a good c a s e f o r r e f e r r i n g 

t o t h e e f f e c t a s ' H e a v i s i d e - C e r e n k o v ' r a d i a t i o n . The f i r s t modern 

t h e o r e t i c a l t r e a t m e n t was g i v e n by Frank and Tamm ( 1 9 3 7 ) . The 

c o n d i t i o n f o r t h e p r o d u c t i o n of t h i s r a d i a t i o n i s 

V > c/n ( 2 . 1 ) 

where v i s the speed of t h e p a r t i c l e ; c i s the speed of l i g h t i n 

vacuum; and n i s t h e r e f r a c t i v e index o f the medium. T h i s i s 

known a s t h e Cerenkov c o n d i t i o n . The Cerenkov a n g l e 9 between the 

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

COS0 = ( s e e f i g 2.1) ( 2 . 2 ) 
V # n 
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C l e a r l y , c o n d i t i o n ( 2 . 1 ) cann o t be s a t i s f i e d i f n < 1, so 

Cerenkov r a d i a t i o n can o n l y be seen i n t h e u l t r a - v i o l e t , v i s i b l e , 

i n f r a - r e d and microwave r e g i o n s , s i n c e t h e r e f r a c t i v e index i s 

l e s s t h a n 1 o u t s i d e t h i s r e g i o n of t h e spectrum. 

2.2.2. Cerenkov R a d i a t i o n from A i r Showers 

The f i r s t s u g g e s t i o n t h a t Cerenkov l i g h t s h o u l d be e m i t t e d 

i n t h e atmosphere by co s m i c r a y p a r t i c l e s was made by B l a c k e t t 

( 1 9 4 8 ) . He c a l c u l a t e d t h a t Cerenkov r a d i a t i o n from cosmic ray 

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

s k y . G a l b r a i t h and J e l l e y (1953) l a t e r s u g g e s t e d t h a t s t r o n g 

p u l s e s o f Cerenkov l i g h t s h o u l d be o b s e r v a b l e from e x t e n s i v e a i r 

showers i n i t i a t e d by co s m i c r a y p a r t i c l e s or photons, s i n c e t h e s e 

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

c o n d i t i o n i s most e a s i l y s a t i s f i e d f o r p a r t i c l e s of a giv e n 

e n e r g y by t h o s e w i t h t h e l o w e s t mass. Hence i t i s the behaviour 

o f t h e e l e c t r o n s and p o s i t r o n s i n a shower t h a t l a r g e l y determine 

i t s Cerenkov e m i s s i o n . The Cerenkov c o n d i t i o n i m p l i e s an energy 

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

i . e . E = m c 2 / r ( l - v 2 / c 2 ) ( 2 . 3 ) 

= > E = mc5 / J(1-1/n2 ) ( 2 . 4 ) 
t h r e s h o l d ' 

T h i s v a r i e s w i t h n and t h e r e f o r e w i t h a l t i t u d e . For e l e c t r o n s a t 

s e a l e v e l , E = 2 1 MeV. Around 85 % of shower e l e c t r o n s a t 

shower maximum have E > 21 MeV, w h i l s t 36 % have E > 50 MeV 

( R i c h a r d s and Nordheim, 1949), The a n g l e of s p r e a d of t h e shower 
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p a r t i c l e s i s i n g e n e r a l g r e a t e r than t h e Cerenkov a n g l e , so the 

Cerenkov l i g h t pool i n t e n s i t y p r o f i l e a t t h e ground i s governed 

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

computer s i m u l a t i o n s by Macrae (1985) s u g g e s t t h a t the r a d i u s of 

a t y p i c a l e f f e c t i v e l i g h t pool i s between 45 and 110 m, depending 

on t h e a l t i t u d e o f o b s e r v a t i o n and t h e a l t i t u d e a t which the 

shower was i n i t i a t e d . Cerenkov p u l s e s from t h e s e showers t a k e 

l e s s t h a n 10 ns t o p a s s an o b s e r v e r . 

2.3. O u t l i n e o f E x p e r i m e n t a l T e c h n i q u e s 

The fundamental r e q u i r e m e n t s f o r d e t e c t i o n of Cerenkov l i g h t 

f l a s h e s a r e a p h o t o - m u l t i p l i e r tube (PMT) a t the f o c u s of a f l u x 

c o l l e c t o r ( u s u a l l y a m i r r o r or a r r a y of m i r r o r s w i t h a common 

f o c u s ) . S i n c e t y p i c a l Cerenkov p u l s e s from a i r showers l a s t <10 

ns, f a s t r e s p o n s e from t h e tube (-5 n s ) i s e s s e n t i a l t o p r e v e n t 

t h e p u l s e b e i n g 'smeared' i n time and t h u s not f i r i n g the v o l t a g e 

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

F a s t r e c o r d i n g e l e c t r o n i c s a r e a l s o i m p o r t a n t t o reduce the 

s y s t e m dead time and t h u s maximise t h e count r a t e . A s i n g l e PMT 

would have t o be run a t v e r y low g a i n t o p r e v e n t any s i g n a l being 

swamped by e l e c t r o n i c n o i s e c a u s e d by g e n e r a l sky b r i g h t n e s s . To 

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

t o o p e r a t e 2 or more PMT/flux c o l l e c t o r arrangements i n f a s t 

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

10 ns g a t e . I f t h i s i s done, most r e c o r d e d e v e n t s w i l l be 

Cerenkov l i g h t f l a s h e s . The r a t e o f ' a c c i d e n t a l ' c o i n c i d e n c e s can 
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be c a l c u l a t e d q u i t e e a s i l y ( s e e s e c t i o n 2 , 4 . 1 ) . The major problem 

i s t h e n t o d i s c r i m i n a t e between p h o t o n - i n i t i a t e d and the much 

more common n u c l e o n - i n i t i a t e d showers. Charged cosmic ray 

p a r t i c l e s a r e d e f l e c t e d by i n t e r s t e l l a r e l e c t r i c and magnetic 

f i e l d s and c a r r y no d i r e c t i o n a l i n f o r m a t i o n when they a r r i v e a t 

E a r t h . Hence t h e y form an i s o t r o p i c background t h a t i s t y p i c a l l y 

-100 t i m e s t h a t o f t h e 7-ray s i g n a l . To maximise s i g n a l t o n o i s e 

r a t i o , t h e r e f o r e , i t i s n e c e s s a r y t o r e j e c t e v e n t s caused by 

t h e s e p a r t i c l e s a s e f f i c i e n t l y a s p o s s i b l e . Much e f f o r t has been 

made i n t h e d e s i g n o f hardware and a n a l y s i s t e c h n i q u e s t o combat 

t h i s problem ( s e e s e c t i o n s 2.4, 2.5 and c h a p t e r s 3 and 5 ) , 

2.3,1. H i s t o r i c a l note 

The f i r s t use of the a t m o s p h e r i c Cerenkov t e c h n i q u e f o r 

Astronomy was by J e l l e y and Gold i n 1954 ( J e l l e y , 1987). A m i r r o r 

and phototube were mounted on a 6 i n c h r e f r a c t o r and used to 

o b s e r v e t h e Crab w i t h n e g a t i v e r e s u l t s . A d e t e c t o r was 

c o n s t r u c t e d i n t h e Crimea i n 1961 (Chudakov e t a l . , 1962). T h i s 

made s c a n s a c r o s s Cygnus A, C a s s i o p e i a A, t he Crab Nebula and 

V i r g o A. R e s u l t s were n e g a t i v e , but t h e f e a s i b i l i t y of t h e method 

was d emonstrated. I n 1964, a group from U n i v e r s i t y C o l l e g e D u b l i n 

s t a r t e d o b s e r v a t i o n s ( J e l l e y and P o r t e r , 1963). I n 1970, the 

group moved t o M a l t a . A l s o i n 1972, G r i n d l a y e t a l . (1975b) 

s t a r t e d o b s e r v a t i o n s a t N a r r a b r i , New South Wales and a V.H.E. 7-

ra y o b s e r v a t o r y was e s t a b l i s h e d a t Mount Hopkins, A r i z o n a , which 

was l a t e r named t h e F r e d Whipple O b s e r v a t o r y . I n 1977 a Cerenkov 
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L o c a t i o n P e r i o d o f 
O b s e r v a t i o n 

Energy T h r e s h o l d 
(GeV) 

N a r r a b r i , 
NSW 

1972-1974 200 

C r i m e a 1960-64,1969-77, 
1986-

5000,2000, 
1000 

G l e n c u l l e n , 
E i r e 

1964-1970 2000 

M a l t a 1970 

Mount H a l e a k a l a , 1986-
Hawai i 

2000 

500 

Mount Hopkins, 
A r i zona 

1970- 300 

P o t c h e f s t r o o m , 
RSA 

1986- 1000 

Ootacamund, 
I n d i a 

1976 500 

Gulmarg, 
I n d i a 

1985- 1000 

Pachma r i , 
I n d i a 

1987- 500 

Dugway, Utah 
(Durham Mark I , I I ) 

N a r r a b r i , NSW 
(Durham Mark I I I ) 

1981-1984 

1986-

1000 

250 

La Palma 
(Durham Mark I V ) 

June-October 
1988, 1989 

400 

T a b l e 2.1 V.H.E. 7-Ray T e l e s c o p e s 
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d e t e c t o r was commissioned a t Ootacamund, I n d i a . At t he Dugway 

p r o v i n g grounds i n Utah, t h e Durham group o p e r a t e d an a r r a y of 4 

sp a c e d t e l e s c o p e s , r e f e r r e d t o a s the Mark I and Mark I I , from 

1981 u n t i l 1984. More r e c e n t l y , t h e Crimean group have been 

o p e r a t i n g an a r r a y o f 4 d e t e c t o r s a t high a l t i t u d e . A group from 

t h e U n i v e r s i t y o f P o t c h e f s t r o o m i n t he R e p u b l i c of South A f r i c a 

has o p e r a t e d a s y s t e m o f t e l e s c o p e s s i m i l a r t o the Mark I I 

(Raubenheimer e t a l . , 1986). Cerenkov d e t e c t o r s have a l s o 

r e c e n t l y s t a r t e d o p e r a t i o n a t Mount H a l e a k a l a i n Hawaii and i n 

Gulmarg and Pachmari i n I n d i a . A summary of the v a r i o u s V.H.E. 7-

ra y t e l e s c o p e s i s g i v e n i n t a b l e 2.1. I n many c a s e s , t h e 

t e l e s c o p e s were m o d i f i e d d u r i n g t h e i r l i f e t i m e s . The energy 

t h r e s h o l d g i v e n , t h e r e f o r e , i s t he l a t e s t one and i s not 

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

Durham group began o b s e r v a t i o n s i n October 1986 w i t h a new 

t e l e s c o p e , t h e Mark I I I , a t N a r r a b r i , New South Wales. The group 

has a l s o d e ployed a Mark IV t e l e s c o p e on La Palma f o r the Summer 

of 1988 and, a t time o f w r i t i n g , i s r e c o n s t r u c t i n g t h e i n s t r u m e n t 

f o r t h e Summer 1989 o b s e r v i n g s e a s o n . For f u r t h e r d e t a i l s about 

t h e d e s i g n and c o n s t r u c t i o n of t h e s e i n s t r u m e n t s , s e e s e c t i o n s 

2.4 and 2.5. 

2.4. The Mark I I I T e l e s c o p e 

I n t h i s s e c t i o n , t h e d e s i g n and c o n s t r u c t i o n of t he Mark I I I 

t e l e s c o p e w i l l be d e s c r i b e d . Only t h o s e a s p e c t s which a r e 

n e c e s s a r y f o r t h e r e a d e r ' s u n d e r s t a n d i n g of t he immediate work or 
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were t h e work of t h e a u t h o r w i l l be d e a l t w i t h . For f u r t h e r 

d e t a i l s , s e e Chadwick ( 1 9 8 7 ) o r B r a z i e r e t a l . (1989a) 

2.4.1. Mechanics 

The t e l e s c o p e i s s u p p o r t e d on an Al t - A z i m u t h mount 

c o n s t r u c t e d from a s u r p l u s gun mount. The weight of t he t e l e s c o p e 

i s t a k e n by a s i n g l e t h r u s t b e a r i n g , a l l o w i n g azimuth motion. 

Z e n i t h motion i s a l l o w e d by two s m a l l e r t r u n n i o n b e a r i n g s . The 

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

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

az i m u t h , a s r e q u i r e d by t h e A l t - A z i m u t h mount. The s h a f t encoders 

g i v e t h e t e l e s c o p e p o s i t i o n t o 0.09°. The t e l e s c o p e c o n s i s t s of 3 

l a r g e d i s h e s . Each d i s h c o m p r i s e s 40 s p h e r i c a l m i r r o r s w i t h a 

common f o c u s , h a v i n g a r e f l e c t i v e a r e a of 11.4 m2 per d i s h . 

M i r r o r s a r e a r r a n g e d on e a c h d i s h i n 7 hexagons ( s e e f i g . 2 . 2 ) . 

The framework h o l d i n g them i s made from Aluminium, which i s 

l i g h t , s t r o n g and e a s i l y shaped. Each m i r r o r i s mounted on t h r e e 

a d j u s t a b l e s t u d s f o r i n d i v i d u a l a l i g n m e n t . The m i r r o r s a r e made 

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

s u r f a c e and 2 mm aluminium s h e e t a s t h e b a c k i n g p l a t e . The space 

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

aluminium honeycomb. For d e t a i l s of m i r r o r c o n s t r u c t i o n , s ee 

Chadwick ( 1 9 8 7 ) . The m i r r o r s u r f a c e s a r e about 80% r e f l e c t i v e 

(Weekes, p r i v a t e c o m m u n i c a t i o n ) . There a r e two t y p e s ; one w i t h a 

f o c a l l e n g t h of 240 ± 8 cm; and one w i t h a f o c a l l e n g t h of 260 ± 

8 cm. The s h o r t e r f o c a l l e n g t h m i r r o r s a r e mounted a t the c e n t r e 
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o f t h e d i s h t o improve image q u a l i t y , a l t h o u g h t h i s i s not of 

paramount importance i n a t m o s p h e r i c Cerenkov work. Indeed, a v e r y 

s h a r p image would c a u s e problems s i n c e t h e v a r i a t i o n i n 

b r i g h t n e s s a t t h e photocathode between dark s ky and a w e l l -

f o c u s s e d b r i g h t s t a r would be g r e a t e r than c o u l d be compensated 

f o r by t h e AGO sys t e m ( s e e s e c t i o n 2 . 4 . 2 ) . A l s o , t h e i n t e n s i t y a t 

t h e photocathode produced by a s h a r p image of a b r i g h t s t a r might 

c a u s e damage t o t h e photocathode i t s e l f . 

A m a t r i x o f s e v e n t u b e s , c o n s i s t i n g of a c e n t r a l tube 

s u r r o u n d e d by s i x o u t e r ones ( s e e f i g . 2.3) i s mounted a t the 

f o c u s of each d i s h . I n t h e t r a c k i n g mode of o p e r a t i o n , t h e 

c e n t r a l tube t r a c k s t h e s o u r c e , w h i l e t h e o t h e r s p r o v i d e o f f - a x i s 

m o n i t o r i n g t o a l l o w r e j e c t i o n o f n u c l e o n - i n d u c e d e v e n t s . I n the 

chopping mode, t h e t e l e s c o p e moves i n azimuth e v e r y two minutes 

s u c h t h a t t h e c e n t r a l tube and t h e tube a t t h e same z e n i t h a ngle 

a r e p o i n t i n g a t t h e s o u r c e a l t e r n a t e l y ( s e e c h a p t e r 3 ) , 

2.4.2, E l e c t r o n i c s 

F o r a s c h e m a t i c diagram of t h e Mark I I I e l e c t r o n i c s , s ee 

f i g u r e 2.4. The phot o t u b e s used w i t h t h e Mark I I I a r e RCA 8575's. 

They were chosen f o r s t a b i l i t y o f g a i n and low n o i s e 

c h a r a c t e r i s t i c . The t u b e s a r e o p e r a t e d i n 3 - f o l d c o i n c i d e n c e , 

i . e . t o r e c o r d an e v e n t , 3 p a r a x i a l t u b e s from t h e t h r e e m a t r i c e s 

must t r i g g e r w i t h i n 10 ns o f each o t h e r . F o r example, i f an on-

a x i s e v e n t i s t o be r e c o r d e d , t h e c e n t r a l tube on each d i s h must 

r e c o r d a f l a s h w i t h i n a 10 ns p e r i o d . The re a s o n f o r t h i s i s t o 
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e n s u r e t h a t o n l y broad p u l s e s of l i g h t c a u s e e v e n t s , r a t h e r than 

s t r a y i n d i v i d u a l photons from such o b j e c t s as s t a r s . I f each tube 

i s i n d i v i d u a l l y r e g i s t e r i n g n c o u n t s s " i (known as the 

' s i n g l e f o l d ' r a t e ) , then t h e r a t e a t which c o i n c i d e n c e s w i l l 

o c c u r by chance i s g i v e n by 

R = C! * nc * T ( c - 1 ) 

where C i s t h e number o f t u b e s from which c o i n c i d e n c e i s r e q u i r e d 

and T i s t h e c o i n c i d e n c e r e s o l u t i o n of t h e system, about 3.5 ns. 

Under t y p i c a l o p e r a t i n g c o n d i t i o n s , each tube c o u n t s a t a r a t e of 

< 30 kHz, g i v i n g an ' a c c i d e n t a l ' r a t e of < 6 per hour. A s e t of 3 

c o r r e s p o n d i n g PMTs c o n s t i t u t e s a ' c h a n n e l ' . Each channel c o v e r s 

*1.5° ( F u l l Width H a l f Max.) of the s k y , w i t h c h a n n e l s 2-7 

a r r a n g e d s y m m e t r i c a l l y around channel 1, t h e c e n t r e c h a n n e l . The 

PMTs a r e s u p p l i e d w i t h h i g h v o l t a g e by a LeCroy HT u n i t , which 

communicates w i t h t h e ' c o n s o l e ' BBC ( s e e f i g . 2 . 4 ) . Keeping PMT 

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

chopping mode. The s y s t e m used t o a c h i e v e t h i s i s known a s 

th e Automatic G a i n C o n t r o l , or AGC. Each PMT c o n t a i n s a l i g h t 

e m i t t i n g diode d r i v e n by a n e g a t i v e feedback c i r c u i t c oupled t o 

t h e PMT's anode c u r r e n t . T h i s m a i n t a i n s c o n s t a n t anode c u r r e n t 

and t h u s PMT g a i n , d e s p i t e v a r y i n g sky b r i g h t n e s s . 

The PMTs produce 21 analogue s i g n a l s , which a r e DC-coupled to 

t h e AGC u n i t b e f o r e b e i n g p a s s e d t o an a m p l i f i e r ( s e e f i g . 2 . 4 ) . 

The a m p l i f i e r produces two o u t p u t s . One i s s e n t t o a charge t o 

time c o n v e r t e r (QT u n i t ) which d i g i t i s e s t h e charge from the 

p r e c e d i n g 30 ns on t h e PMT's. The output from t h i s u n i t i s s t o r e d 

i n s c a l e r s u n t i l needed by t h e 68000 ( s e e s e c t i o n 2 . 4 . 3 ) . The 
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o t h e r o u t p u t from t h e a m p l i f i e r i s s e n t t o t h e d i s c r i m i n a t o r . The 

d i s c r i m i n a t o r l e v e l i s v a r i a b l e and i s s e t by t he 68000 a t t he 

b e g i n n i n g of an o b s e r v a t i o n . The t h r e s h o l d used i n a l l Mark I I I 

o b s e r v a t i o n s t o d a t e i s 50 mV. P u l s e s g r e a t e r than 50 mV cause 

o u t p u t t o be p a s s e d t o t h e ECL t o TTL c o n v e r t e r . I t then goes t o 

t h e c o i n c i d e n c e u n i t and s c a l e r s . There a r e 7 c o i n c i d e n c e u n i t s ; 

one f o r each c h a n n e l . P u l s e s from a l l t h r e e PMTs i n a channel a r e 

t e s t e d f o r o v e r l a p w i t h a gate width of -10 ns. I f s u f f i c i e n t 

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

a c c e s s e d . I n f a c t , e v e n t s can o n l y be i n i t i a t e d i n c h a n n e l s 1 t o 

4, s i n c e c h a n n e l s 5 t o 7 were added some time a f t e r c o n s t r u c t i o n . 

E v e n t s not i n c l u d i n g c h a n n e l 1 or channel 3 ( f o r chopping mode) 

a r e u s e f u l o n l y f o r performance m o n i t o r i n g and c h a n n e l s 2, 3 and 

4 a r e s u f f i c i e n t f o r t h i s purpose. More than 1 channel can f i r e 

from a s i n g l e Cerenkov f l a s h , so e v e n t s from each u n i t a r e passed 

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

f o r a g i v e n e v e n t . T h i s i n f o r m a t i o n i s known a s t he " f i r e 

p a t t e r n " o f t h e e v e n t . 

The l o g i c u n i t d e t e r m i n e s whether an e v e n t has o c c u r r e d d u r i n g 

t h e s y s t e m dead t i m e , i . e . when t h e system was busy h a n d l i n g a 

p r e v i o u s e v e n t . T h i s i n t e r v a l has been measured t o be -350 [is 

( B r a z i e r e t a l . , 1 9 8 9 a ) . I f an e v e n t has o c c u r r e d , then the time 

i s r e c o r d e d , but no o t h e r i n f o r m a t i o n , and s t o r e d i n a CAMAC 

' f i r s t i n f i r s t o u t ' b u f f e r w i t h a c a p a c i t y f o r 16 dead time 

e v e n t s . When a normal e v e n t o c c u r s , t h e l o g i c u n i t l a t c h e s the 

s t e e r i n g and CAMAC c l o c k and a c c e s s e s t h e c o i n c i d e n c e r e g i s t e r . 

I t a l s o i n t e r r u p t s t h e 68000 computer. When t h e 68000 has 
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f i n i s h e d h a n d l i n g t h e e v e n t ( s e e s e c t i o n 2 . 4 . 3 ) , i t r e s e t s t h e 

l o g i c u n i t , which then b e g i n s i t s c y c l e a g a i n . 

2.4.3. The 68000 

The c o r e o f t h e d a t a l o g g i n g s y s t e m of t he Mark I I I i s a 

Mo t o r o l a 68000 based micro-computer running a program w r i t t e n by 

t h e Durham U n i v e r s i t y m i c r o p r o c e s s o r c e n t r e . When the l o g i c u n i t 

i n t e r r u p t s t h e 68000, p r e v i o u s o p e r a t i o n s a r e l a t c h e d u n t i l t h e 

d a t a l o g g i n g r o u t i n e has been completed. I n f o r m a t i o n i s read i n 

t h e f o l l o w i n g o r d e r : a l l 21 QT's; t h e anode c u r r e n t s of a l l on-

a x i s PMT's; t h e l a t c h e d e v e n t time; t h e p o s i t i o n and d r i v e s t a t u s 

o f t h e t e l e s c o p e ; and t h e f i r e p a t t e r n o f the e v e n t . The 

i n f o r m a t i o n i s f o r m a t t e d and s t o r e d i n RAM u n t i l t h e tape d r i v e 

i s ' a v a i l a b l e ' a s d e f i n e d by t he tape d r i v e c o n t r o l l e r . A l l 

e v e n t s a r e r e c o r d e d on t a p e v i a a 1 6 - b i t p a r a l l e l i n t e r f a c e . 

E v e r y minute, t h e 68000 i n t e r r o g a t e s v a r i o u s d e v i c e s f o r 

i n f o r m a t i o n on s t e e r i n g , PMT v o l t a g e s , s i n g l e f o l d PMT r a t e s and 

anode c u r r e n t s and s t o r e s t h e i n f o r m a t i o n i n RAM f o r w r i t i n g to 

t a p e , tagged a s a 'housekeeping' b l o c k . 

2.4.4. Timekeeping 

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

a c c u r a t e ephemerides, i t i s n e c e s s a r y t o have a v e r y a c c u r a t e 

t i m i n g s t a n d a r d . The Mark I I I and Mark IV t e l e s c o p e s use a h i g h l y 

a c c u r a t e Rubidium o s c i l l a t o r f o r t h i s purpose. The o s c i l l a t o r i s 
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c h e c k e d r e g u l a r l y a g a i n s t an o f f - a i r s i g n a l , from VNG Lyndhurst, 

RAN J e r v i s Bay, o r VNG Epping a t v a r i o u s s t a g e s i n the l i f e of 

t h e e x p e r i m e n t . D u r i n g t h e p e r i o d of o p e r a t i o n of the t e l e s c o p e , 

VNG t r a n s m i s s i o n s were d i s c o n t i n u e d f o r some months and l a t e r 

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

equipment. The RAN s i g n a l which had been b r o a d c a s t i n between the 

two p e r i o d s o f VNG e m i s s i o n was then d i s c o n t i n u e d . Hence the 

v a r i e t y of s i g n a l s used f o r c h e c k i n g t h e c l o c k . F i g u r e s 2.5, 2.6 

and 2.7 show t h e r e s u l t s of t h e s e c h e c k s . I t can be seen t h a t the 

c l o c k d r i f t e d by about 1 ms month"' from i t s i n i t i a l 

s y n c h r o n i s a t i o n i n October 1986 w i t h r e s p e c t t o the v a r i o u s r a d i o 

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

t h e i o n o s p h e r e , so t h e measured d e l a y i s s u b j e c t t o d i u r n a l and 

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

t h e i o n o s p h e r e and i t s r a d i o r e f l e c t i v i t y v a r y over the c o u r s e of 

a day due t o t h e p a s s a g e o f t h e Sun and o v e r t h e c o u r s e of 

s e v e r a l days due t o v a r i a t i o n s i n weather c o n d i t i o n s ( s e e f i g . 

2 . 8 ) . D u r i n g t h e p e r i o d when t h e o f f - a i r s i g n a l came from VNG 

L y n d h u r s t , i t was p o s s i b l e t o r e c e i v e the s i g n a l on 4.5 or 7.5 

MHz. The h i g h e r f r e q u e n c y was e a s i e r t o r e c e i v e d u r i n g the day, 

w h i l s t t h e lower was e a s i e r t o r e c e i v e a t n i g h t . Hence, o n l y 3 

n e a r l y s i m u l t a n e o u s measurements were made. These a r e g i v e n i n 

t a b l e 2.2. The 7.5 MHz d e l a y s a r e a l l h i g h e r than the 

c o r r e s p o n d i n g 4.5 ones, though t h e long-term d i f f e r e n c e i s 

i m p o s s i b l e t o q u a n t i f y due t o the u n c e r t a i n t i e s i n t r o d u c e d by the 

s y s t e m a t i c time-dependent v a r i a t i o n s mentioned above. The r e s u l t 

o f t h i s i s t h a t f o r c l o c k c a l i b r a t i o n p urposes, one frequency 
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s h o u l d be used c o n s i s t e n t l y . The d a t a p o i n t s used i n f i g . 2.5 

t h e r e f o r e use o n l y 4.5 MHz and a r e t a k e n fcam the p e r i o d 5 pm to 

7 pm l o c a l time t o reduce the e f f e c t s of d i u r n a l v a r i a t i o n . From 

f i g s . 2.5 t o 2.7 t h e c l o c k s l i p r a t e i s measured t o be 1.166 ± 

0.014 ms month"I. T h i s i s due t o e r r o r s i n t he i n i t i a l f requency 

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

r a t e due t o t h e d r i f t i n o s c i l l a t o r f r e q u e n c y , but c o n s i s t e n t 

measurements have not been t a k e n over a long enough t i m e s c a l e t o 

show t h i s y e t . 

2.4.5. Performance and Environment M o n i t o r i n g 

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

l o c a l a r e a network, o r 'Econet' of BBC micro-computers ( s e e f i g . 

2 . 4 ) . I n f o r m a t i o n about t e l e s c o p e performance i s d i s p l a y e d on 

v a r i o u s monitor BBC's. Monitor 1 shows the PMT s i n g l e f o l d r a t e s . 

Monitor 2 d i s p l a y s t h e PMT anode c u r r e n t s . Both monitors have 

v i s u a l a l a r m s i f t h e r e a d i n g s g e t too h i g h . Monitor 3 shows the 

wind speed and d i r e c t i o n , t h e e v e n t r a t e f o r each c h a n n e l , the 

e x t e r n a l ambient t e m p e r a t u r e and h u m i d i t y and the t e m p e r a t u r e of 

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

has not s t e e r e d i n t h e l a s t two minutes. A message i s d i s p l a y e d 

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

from t h e ambient t e m p e r a t u r e and h u m i d i t y . T h i s warns the 

o b s e r v e r s t h a t t h e m i r r o r s may be about t o m i s t o v e r . M i s t i n g has 

a d e l e t e r i o u s e f f e c t on t h e count r a t e . However t h e problem can 

be s o l v e d o r p r e v e n t e d by s p r a y i n g t h e m i r r o r s w i t h a s u r f a c t a n t 
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l i q u i d . T h i s can be done i n about 10 minutes i n t h e middle of a 

run and r e s t o r e s count r a t e s t o near normal. Each t r e a t m e n t i s 

e f f e c t i v e f o r about 6 hours, so i f m i s t i n g i s a n t i c i p a t e d , the 

m i r r o r s can be s p r a y e d b e f o r e t h e s t a r t of an o b s e r v a t i o n to 

p r e v e n t any l o s s o f c o u n t s . M o n i t o r s 1 and 2 a r e updated e v e r y 

s e c o n d . Monitor 3 i s updated o n l y e v e r y 3 seconds, due t o the 

e x t r a c o m p l e x i t y o f i t s d i s p l a y . The weather i n f o r m a t i o n from 

monitor 3 i s w r i t t e n t o a f i l e v i a t he l o c a l a r e a network e v e r y 

minute. T h i s d a t a from t h i s f i l e can then be d i s p l a y e d 

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

i n c l u s i o n i n t h e o b s e r v e r s l o g ( s e e f i g . 2 . 9 ) , 

D u r i n g an o b s e r v a t i o n t h e v a l u e s of a l l the anode c u r r e n t s , 

s i n g l e f o l d r a t e s and 3 - f o l d e v e n t s d i s p l a y e d by monitors 1, 2 and 

3 a r e w r i t t e n down about e v e r y h a l f an hour. T h i s r e c o r d , a l o n g 

w i t h a h a l f - h o u r l y r e p o r t on t h e weather and any o b s e r v a t i o n s or 

a c t i o n s from t h e o b s e r v e r s a r e i n s e r t e d i n a f i l e c a l l e d the 

o b s e r v e r s ' l o g . The f i l e i s v i t a l i n a s s e s s i n g t h e q u a l i t y of any 

g i v e n o b s e r v a t i o n . 

I n a d d i t i o n t o t h e m o n i t o r s mentioned above, an o n l i n e 

t e l e s c o p e performance m o n i t o r i n g program runs on a n o t h e r BBC 

m i c r o . Each e v e n t c a u s e s an i n t e r r u p t a t i t s u s e r p o r t . The 

program r e a d s t h e f i r e p a t t e r n and i n c r e m e n t s r e g i s t e r s 

c o r r e s p o n d i n g t o c h a n n e l s 1 t o 4, At t h e end of each minute, the 

g r a p h i c a l d i s p l a y i s updated t o show t h e e v e n t r a t e f o r each of 

t h e s e c h a n n e l s a v e r a g e d o v e r t h e p r e c e d i n g 3 minutes. T h i s 

d i s p l a y a l l o w s t h e o b s e r v e r s t o s p o t long-term t r e n d s , such a s 

i c i n g or m i s t i n g and t a k e a p p r o p r i a t e a c t i o n . An a l a r m sounds i f 
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no e v e n t has been r e c e i v e d f o r a p e r i o d p r e s e t by t h e o b s e r v e r a t 

t h e b e g i n n i n g of t h e o b s e r v a t i o n . At the end of the n i g h t , the 

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

o b s e r v e r s ' l o g . T h i s d i s p l a y , a l o n g w i t h the i n f o r m a t i o n from the 

monitor 3 f i l e g i v e a c l e a r i m p r e s s i o n o f how good the o b s e r v i n g 

c o n d i t i o n s were f o r t h e o b s e r v a t i o n i n q u e s t i o n . T h i s i s 

i l l u s t r a t e d i n f i g s 2.10 and 2.11. I t i s c l e a r t h a t the n i g h t of 

09/07/88 was good and the d a t a a r e s u i t a b l e f o r a n a l y s i s , 

assuming t h e l o g does not r e v e a l any problems w i t h the equipment, 

whereas t h e n i g h t o f 28/06/87 was poor and t h e d a t a s h o u l d not be 

a n a l y s e d , 

2,5, The Mark IV T e l e s c o p e 

The Mark IV d e s i g n i s v e r y s i m i l a r t o t h a t of the Mark I I I , 

The mount i s s i m i l a r and t h e s t e e r i n g i s i d e n t i c a l . The d i s h e s 

a r e s m a l l e r w i t h an a r e a o f 5.1 m̂  e a c h . The framework can t h u s 

be l i g h t e r w i t h fewer m i r r o r s t o s u p p o r t . The QT u n i t has lower 

r e s o l u t i o n than t h a t o f t h e Mark I I I (3 b i t s a s opposed t o 8 ) , 

The h i g h v o l t a g e f o r t h e PMTs i s s u p p l i e d by NIM u n i t s which a r e 

a d j u s t e d m a n u a l l y . The l o g g i n g o p e r a t i o n i s o v e r s e e n by a BBC 

m i c r o , which w r i t e s d a t a t o a hard d i s c s t o r a g e u n i t . The dead 

time o f t h i s s y s t e m i s -1 ms ( D i p p e r , p r i v a t e communication). 
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CHAPTER 3 

STANDARD DATA ANALYSIS 

3.1. Data Pre-processing 
Thorough and e f f i c i e n t analysis requires not only the 

c h a r a c t e r i s t i c s of each event, but also d e t a i l s of the telescope 
performance plus any general information t h a t might be use f u l . 
The actual event analysis requires the accurate time of each 
event and the " f i r e p a t t e r n " . Software c u t t i n g (see chapter 7) 
requires the QT's from each tube f o r every event. For purposes of 
q u a l i t y c o n t r o l , i t i s necessary t o know the p o s i t i o n of the 
telscope a t each event, so t h a t the accuracy of the steering can 
be checked. I t i s also necessary t o have a record of anode 
curr e n t s and s i n g l e f o l d rates, thus allowing tube performance t o 
be checked. Weather d e t a i l s are p r i n t e d out a f t e r each night and 
ins e r t e d i n the observers' log (see chapter 2 ) . For general 
i n f o r m a t i o n , i t i s also v i t a l t o know the date of the observation 
and useful t o know the i d e n t i t i e s of the observers. 

For every source observation, there are 3 relevant f i l e s t h a t 
are recorded a t the time of the observation. The f i r s t i s the Run 
S t a r t f i l e . This i s recorded at the s t a r t of the night and 
contains a d e s c r i p t i o n of the weather, the names of the 
observers, the C i v i l and J u l i a n dates of the observation and a 
telescope s t a t u s record. The second i s the Source S t a r t f i l e . 
This i s recorded before each i n d i v i d u a l source observation and 
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contains the source name and p o s i t i o n , the s t a r t i n g time of the 
observation, the observatory p o s i t i o n , the telescope steering 
o f f s e t s and the observers' comments, which w i l l u sually include a 
d e s c r i p t i o n of the weather. The t h i r d i s the Data f i l e . For each 
event, t h i s f i l e contains the event time; the QT's from a l l 21 
tubes; the anode currents from 3 on-source and 3 off-source tubes 
(channels 1 and 3 ) ; the t a r g e t d i r e c t i o n f o r the telescope; the 
d i r e c t i o n i n which the telescope was a c t u a l l y p o i n t i n g ; and the 
d r i v e voltage being applied t o the motors. Only 6 anode currents 
are recorded due t o lack of space i n the 64-byte event "word" 
o r i g i n a l l y w r i t t e n by the 68000 computer. These f i l e s are 
t r a n s f e r r e d from 67 Mb 3M DC600 Data tape t o the Vax 11/750 of 
the Durham S t a r l i n k Vax c l u s t e r . For a t y p i c a l observing window 
of 2 t o 3 weeks around the new Moon, two DC600 tapes are 
requir e d , w i t h the second being somewhat less than h a l f f u l l . 
Since the analysis programs use the event a r r i v a l times, the 
times, " f i r e p a t t e r n s " and QT's are s t r i p p e d out from the raw 
f i l e s and formatted i n t o S - f i l e s , each of which contains 
in f o r m a t i o n on one observation of one object. 

Event times must then be transformed t o the equivalent a r r i v a l 
time of the photon at the sol a r system barycentre t o remove the 
e f f e c t s of the observers' t e r r e s t r i a l motion. This transformation 
has 3 components: a c o r r e c t i o n f o r the o r b i t a l p o s i t i o n of the 
Earth; a c o r r e c t i o n f o r the p o i n t of observation not being at the 
centre of the Earth; and a c o r r e c t i o n f o r the r e l a t i v i s t i c 
e f f e c t s on the observers' timescale a r i s i n g from the di f f e r e n c e 
i n g r a v i t a t i o n a l p o t e n t i a l between the po i n t of observation and 
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the s o l a r system barycentre and from the Earth's motion. This 
tran s f o r m a t i o n i s done by a program c a l l e d BARY, which uses the 
JPL DE200 Earth Ephemeris a v a i l a b l e o n - l i n e on the Durham 
Sta r ! i n k Vax c l u s t e r . The program stores the transformed times i n 
unformatted f i l e s t o conserve storage space. These f i l e s are 
known as C - f i l e s . Raw f i l e s , S - f i l e s and C - f i l e s are a l l backed 
up separately onto 9-track tape. 

The C - f i l e s are t r a n s f e r r e d from the Vax t o one of the V.H.E. 
Astronomy group's hard disc storage u n i t s . At t h i s stage, the 
f i l e s are ready f o r analys i s . Analysis i s done on Acorn 
Cambridge 4 MByte workstations using programs w r i t t e n i n Fortran-
77. The f i l e s are checked against the observers' log as a q u a l i t y 
c o n t r o l measure. Poor weather does not necessarily i n v a l i d a t e a 
search f o r p e r i o d i c i t y i n the data. I n t e r m i t t e n t bands of cloud 
can introduce periods of the order of a few minutes i n t o the 
data. A f i l e showing t h i s c h a r a c t e r i s t i c blemish would have t o be 
re j e c t e d i f the t a r g e t o b j e c t had a period of the order of 
seconds, but a search f o r m i l l i s e c o n d periods would be 
unaffected. I n data s u f f e r i n g from t h i s problem, the sidebands 
due t o atmospheric e f f e c t s can be e a s i l y recognised when 
examining the r e s u l t s of a period search . Nights during which 
the weather i s very poor are not analysed. 

For analysis purposes, i t i s customary t o r e j e c t a l l events 
t h a t f i r e o f f source channels as well as the on source channel 
since the centre of the l i g h t pool producing such events w i l l 
almost always be outside the on source channel's f i e l d of view. 
Thus, the r e j e c t e d events do not emanate from the region of sky 
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c o n t a i n i n g the source and are, i n general, caused by proton-
i n i t i a t e d showers w i t h i n the f i e l d of view of the Mark I I I and 
the Mark IV. The more PMTs t h a t surround the on source channel, 
the b e t t e r the e f f i c i e n c y of t h i s p r o t e c t i o n . This i s an 
important consideration when performing analysis of data taken i n 
the chopping mode of operation (see chapter 5). 

3.2. Testing f o r Pulsed Emission 
When the telescope i s operated i n the t r a c k i n g mode, 

de t e c t i o n of a count rate excess i s not r e l i a b l e since any t e s t 
must r e l y on a comparison e i t h e r between the count rate of the 
centre channel and those of the outer channels or between the 
count r a t e of the centre channel a t various times during an 
observation. The f i r s t approach s u f f e r s from the uncertain 
d i f f e r e n c e s between the s e n s i t i v i t i e s of the various channels. 
The second i s prone t o unquantified e f f e c t s introduced by varying 
sky c o n d i t i o n s . Hence, conclusive evidence of excess counts on 
source w i l l not be easy t o f i n d . However, many p o t e n t i a l V.H.E. 
7-ray sources are pulsars and t h e i r emission i s expected t o be 
pulsed a t the pulsar frequency. Searching f o r t h i s pulsed 
emission i s an important method of analysis. For f u l l d e t a i l s of 
a l l methods used f o r t e s t i n g f o r pulsed emission, see Chadwick 
(1987), Batschelet (1981) or Mardia (1972). 
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3.2.1. The Histogram Test - Epoch Folding 
To apply t h i s t e s t f o r p e r i o d i c i t y a t a given period, i t i s 

necessary t o convert the a r r i v a l times of the events t o phases by 
f o l d i n g the data modulo the period. This process i s known as 
epoch f o l d i n g . I f the duration of the f i l e i s not very much 
longer than the period, then the f i l e should be truncated to the 
l a r g e s t possible i n t e g r a l number of t e s t periods. This i s known 
as Poincare's c o r r e c t i o n . For a t y p i c a l f i l e of duration 2 hours 
or more t h i s i s necessary only i f the period being tested i s 
unusually long such as t h a t of Vela X-1, wi t h i t s period of 283s. 
This c o r r e c t i o n i s applied t o a l l data f i l e s where necessary. The 
phases can be binned i n t o phase bins of a r b i t r a r y width t o 
produce a histogram. Pearson's x ^ - t e s t can then be applied t o 
t e s t the n u l l hypothesis t h a t the phases should be d i s t r i b u t e d 
u n i f o r m l y i f there i s no s i g n a l , i n accordance wit h Poincare's 
theorem. The t e s t takes no account of the order of the bins i n 
a histogram. S h u f f l i n g bins around w i l l not a f f e c t the value of 
X̂ . A way t o use t h i s neglected order information i s t o apply the 
run t e s t . For a given histogram, the number of separate sequences 
of bins e i t h e r above or below the mean i s evaluated. The 
d i s t r i b u t i o n o f t h i s s t a t i s t i c i s well known and the p r o b a b i l i t y 
t h a t i t i s derived from a random population can be found from a 
t a b l e (Walpole, 1982). There are a number of drawbacks t o t h i s 
technique. The d e f i n i t i o n of the phase o r i g i n i s e n t i r e l y 
a r b i t r a r y . The pulse may thus be spread between two or more bins 
even i f i t i s narrow enough t o f i t i n t o one. This w i l l decrease 
the s i g n i f i c a n c e of the t e s t r e s u l t . This problem can be overcome 
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by s l i d i n g the o r i g i n and rebinning the phases, but t h i s 
introduces a number of new degrees of freedom, which w i l l also 
reduce the s i g n i f i c a n c e of the r e s u l t . I t i s not clear what the 
exact q u a n t i t a t i v e e f f e c t of these e x t r a degrees of freedom w i l l 
be. To f i n d t h i s , each s p e c i f i c s i t u a t i o n would need t o be 
modelled separately. Another possible problem i s t h a t the t e s t i s 
most s e n s i t i v e t o y-ray l i g h t curves t h a t contain a sharp peak 
equal t o one bin width and i s r e l a t i v e l y i n s e n s i t i v e t o broad-
peaked l i g h t curves. Another d i f f i c u l t y may a r i s e i f the period 
of the source i s not very accurately known. There i s no way t o 
combine separate l i g h t curves i f there i s an unknown phase s h i f t 
between them. Hence l i g h t curves produced f o r a s i n g l e object 
from separate n i g h t s must 'hold phase' i f they are t o be added 
together t o o b t a i n a composite l i g h t curve. I f the uncertainty i n 
frequency at the s t a r t of a serie s of observations i s 6v and the 
u n c e r t a i n t y i n the f i r s t time d e r i v a t i v e i s 8v', then the 
u n c e r t a i n t y i n the phase, 5(p, i s given by: 

T2 * 8 v ' 
5(p = T * 6v + ( 3 . 1 ) 

2 
where T i s the time i n t e r v a l from the s t a r t of the f i r s t 
observation t o the end of the l a s t . I f a 20 bin l i g h t curve i s t o 
be produced, 8(p must be less than 0.05. 

The x ^ - t e s t i s thus best used f o r objects w i t h very accurately 
known periods and narrow-peaked l i g h t curves. This makes i t ideal 
f o r the Crab, which s a t i s f i e s both these c r i t e r i a very w e l l . I t 
should be used only w i t h care f o r objects w i t h accurate 
ephemerides, but unknown or broad l i g h t curves or f o r objects 
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w i t h narrow l i g h t curves, but uncertain periods, 

3.2.2. The Rayleigh Test 
An a l t e r n a t i v e which overcomes many of the problems of the 

Histogram t e s t i s the Rayleigh t e s t . This i s described i n d e t a i l 
i n Mardia (1972). To perform t h i s t e s t , convert the a r r i v a l times 
of the events i n a f i l e t o phases (see section 3.2.1), Gi . Then 
evaluate 

R2 = -
1 
n2 

f n L 
L i = 1 

l 2 
sinGi 

1 
+ -

n2 

r n r -»2 
cosQi 

i = 1 

(3.2) 

where n i s the t o t a l number of events. I f r. i s very large, 2nR2 

i s d i s t r i b u t e d as x^ w i t h 2 degrees of freedom, 
i . e . P r obabi1ity ( n R 2 > K) = e-x 

This i s a s y m p t o t i c a l l y exact. The approximate expression f o r 
smaller n i s 

P r o b a b i l i t y ( n R 2 > K) = e-^ * p + 
2K - K2 

4 n 
(3.3) 

Since R i s the magnitude of the vector sum of the a r r i v a l 
times represented as u n i t vectors on a phasor diagram, the 
Rayleigh t e s t i s s e n s i t i v e t o single-peaked l i g h t curves only. A 
double-peaked l i g h t curve w i l l have a r e l a t i v e l y small value of 
R, since the two peaks w i l l add up out of phase. Many pulsars, 
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such as the Crab> or P S R 1937+21 are known t o produce an 
i n t e r p u l s e i n t h e i r emission at other energies, so t h i s problem 
must be borne i n mind. One way round i t i f the two peaks of the 
l i g h t curve are h a l f a period apart, i s t o f o l d the data at h a l f 
the main pulse period. This w i l l mean t h a t the two peaks w i l l now 
add up i n phase. A refinement t o the t e s t t o overcome the problem 
posed by multi-peaked l i g h t curves or those w i t h s i g n i f i c a n t 
power i n high harmonics was suggested by Buccheri e t a l . (1983). 
This involves c a l c u l a t i n g the s t a t i s t i c (Rm)2 given by 

m 
( R m ) 2 = - ) ) 

n L ••' 
k = 1 L^-i = 1 

T2 f n i 2 n 

coskGi I + I ) sinkSi | | (3.4) 
•i = 1 

where m i s the number of harmonics t o be included. ( R m ) ^ i s 
d i s t r i b u t e d as w i t h 2m degrees of freedom. This i s , of course, 
i d e n t i c a l t o the standard t e s t i f m i s chosen t o be 1, 

The Rayleigh t e s t t e s t s f o r power i n the fundamental of any 
p e r i o d i c v a r i a t i o n i n the data. Hence i t i s most s e n s i t i v e to 
broad l i g h t curves, the ideal being a pure sinusoidal v a r i a t i o n . 
I t i s r e l a t i v e l y i n s e n s i t i v e t o narrow-peaked l i g h t curves, f o r 
which the histogram t e s t may be appropriate (see above). I f , 
however, the shape of the l i g h t curve i s unknown, then the 
Rayleigh t e s t i s the best t e s t t o apply, although i t w i l l not 
produce the lowest chance p r o b a b i l i t y i n a l l cases. However, i n 
these circumstances, i t i s b e t t e r t o apply an over-conservative 
t e s t than t o r i s k a f a l s e d e t e c t i o n . The Rayleigh t e s t i s 
s u i t a b l y conservative and i s a reasonable one t o apply, since any 
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l i g h t curve w i l l have some power i n the fundamental and thus be 
detected by the t e s t a t some l e v e l . 

Unless the ephemeris f o r the object i n question i s extremely 
accurate, i t w i l l be necessary t o search the data over a range of 
periods. Each independent period i n the range must be tested. The 
separation of independent periods i s known as the Fourier 
I n t e r v a l . For an observation of length T, the phase of the l a s t 
event, (p, i s given by <p = T / Pi cycles, where Pi i s the period 
being t e s t e d . As the t e s t period i s increased, the l a s t event 
phase s l i p s . At a t e s t period of P2 , (p has slipped by a whole 
period and there i s no phase coherence w i t h the phases produced 
w i t h Pi . P2 i s thus the next independent period. The Fourier 
I n t e r v a l i s given by F . I . = P2 - P i . 
But T T 

Pi Pz 
= > TP2 - Pi P2 = TPi 
= > T « F . I , = Pi P2 

Pi P2 
= > F . I . = (3.5) 

T 
For P << T (which i s usually the case), Pi P2 » (Pi )2 

= > F . I . « (Pi )2/T (3.6) 
In order t o maximise the chance of t e s t i n g very close t o the 
r i g h t period, i t i s our p r a c t i c e t o t e s t three periods per 
Fourier I n t e r v a l . I t i s important t o bear i n mind the number of 
degrees of freedom used i n searching over a range of periods, 
since t h i s w i l l lessen the s i g n i f i c a n c e of any r e s u l t , e.g. a 
search over 10^ periods t h a t produces a chance p r o b a b i l i t y f o r 
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one period of lO-^ i s s i g n i f i c a n t only at the 10-3 level 

3,2,3, C a l c u l a t i o n of Fluxes and Flux Li m i t s 
To t r a n s l a t e a detected signal strength i n t o a measurement 

of f l u x , i t i s necessary t o know the e f f e c t i v e f i e l d of view; the 
telescope threshold energy; and the i n t e g r a l cosmic ray f l u x at 
the t h r e s h o l d energy. The threshold energy i s defined as t h a t 
energy at which the counting rate c a l c u l a t e d from the i n t e g r a l 
cosmic ray f l u x f o r a c o l l e c t i n g area and aperture equivalent t o 
those of our telescope i s equal t o t h a t observed wit h the 
instrument. I t i s thus not an absolute l i m i t t o the telescope's 
s e n s i t i v i t y (See Kirkman (1985) f o r f u r t h e r d e t a i l s ) . For the 
Mark I I I , the f i e l d of view i s 0,9° ± 0.2° and the threshold 
energy has been c a l c u l a t e d t o be about 250 GeV (Chadwick, 1987; 
Brazier e t a l . , 1989a). At threshold, the i n t e g r a l cosmic ray 
f l u x i s about 2.02 x 10-5 cm-2 s-^ s t r " ^ , assuming the i n t e g r a l 
cosmic ray s p e c t r a l index i s -1,6 (Craig, 1984), The f i e l d of 
view of the Mark I I I channel 1 only i s 3,27 x 10-< s t r , so ^% of 
the cosmic ray f l u x a t t h i s energy i s 6,6 x 10-^^ cm-2 s"^ . 
Hence, f o r a detected signal strength of P%, detected f l u x i s 
given by 

(P = 6,6 « 10-1 1 * P cm-2 s-^ (3,7) 
For the Mark IV, the threshold energy i s 400 GeV due t o the 
smaller c o l l e c t i n g area, w h i l s t the f i e l d of view i s the same as 
t h a t of the Mark I I I , This leads t o a s i m i l a r expression f o r Mark 
IV f l u x measurements: 
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CP = 3. 1 * 10-1 1 * P cm-2 s-1 (3.8) 
I V 

For objects t h a t show no s i g n i f i c a n t s i g n a l , i t i s useful t o 
convert t h i s t o an upper l i m i t t o the f l u x from the object. This 
i s done by determining the f l u x t h a t would have given a 3cr 

d e t e c t i o n f o r the t o t a l d uration of the observations and using 
t h i s as the l i m i t . 

I f a histogram t e s t has been applied, then the procedure i s as 
f o l l o w s . For a 20 bin l i g h t curve, assume the pulsar has a 5% 

duty cycle. An excess of 5 i s required i n one bin t o produce a 3cr 
e f f e c t from the x^ t e s t . I f N i s the t o t a l number of events i n 
the l i g h t curve, t h i s leads t o the r e l a t i o n 

5 
= 3,8 (3.9) 

(N/20)i / 2 

The percentage of pulsed 7-rays, P, i s then given by: 
P = 1006 / N 

This value of P can then be ins e r t e d i n t o the expression (1) or 
(2) t o give the required 5% duty cycle f l u x l i m i t . 

I f a Rayleigh t e s t has been performed, then the signal 
s t r e n g t h f o r a 3a e f f e c t i s given by 

Probabi 1 i t y ( 3 c T ) = exp(-N*P/100) 
The Rayleigh p r o b a b i l i t y corresponding t o a 3a one-tailed e f f e c t 
i s 1.384 * 10-3, so the above expression y i e l d s 

104 
P2 = (3.10) 

N * ln(1.384*10 - 3 ) 

I t i s , of course, possible t o apply the Rayleigh t e s t t o the 20 
bins of a histogram, assigning t o each event the phase of the 
middle of i t s phase b i n . The above r e l a t i o n w i l l then y i e l d what 
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i s known as the 'time-averaged' f l u x , which i s a more s e n s i t i v e 
measure of any broad pulsed emission than f l u x derived from the 
x^ t e s t . 

Evaluating f l u x e s and f l u x l i m i t s accurately requires 
assumptions concerning s e n s i t i v e area of the telescope, telescope 
aperture and the size of a Cerenkov l i g h t pool. D i f f e r e n t 
assumptions, e s p e c i a l l y about the l a s t of these q u a n t i t i e s , w i l l 
produce d i f f e r e n t r e s u l t s . Thus, comparing f l u x measurements made 
by d i f f e r e n t groups using d i f f e r e n t instruments should be done 
w i t h caution. 

2,3, Testing f o r Unpulsed Emission 
This s e c t i o n contains a r e l a t i v e l y b r i e f discussion of the 

standard procedure f o r analysis of chopped data which contains 
e i t h e r no p e r i o d i c i t y or has no known period t o t e s t . For d e t a i l s 
of other methods and a comparison between them, see chapter 5. 
When operating i n chopping mode, the telescope moves in azimuth 
such t h a t channel 1 points at the t a r g e t object f o r two minutes 
w i t h channel 3 p o i n t i n g *2° o f f source, then channel 3 points a t 
the t a r g e t f o r two minutes while channel 1 points o f f source, the 
p a t t e r n then repeats. The movement i s timed such t h a t channel 1 
i s on source f o r the f i r s t two minutes of every hour. One b i t of 
the " f i r e p a t t e r n " byte associated w i t h each event i n a f i l e 
i n d i c a t e s which channel was on source when the event was 
detected. This byte i s read by the analysis programs and used t o 
s o r t events according t o which channel f i r e d and whether i t was 
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on source at the time. The basis of the technique i s t o count the 
numbers of events recorded on and o f f source and use a maximum 
l i k e l i h o o d method t o t e s t f o r the s i g n i f i c a n c e of any on source 
excess. For d e t a i l s of the t e s t , see Gibson e t a l . (1982). 

The maximum l i k e l i h o o d r a t i o , X, i s defined as 
max L(N|S=0) 

% = (3,12) 
max L(N|S=s) 

where L(N|S=a) i s the l i k e l i h o o d of observing N counts given t h a t 
the source s t r e n g t h i s a . I t i s d i s t r i b u t e d as x2 w i t h one degree 
of freedom. For a chopped f i l e , s u i t a b l y truncated so t h a t equal 
times are spent on and o f f source, i n which N counts are seen on 
source and B counts are seen o f f source, i t can be shown (Orford, 
p r i v a t e communication; Dowthwaite, 1987; Gibson et a l . , 1982) 
t h a t : 

r - tNr - iB 

X = 
N + B N + B 
2N 2B 

(3.12) 

S, the number of events due t o the source, i s given by 
S = N - B 

The e r r o r i n t h i s q u a n t i t y i s given by r e l a x i n g the value of X t o 
S+ and S- which are l a from S. For a discussion of the 
refinements required t o minimise the e f f e c t s of varying zenith 
angle and unequal detector s e n s i t i v i t y , see chapter 5. 
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CHAPTER 4 

ISOLATED PULSARS 

4.1. I n t r o d u c t i o n 
There i s a fundamental d i f f e r e n c e between i s o l a t e d and binary 

pulsars i n regard t o t h e i r emission of V.H.E. 7-rays. The energy 
source f o r V.H.E, emission from b i n a r i e s i s the g r a v i t a t i o n a l 
p o t e n t i a l energy of accreti n g matter, whereas the source f o r an 
i s o l a t e d pulsar i s the r o t a t i o n a l energy of the body i t s e l f . For 
a review of V.H.E. 7-rays observed from binary systems, see 
Mannings (PhD. Thesis, i n p r e p a r a t i o n ) . The model of Cheng, Ho 
and Ruderman (1986a,b) provides a mechanism by which V.H.E. 7-
rays are produced i n i s o l a t e d pulsars. B r i e f l y , a region of 
charge d e p l e t i o n i n the outer magnetosphere of a spinning 
magnetised neutron s t a r allows the existence of a strong e l e c t r i c 
f i e l d w i t h a p o t e n t i a l d i f f e r e n c e between the opposite sides of 
the gap of the order of lO^^v. A region of charge depletion i s 
required since, i n regions containing s i g n i f i c a n t q u a n t i t i e s of 
f r e e l y moving charges, any e l e c t r i c f i e l d w i l l cause current 
flows i n the plasma t h a t prevent the developement of large 
p o t e n t i a l d i f f e r e n c e s . The f i e l d i n the depletion region 
accelerates p a r t i c l e p a i r s produced from 7-rays i n the gap up t o 
TeV energies. 7-rays are then produced by the inverse Compton 
e f f e c t . Since the energy source i s u l t i m a t e l y r o t a t i o n a l , 
candidate sources should i d e a l l y have small periods, high spin-
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down rates and high mass. To s a t i s f y the requirements of the 
models, a high degree of magnetisation i s also required. 

4.2. The Vela Pulsar (PSR 0833-45) 
4.2.1. Background 

The Vela pulsar i s a r e l a t i v e l y young pulsar associated 
w i t h a supernova remnant. Pulsations at 89 ms have been detected 
at radio (Large e t a l . , 1968), o p t i c a l (Wallace e t a l . , 1977) and 
7-ray energies (Bennett e t a l . , 1977; Kanbach e t a l . , 1980; Tumer 
et a l . , 1984). I n f a c t , i t i s the b r i g h t e s t source i n the sky i n 
the energy range 50MeV t o 3 GeV (Bennett et a l . , 1977). So f a r , 
no evidence f o r p u l s a t i o n i n the X-ray emission from t h i s object 
has been reported (Ogelman and Zimmermann, 1988). V.H.E. 7-ray 
observations of t h i s o b j e c t have been made by Grindlay et a l . 
(1975b) and by the Tata I n s t i t u t e group at Ootacamund i n India 
(Bhat e t a l . , 1980; Gupta e t a l . , 1982; Bhat et a l . , 1986a, 
1987). Grindlay e t a l . published an upper l i m i t t o the f l u x at 
energies s i m i l a r t o the threshold of the Mark I I I of (1.0 ± 0.33) 

* 1 0 - 1 1 cm-2 s" 1 and a l i m i t t o emission above -5 TeV of (7 ± 3) 
* 10 -13 cm-2 s-1. The Indian group reported some p o s i t i v e 
observations a t energies -10 TeV. 

4.2.2. Data and Results 
The o b j e c t was observed f o r 40 hours i n 1987. The r e s u l t s 

of these observations are given i n d e t a i l by Chadwick (1987). 
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They are not compatible w i t h the Indian r e s u l t s , but there are 
problems about the s t a t i s t i c a l s i g n i f i c a n c e of these (Chadwick, 
1 9 8 7 ) and they show considerable time v a r i a b i l i t y . The Ootacamund 
observations were taken s h o r t l y a f t e r a ' g l i t c h ' was observed 
(Manchester e t a l . , 1 9 7 6 ) i n the pulsar's period. I t i s possible 
t h a t t h i s i s l i n k e d t o V,H,E, 7-ray emission i n the f o l l o w i n g 
months, A s i m i l a r large spin-up was detected by Flanagan ( 1 9 8 8 ) 

on Christmas Eve of 1 9 8 8 , To t e s t t h i s , observations were made 
f o r 22 hours i n March 1 9 8 9 , 3 0 8 4 9 events being observed. Further 
observations were planned, but were prevented by poor weather. 

The events were fol d e d using a contemporary ephemeris supplied 
by C. Flanagan of the Hartebeesthoek Radio Astronomy Observatory, 
Johannesburg (Flanagan, p r i v a t e communication, 1 9 8 9 ) . The 
histogram produced i s shown i n f i g . 4 . 1 , Whilst there i s a peak 
s i g n i f i c a n t a t the 2CT l e v e l i n the l i g h t curve, there i s an 
equally s i g n i f i c a n t trough. Hence there i s no evidence f o r pulsed 
emission i n t h i s l i g h t curve, leading t o a 3cr f l u x l i m i t t o 5% 

duty cycle emission of 3 . 2 * 1 0 - c m - 2 s"' and a 3 a 'time-
averaged' f l u x l i m i t of 9 . 7 * 1 0 - ^ 1 cm-2 s-^ . The observations were 
taken over an 8 day period, so i t i s possible t h a t the pulsar was 
in a low emission s t a t e f o r t h i s r e l a t i v e l y short time. The 
observations t h e r e f o r e c o n f l i c t w i t h the hypothesis t h a t period 
g l i t c h e s are followed by periods of high emission of V.H.E, 7 -

rays on a timescale of a few months. 
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4.3. The Crab P u l s a r (PSR 0531+21) 

4.3.1. Background 

The Crab p u l s a r i s t h e remnant o f t h e supernova o f 1054 AD 

recorded by Chinese astronomers. I t was one o f t h e f i r s t p u l s a r s 

t o be d i s c o v e r e d ( S t a e l i n and R e i f e n s t e i n , 1968) o n l y a few 

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

a l . ( 1 9 6 8 ) . The Crab has been s t u d i e d e x t e n s i v e l y a t every 

wavelength s i n c e . I t was f i r s t observed i n V.H.E. 7-rays a t the 

Smithsonian A s t r o p h y s i c a l Observatory by G r i n d l a y e t a l . (1976). 

Other o b s e r v a t i o n s f o l l o w e d , g i v i n g c o n f l i c t i n g r e s u l t s ( P o r t e r 

e t a l . ; 1976; E r i c k s o n e t a l . , 1976; Gupta e t a l . , 1978). This 

o b j e c t was f i r s t observed by t h e Durham group w i t h t h e mark I 

t e l e s c o p e i n 1981. Two 15 minute b u r s t s were found t o be p e r i o d i c 

a t t h e r a d i o p e r i o d w i t h chance p r o b a b i l i t i e s o f 10"* and 10"^ 

(Gibson e t a l . , 1982). O b s e r v a t i o n s i n 1982 and 1983 showed 

evidence f o r p e r s i s t e n t weak emis s i o n a t a p e r i o d o f 33 ms w i t h a 

chance p r o b a b i l i t y o f 10"s (Dowthwaite e t a l . , 1984). As w e l l as 

t h i s low l e v e l o f c o n s t a n t e m i s s i o n , t h e r e have been a number o f 

r e p o r t s o f b u r s t s l a s t i n g a few minutes (Gibson e t a l . , 1982; 

Resvanis e t a l . , 1987; Vishwanath, 1987). 

4.3.2. Data and R e s u l t s 

O b s e r v a t i o n s were made on f o u r n i g h t s i n October 1988 w i t h t he 

Mark IV t e l e s c o p e a t La Palma. A t o t a l o f 33413 o n - a x i s events 

were c o l l e c t e d i n 7-5 hours. The new data were f o l d e d w i t h t he 

p e r i o d t a k e n from t h e contemporary ephemeris s u p p l i e d by Lyne and 
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P r i t c h a r d ( p r i v a t e communication). T h i s i s from a h i g h l y accurate 

and r e g u l a r l y repeated measurement which makes t h e Crab unique as 

t h e o n l y o b j e c t f o r which t h e t h e r a d i o phase o f each event 

a r r i v a l t i m e i s known a c c u r a t e l y . Thus any excess due t o the 

source s h o u l d appear a t phase 0. The r e s u l t i n g l i g h t curve i s 

shown i n f i g . 4.2. There i s no s i g n i f i c a n t excess i n any b i n , 

which i s n o t s u r p r i s i n g , g i v e n t h e r e l a t i v e l y s h o r t exposure. 

There i s a n o n - s i g n i f i c a n t peak a t phase 0.75. The a n a l y s i s has 

been s t u d i e d i n d e t a i l t o see i f a s p u r i o u s phase s h i f t has been 

i n t r o d u c e d t h a t would mean t h a t t h i s might be due t o t h e Crab. To 

t h i s end, t h e s t a n d a r d b a r y c e n t r i n g program was t e s t e d by usin g 

i t t o t r a n s f o r m i d i v i d u a l a r r i v a l t i m es t h a t were then 

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

Almanac. The r e s u l t s from t h e two methods were compared and found 

t o be t h e same t o an accuracy much b e t t e r than t h a t r e q u i r e d t o 

produce a phase s h i f t o f 0.25 i n t h e Crab l i g h t curve. The 

Rubidium o s c i l l a t o r used has been measured over a long time base 

a g a i n s t an o f f - a i r s i g n a l and found t o be o p e r a t i n g w e l l w i t h i n 

s p e c i f i c a t i o n . No source o f any phase o f f s e t has been found. 

Hence t h e d a t a y i e l d a 3cr f l u x l i m i t o f 1.4 * l O - ^ i cm-2 s" ̂  , 

which i s c o m p a t i b l e w i t h our e a r l i e r f l u x measurements 

(Dowthwaite e t a l . , 1984). 

To t e s t f o r t h e presence o f any t r a n s i e n t a c t i v i t y i n our data 

on s i m i l a r t i m e s c a l e s t o t h a t p r e v i o u s l y r e p o r t e d , t h e f i l e s were 

d i v i d e d i n t o 15 minute segments, o v e r l a p p i n g by 7.5 minutes. A 

R a y l e i g h t e s t was performed on each segment. No s i g n i f i c a n t peaks 

were seen. 
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4.4. PSR 1055-52 

4.4.1. Background 

The r a d i o p u l s a r PSR 1055-52 was f i r s t d i s c o v e r e d by 

Vaughan and Large ( 1 9 7 2 ) . The p e r i o d o f 0.197 s was among the 

s h o r t e s t 5% known a t t h e t i m e , a l t h o u g h t h i s was bef o r e t h e 

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

5.8*10-15 s s - 1 , which i s among t h e h i g h e s t ^0% known i m p l i e s a 

r o t a t i o n a l energy l o s s r a t e o f about 3*103* e r g s - ^ . The d i s t a n c e 

t o t h e o b j e c t , as determined from t h e d i s p e r s i o n measure and a 

model o f t h e i n t e r v e n i n g f r e e e l e c t r o n d e n s i t y , i s 920 pc 

(Manchester and T a y l o r , 1981). The o b j e c t was d e t e c t e d as a 

source o f s o f t X-rays by Cheng and Helfand (1983), u s i n g the 

E i n s t e i n O b servatory and l a t e r by Brinkmann and Ogelman 

( 1 9 8 7 ) , u s i n g EXOSAT. The X-ray emission i s not s i g n i f i c a n t l y 

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

i s o f t h e o r d e r o f 10^2 e r g s - ' . T h i s accounts f o r o n l y ^% of the 

r o t a t i o n a l energy l o s s r a t e . The r e l a t i v e p r o x i m i t y and high 

energy l o s s r a t e suggest t h a t t h i s o b j e c t might w e l l e m i t V.H.E. 

7-rays and i s t h u s a good c a n d i d a t e f o r o b s e r v a t i o n . 

4.4.2. Data and Resu1ts 

PSR 1055-52 was observed on 12 n i g h t s between February and 

June 1987. A t o t a l o f 33 hours d a t a was c o l l e c t e d , c o m p r i s i n g 

53370 ev e n t s o n - a x i s . The most a c c u r a t e ephemeris a v a i l a b l e i s 

t h a t g i v e n by Brinkmann and Ogelman (198 7 ) , which i s based on 

r a d i o o b s e r v a t i o n s by Manchester made i n 1984. The ephemeris i s 
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a c c u r a t e enough f o r us t o h o l d r e l a t i v e phase over the 4 month 

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

d e t e r m i n a t i o n o f t h e a b s o l u t e phase o f each event. 

The a r r i v a l t i m e s o f a l l t h e o n - a x i s events were f o l d e d modulo 

th e p e r i o d t o produce a l i g h t curve (see f i g . 4.3). Taking the 

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

t h e r e f o r e t h e event t i m e s should be u n i f o r m l y d i s t r i b u t e d i n 

accordance w i t h Poincare's theorem, we f i n d a v a l u e f o r of 

25.6. Since a b s o l u t e phase i s unknown, emission i s not expected 

p r e f e r e n t i a l l y i n any one b i n or group o f b i n s , so t h e r e are up 

t o 19 degrees o f freedom a s s o c i a t e d w i t h t h i s t e s t , depending on 

t h e w i d t h o f t h e l i g h t c u r v e . The v a l u e o f 19 corresponds t o the 

case where t h e p u l s e has a 5% d u t y c y c l e . For a 50^ duty c y c l e , 

t h e number o f degrees o f freedom would be 2. I t i s our p r a c t i c e 

t o assume a v a l u e o f 19 f o r t h e number o f degrees o f freedom t o 

make t h e t e s t t h e most c o n s e r v a t i v e p o s s i b l e . The value o f 

f a l l s w i t h i n t h e 90% c o n f i d e n c e i n t e r v a l f o r acceptance of the 

n u l l h y p o t h e s i s . There i s t h u s no evidence f o r pulsed emission o f 

V.H.E. 7-rays from t h i s o b j e c t . T h i s leads t o a 3CT f l u x l i m i t t o 

5% d u t y c y c l e e m i s s i o n (see s e c t i o n 3.2.3) o f 2.4*10-i' cm-2 s-^ 

and a 3a 'time-averaged' f l u x l i m i t o f 7.3*10-^1 cm-2 g - i . 

4.5. PSR 1509-58 

4.5.1. Background 

PSR 1509-58 was f i r s t d e t e c t e d i n t h e X-ray r e g i o n by 

Seward and Harnden ( 1 9 8 2 ) , u s i n g t h e E i n s t e i n Observatory. The 
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measured p e r i o d was 0.15 s, making t h i s o b j e c t one o f t h e f a s t e s t 

known a t t h e t i m e . When t h e o b s e r v a t i o n s were made i n 1979 and 

1980, a l a r g e p e r i o d d e r i v a t i v e was noted, but t h e exposure was 

t o o s h o r t t o r u l e o u t t h e p o s s i b i l i t y t h a t t h e e f f e c t was due t o 

o r b i t a l motion o f a p u l s a r i n a b i n a r y system. Radio p u l s a t i o n s 

were d e t e c t e d i n o b s e r v a t i o n s made d u r i n g 1981 and 1982 by 

Manchester e t a l . ( 1 9 8 2 ) , u s i n g t h e Parkes r a d i o t e l e s c o p e . I f 

t h e X-ray p e r i o d measurements and t h e r a d i o measurements are 

p l o t t e d as a f u n c t i o n o f t i m e , t h e da t a p o i n t s are w e l l f i t t e d by 

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

i n i t i a l l y measured i n X-rays i s n o t due t o o r b i t a l e f f e c t s . 

F u r t h e r r a d i o o b s e r v a t i o n s (Manchester e t a l . , 1985) have allowed 

v e r y a c c u r a t e measurement o f t h e v a r i a t i o n o f t h e p e r i o d w i t h 

t i m e . The d i s t a n c e , as determined by Caswell e t a l . (1975) i s 4.2 

kpc. T h i s i s c l o s e enough t h a t t h e s i g n a l i s n ot l i k e l y t o be 

s e v e r e l y a t t e n u a t e d . 

The p e r i o d d e r i v a t i v e o f 1.5*10-^2 s s - i i s t h e l a r g e s t known, 

bei n g about 3 t i m e s l a r g e r than t h a t o f t h e Crab, t he second 

l a r g e s t . I n f a c t , t h e o b j e c t shows remarkable s i m i l a r i t i e s t o the 

Crab. They are both a s s o c i a t e d w i t h supernova remnants; they have 

comparable ages; and they both have well-behaved p e r i o d s , 

a l l o w i n g t h e second p e r i o d d e r i v a t i v e t o be measured a c c u r a t e l y 

(Manchester e t a l . , 1985). The Crab i s one o f t h e few w e l l -

e s t a b l i s h e d sources o f TeV 7 - r a y s , so PSR 1509-58 must be 

c o n s i d e r e d a good p r o s p e c t f o r e m i s s i o n . Indeed De Jager e t a l . 

(1988) have r e p o r t e d d e t e c t i o n o f TeV 7-rays from PSR 1509-58 

fro m o b s e r v a t i o n s made w i t h t h e Potchefstroom t e l e s c o p e . T h e i r 
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d e t e c t i o n , s i g n i f i c a n t a t t h e 10-3 l e v e l , produces a t r i p l e -

peaked l i g h t c u rve which has y e t t o be e x p l a i n e d . F u r t h e r 

measurements by t h e same group are cla i m e d t o c o n f i r m t h i s 

d e t e c t i o n (Nel e t a l . , 1989). The h i g h p e r i o d d e r i v a t i v e , 

p r o x i m i t y , and d e t e c t i o n a t TeV e n e r g i e s make t h i s a prime o b j e c t 

f o r s t u d y . 

4.5.2 Data and R e s u l t s 

Two s e p a r a t e o b s e r v i n g runs were made on t h i s o b j e c t . Data 

was t a k e n on 6 n i g h t s i n March and A p r i l 1987 w i t h 10 days 

between f i r s t and l a s t o b s e r v a t i o n s . A t o t a l o f 37821 events i n 

25 hours were observed on source d u r i n g t h i s r u n . Data was a l s o 

t a k e n on 5 n i g h t s d u r i n g March 1989 w i t h 7 days between f i r s t and 

l a s t o b s e r v a t i o n s . A t o t a l o f 26641 events i n 16 hours were 

observed on source d u r i n g t h e second s e t o f o b s e r v a t i o n s . 

The ephemeris was tak e n from Manchester e t a l . (1985). I t i s 

p o s s i b l e t o h o l d phase w i t h i n each d a t a s e t , but not over t h e two 

years s e p a r a t i n g t h e two, so se p a r a t e histograms were produced 

(see f i g s 4.4 and 4.5). The combined chance p r o b a b i l i t y o f these 

i s 0.1. A p e r i o d s e a r c h , u s i n g t h e Ray l e i g h t e s t , over a wide 

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

De Jager e t a l . ( 1 9 8 8 ) showed no s i g n i f i c a n t peaks (see f i g s . 4.6 

and 4 .7). 

There i s t h u s no evidence f o r s i g n i f i c a n t p ulsed emission from 

t h i s o b j e c t . The 3CT f l u x l i m i t t o 5* duty c y c l e emission d e r i v e d 

from t h e f i r s t s e t o f o b s e r v a t i o n s i s 2.9*10"^icm-2 s-^ , w h i l s t 
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t h a t d e r i v e d from t h e second i s 3.4*10-^1 cm'^ s"'. Th i s y i e l d s a 

composite upper l i m i t o f 2.2*10-^1 cm-2 s - i . The corresponding 

'time averaged' l i m i t i s 6.7*10-1° cm-2 s - i . 

The v a l u e o f t h e f l u x g i v e n by De Jager e t a l . (1988) i s 

2.1*10-11 cm-2 s-1 f o r a t h r e s h o l d energy o f 1000 GeV. However, 

t h e r e appears t o be an o v e r - e s t i m a t i o n o f t h e s e n s i t i v e area o f 

t h e t e l e s c o p e i n t h e South A f r i c a n s ' f l u x c a l c u l a t i o n s (De Jager, 

p r i v a t e communication) as t h e Cerenkov l i g h t pool s i z e 

c o r r e s p o n d i n g t o showers o c c u r r i n g a t t h e z e n i t h has been used 

f o r a l l o b s e r v a t i o n s . A c o n s e r v a t i v e e s t i m a t e o f t h e e f f e c t o f 

t h i s i s t h a t i t w i l l i n t r o d u c e a f a c t o r o f about 0.5 i n t o the 

f l u x c a l c u l a t i o n s . Using t h i s and e x t r a p o l a t i n g back t o our 

t h r e s h o l d g i v e s a f l u x o f 3.9*10-1° cm-2 g - i . This i s not 

c o m p a t i b l e w i t h o ur r e s u l t i f PSR 1509-58 i s a steady e m i t t e r o f 

V.H.E. 7-rays. There i s , however, some doubt as t o the t r u e 

s i g n i f i c a n c e o f t h e d e t e c t i o n . An e s t i m a t o r i s used t o determine 

t h e shape o f t h e l i g h t c u r ve b e f o r e t h e e x i s t e n c e o f any emission 

i s demonstrated. The r e s u l t o f t h i s e s t i m a t o r i s used t o i n d i c a t e 

how many harmonics t o use i n t h e Z2 t e s t which i s then a p p l i e d t o 

t h e d a t a . No al l o w a n c e f o r t h i s ' b o o t s t r a p p i n g ' procedure i s made 

i n t h e f i n a l s i g n i f i c a n c e o f t h e d e t e c t i o n , which i s o n l y »10-3. 

A l s o , i n Nel e t a l . ( 1 9 8 9 ) , t h e Potchefstroom group p u b l i s h 

evidence f o r t h e o b j e c t being v a r i a b l e and c l a i m c o n f i r m a t i o n o f 

t h e o r i g i n a l e f f e c t . There are a number o f problems w i t h t h e data 

used, however. The most s i g n i f i c a n t e f f e c t comes from a s e r i e s o f 

d r i f t scans o f C i r c i n u s X-1. The paper quotes a f i e l d o f view f o r 

t h e t e l e s c o p e o f 2.2° (FWHM). During a d r i f t scan, t h e c e n t r e o f 
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Dates L o c a t i o n S i g n a l ? 

10/06/85 - 21/06/85 Potc h e f s t r o o m yes 

10/07/85 - 20/07/85 Potc h e f s t r o o m yes 

27/03/87 - 06/04/87 N a r r a b r i no 

29/04/87 - 28/06/87 Potchefstroom yes 

05/03/89 - 14/03/89 N a r r a b r i no 

Table 4.1 Comparison o f Ob s e r v a t i o n s o f PSR 1509-58 

49 



t h e f i e l d o f view d e s c r i b e s a l i n e o f c o n s t a n t d e c l i n a t i o n on the 

sky. PSR 1509-58 i s 1.97° away from C i r c i n u s X-1 i n d e c l i n a t i o n . 

Hence, a t c l o s e s t approach, PSR 1509-58 was 0.87° beyond t h e edge 

o f t h e f i e l d o f view. L i t t l e importance should be a t t a c h e d t o 

t h i s d a t a s e t , t h e r e f o r e . The s i g n i f i c a n c e o f the o t h e r 

o b s e r v a t i o n i s 2*10-2 and thu s n o t c o m p e l l i n g . 

I f t h e o b j e c t i s indeed v a r i a b l e , our r e s u l t can be r e c o n c i l e d 

w i t h t hose from P o t c h e f s t r o o m , s i n c e t h e r e were no simultaneous 

o b s e r v a t i o n s made (see t a b l e 4.1). I f t h e o b j e c t emits f o r 3 o ut 

o f every 4 10-day p e r i o d s on average, as clai m e d , then t h e 

chances o f q u i e t phases c o i n c i d i n g w i t h both o f our o b s e r v i n g 

p e r i o d s i s 0.06. However, t h e r e s u l t s c o n f l i c t w i t h any c l a i m f o r 

steady e m i s s i o n above t h e l i m i t quoted. 

4.6. Conclusions 

D e t a i l s o f r e c e n t o b s e r v a t i o n s o f 4 d i f f e r e n t p u l s a r s have 

been pr e s e n t e d i n t h i s c h a p t e r . The r e s u l t s are summarised i n 

t a b l e 4.2. The r e s u l t f rom t h e Crab i s based on a r e l a t i v e l y 

s m a l l d a t a s e t and i s l a r g e l y i n c o n c l u s i v e as a consequence. The 

o t h e r t h r e e o b j e c t s , however, show no s i g n o f d e t e c t a b l e 

e m i s s i o n . W h i l s t these p u l s a r s do n ot r e p r e s e n t an ex h a u s t i v e 

survey o f t h i s c l a s s o f o b j e c t , they have been s e l e c t e d as the 

most p r o m i s i n g c a n d i d a t e s f o r V.H.E. emiss i o n . Thus, i t i s 

p o s s i b l e t o i n f e r f rom t h e l a c k o f d e t e c t a b l e emission from these 

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

obs e r v e a b l e V.H.E. 7 - r a y s . There are two p o s s i b l e e x p l a n a t i o n s 

50 



Object Energy Threshold Scr Flux l i m i t / cm-̂  s-̂  
(GeV) 

5% duty cycle time averaged 

PSR 0833-45 250 3.2 » lO-n 9.7 « lO'ii 
(Vela Pulsar) 

PSR 0531+21 400 1.4 « 10-11 M/A« 
(Crab Pulsar) 

PSR 1055-52 250 2.4 * lO-n 7,3 « lO'^i 

PSR 1509-58 250 2.2 * l O ' i i 6.7 * lO ' i i 

*The l i g h t curve f o r the Crab is known to contain a sharp peak, so the 'time 
averaged' f l u x l i m i t i s not meaningful. 

Table 4.2 Summary o f r e s u l t s o f o b s e r v a t i o n s o f i s o l a t e d p u l s a r s 
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f o r t h i s . One i s t h a t e m i s s i o n from these o b j e c t s i s 

i n t r i n s i c a l l y weak. T h i s i s a t t e s t e d t o by t h e p e r s i s t e n t and 

s t a t i s t i c a l l y s i g n i f i c a n t 0.2% s i g n a l found i n t h e Dugway 

expe r i m e n t . The o t h e r i s t h a t t h e emission i s i n the form o f 

w e l 1 - c o l 1 i m a t e d beams which are n o t always o r i e n t e d i n the r i g h t 

d i r e c t i o n t o reach t h e E a r t h and thus a l l o w t h e emission t o be 

d e t e c t e d . 

Cheng, Ho and Ruderman (1986b) s t a t e t h a t t h e p o t e n t i a l drop 

t h a t w i l l develop i n an o u t e r magnetosphere gap and the c r e a t e d 

p a r t i c l e f l o w t h r o u g h i t are both r o u g h l y p r o p o r t i o n a l t o O.^B. 

Assuming t h a t t h e p u l s a r r o t a t i o n a l energy l o s s r a t e i s l a r g e l y 

due t o magnetic d i p o l e r a d i a t i o n and t h a t t h e s i n o f t h e angle 

between t h e r o t a t i o n a x i s and t h e magnetic a x i s i s ro u g h l y 1, 

th e n t h e r e l a t i o n between SI and B i s gi v e n by 

SI = - (4.1) 
3 c 3 l 

( K a t z , 1987) where R and I are t h e ne u t r o n s t a r r a d i u s and moment 

o f i n e r t i a r e s p e c t i v e l y . These q u a n t i t i e s may not vary much 

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

B2 a (4.2) 
ft3 

But 
P 

SI a (4.3) 
P2 

Hence r . -i1/2 
P 

ft2B a 
p3 

(4.4) 

52 



OBJECT Period P (P/p3)i/2 Distance {?/?^yf^/r^ 
(ms) ( s s - i ) ( a r b i t r a r y ) (kpc) (arbitrary) 

CRAB 33 4.2 * 10-13 0.11 2.0 2.8 

VELA 89 1.2 * 10-13 0.013 0.5 5.2 

PSR 1509-58 150 1.5 * 10-12 o.021 4.2 1.0 

PSR 1055-52 197 5.8 * 10-15 8.7 * 10-" 0.92 0.1 

Table 4.3 Comparison of pulsar parameters governing outer gap formation 
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The v a l u e s o f P/p3 f o r t h e p u l s a r s s t u d i e d i n t h i s chapter are 

g i v e n i n t a b l e 4.3, a l o n g w i t h t h e d i s t a n c e s t o th e o b j e c t s . From 

t h i s i t can be seen t h a t t h e Crab P u l s a r has t h e most f a v o u r a b l e 

c o m b i n a t i o n o f parameters f o r t h e f o r m a t i o n o f a l a r g e p o t e n t i a l 

drop i n an o u t e r gap, a l t h o u g h t h e Vela P u l s a r would be expected 

t o produce a l a r g e r f l u x a t t h e E a r t h i f i t s V.H.E. l u m i n o s i t y 

were p r o p o r t i o n a l t o ( P / p 3 ) i / 2 . I t may be t h a t t h e r e i s a sharp 

c u t - o f f i n t h e energy emission spectrum a t the energy 

c o r r e s p o n d i n g t o t h e t o t a l p o t e n t i a l drop along t h e gap and t h a t 

t h e p u l s a r s o t h e r than t h e Crab have a c u t - o f f below the V.H.E. 

7 - r a y r e g i o n . 

The a n g u l a r spread o f t h e f a n beam produced i s dependent on 

th e t h i c k n e s s o f t h e gap. A t h i c k e r gap w i l l produce a s m a l l e r 

a n g l e . Since t h e l a r g e r gaps w i l l produce l a r g e r f l u x e s o f 

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

V.H.E. r a d i a t i o n may w e l l be those w i t h t h e narrowest beams. 

Thus, o b j e c t s chosen as most l i k e l y a p r i o r i sources o f V.H.E. 7 -

rays would be t h e ones w i t h t h e s m a l l e s t p r o b a b i l i t y o f the beam 

geometry being f a v o u r a b l e enough t o a l l o w o b s e r v a t i o n from t h e 

p o s i t i o n o f t h e E a r t h . 

Hence, t h e p r e r e q u i s i t e f o r o b s e r v i n g V.H.E. emission from an 

i s o l a t e d p u l s a r may n o t s i m p l y be values o f magnetic f i e l d (B) 

and a n g u l a r v e l o c i t y (i2) t h a t a re as l a r g e as p o s s i b l e . The f a c t 

t h a t t h e Crab produces a d e t e c t a b l e f l u x o f y-rays i s l i k e l y t o 

be t h e r e s u l t o f an o p t i m a l c o m b i n a t i o n o f B and Q. which i s not 

always produced by o b j e c t s w i t h h i g h e r v a l u e s o f e i t h e r q u a n t i t y . 

S u b s t a n t i a l e m i s s i o n from t h e Crab must a l s o be accompanied by a 
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c e r t a i n amount o f geometric good f o r t u n e t o a l l o w such emission 

t o be o b s e r v a b l e . 

The l a c k o f d e t e c t a b l e V.H.E. emi s s i o n from t h e o b j e c t s s t u d i e d 

i n t h i s c h a p t e r does n o t t h e r e f o r e r e q u i r e t h e abandonment o f the 

s t a n d a r d model. Indeed, t h e model t h a t e x p l a i n s why some i s o l a t e d 

p u l s a r s e m i t d e t e c t a b l e f l u x e s o f V.H.E. 7 - r a y s may w e l l i t s e l f 

p r o v i d e t h e best e x p l a n a t i o n o f why o t h e r s do n o t . 
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CHAPTER 5 

NEW ANALYSIS TECHNIQUES FOR DC DATA 

5.1. Problems t o be Solved 

The r o o t o f t h e problem posed i n t r y i n g t o measure a steady 

excess s i g n a l from a V.H.E. source l i e s i n t h e low f l u x o f V.H.E. 

photons r e l a t i v e t o t h e f l u x o f p r o t o n s o f s i m i l a r energy and 

hence t h e low s i g n a l t o n o i s e r a t i o . The i d e a l t e c h n i q u e should 

i n v o l v e a measurement o f counts from an area o f sky c o n t a i n i n g 

t h e source and a measurement o f counts from another area o f sky 

under i d e n t i c a l c o n d i t i o n s ; t h e o n l y d i f f e r e n c e between t h e two 

bein g t h e presence o f t h e source i n one and i t s lack i n t h e 

o t h e r . 

Measurements must be made over a long p e r i o d f o r t h e excess t o 

be s i g n i f i c a n t due t o t h e low s i g n a l t o noise r a t i o . The count 

r a t e produced by a tube depends on i t s g a i n . A tube's gain and 

t h e dependence o f t h e g a i n on e x t e r n a l f a c t o r s such as anode 

c u r r e n t , t e m p e r a t u r e , h u m i d i t y e t c . i s unique t o each tube. 

Hence, s i m u l t a n e o u s o b s e r v a t i o n s o f t h e source and a nearby area 

o f sky w i l l n o t produce on and o f f source d a t a s e t s t h a t are 

comparable. A l s o , t h e maximum enhancement o f s i g n a l t o noise 

produced by r e j e c t i n g events t h a t t r i g g e r more than one tube i s 

o n l y p o s s i b l e f o r channel 1 w i t h i t s complete guard r i n g . The 

chopping mode o f o p e r a t i o n (see s e c t i o n 3.3) f o r t h e t e l e s c o p e 

a t t e m p t s t o overcome t h i s problem. Channels 1 and 3, which are i n 
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t h e same h o r i z o n t a l p l a n e , each view t h e source and a nearby area 

o f sky a l t e r n a t e l y . Thus each tube produces an on and o f f source 

d a t a s e t generated w i t h i d e n t i c a l tube c h a r a c t e r i s t i c s . PMT 

g a i n w i l l v a r y w i t h anode c u r r e n t and t h u s sky b r i g h t n e s s . Hence 

i t i s v i t a l t o have some form o f g a i n c o n t r o l t o compensate f o r 

t h e f a c t t h a t t h e two areas o f sky sampled are u n l i k e l y t o have 

equal b r i g h t n e s s e s . T h i s i s t h e j u s t i f i c a t i o n f o r t h e AGC (see 

s e c t i o n 2.4.2) system t h a t keeps t h e anode c u r r e n t s i n each tube 

c o n s t a n t d e s p i t e v a r y i n g sky b r i g h t n e s s . The count r a t e 

dependency on f a c t o r s such as ambient temperature and h u m i d i t y i s 

s m a l l compared w i t h t h e z e n i t h angle e f f e c t , so t h e tube response 

c h a r a c t e r i s t i c s can t h u s be taken t o be c o n s t a n t t h r o u g h o u t an 

o b s e r v a t i o n . Hence, s i m u l a t e d d a t a need o n l y c o n t a i n a z e n i t h 

a n g l e - d e t e r m i n e d v a r i a t i o n i n t h e count r a t e . 

The one major f a c t o r a f f e c t i n g t h e count r a t e d u r i n g an 

o b s e r v a t i o n i s t h e change i n t h e z e n i t h angle o f the source. 

Cerenkov l i g h t i s a t t e n u a t e d i n t h e atmosphere. Extensive a i r 

showers i n i t i a t e d by V.H.E. i-ray photons g e n e r a l l y s t a r t a t 

about 10 km above sea l e v e l . T h i s means t h a t an observer 

r e c o r d i n g Cerenkov p u l s e s from an o b j e c t t h a t i s low i n the sky 

w i l l r e c o r d fewer counts t h a n an observer s t u d y i n g a h i g h e r 

o b j e c t (see f i g . 5.1). T h i s dependency o f count r a t e w i t h z e n i t h 

a n gle has p r e v i o u s l y been determined (Macrae, 1985) t o be o f the 

f o r m 

count r a t e a cos"9 (5.1) 

where n = 2.3 ± 0.5 ( B r a z i e r e t a l . , 1989a). One r e s u l t o f the 

change i n count r a t e w i t h z e n i t h angle i s t h a t each two minute 
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segment o f t h e 'chopped' o b s e r v a t i o n i s made a t a d i f f e r e n t 

u n d e r l y i n g count r a t e t o t h e l a s t . T h i s can i n t r o d u c e a bias i n t o 

t h e on and o f f source d a t a s e t s (see f i g . 5.2). Any a n a l y s i s 

t e c h n i q u e used on t h i s s o r t o f data should address i t s e l f t o 

r e d u c i n g t h i s b i a s t o a minimum. 

5.2. The Counting Heads Method 

5.2.1. O u t l i n e o f Method 

T h i s method i s t h e s i m p l e s t o f those t o be presented i n 

t h i s c h a p t e r . I t c o n s i s t s o f j u s t c o u n t i n g t h e number o f events 

from on and o f f source f o r a p a r t i c u l a r tube and comparing them 

u s i n g t h e maximum l i k e l i h o o d method d e s c r i b e d i n s e c t i o n 3.2.3. 

O b s e r v a t i o n s do n o t i n general s t a r t a t t h e beg i n n i n g o f a two 

minute chop p e r i o d , so chopped data f i l e s need t o be c u t so t h a t 

equal amounts o f t i m e are spent on and o f f source. I f a f i l e i s 

c u t t o s t a r t w i t h channel 1 s t a r t i n g an on or o f f source segment 

and t o f i n i s h w i t h t h e same channel f i n i s h i n g a s p e l l i n i t s 

a l t e r n a t i v e p o s i t i o n , then a c o n s i s t e n t l y r i s i n g o r f a l l i n g count 

r a t e w i l l i n t r o d u c e a b i a s (see f i g . 5.2). I f , however, the f i l e 

i s c u t t o s t a r t h a l f way t h r o u g h a chop segment and f i n i s h 

h a l f w a y t h r o u g h a segment i n t h e same p o s i t i o n , then any l i n e a r 

v a r i a t i o n i n count r a t e i s e l i m i n a t e d . To c l a r i f y t h i s , c o n s i d e r 

a d a t a s e t d u r i n g which t h e count r a t e i n c r e a s e s l i n e a r l y w i t h 

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

r a t e = R + k ( t - t ) (5.2) 
0 0 
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I f t h e r e are n on source segments and n o f f source segments, 

s t a r t i n g w i t h a complete on source segment, then t h e t o t a l on 

source c o u n t s , d i s r e g a r d i n g any from t h e source i t s e l f i s g iven 

by 

nR T + ) 
k ( 4 i - 3 ) T 2 

(5.3) 

i = 1 

whereas t h e o f f source counts are g i v e n by 

n 
k ( 4 i - 1 ) T 2 

nR T + (5.4) 

i = 1 

where T i s t h e l e n g t h o f a chopping segment. Thus, t h e r e i s an 

excess o f f source o f n k T 2 . I f t h e data s e l e c t i o n begins i n the 

m i d d l e o f an on source segment, such t h a t t h e r e are n o f f source 

segments and n-1 whole and two h a l f on source segments, then the 

o f f source counts are g i v e n by 

n 

nR T + ') ( 2 i - 1 )kT2 (5.5) 

i = 1 

and t h e on source counts are g i v e n by 

n - 1 

nR T + ) 
0 

1 
2 i k T 2 + - kT2 + 

8 
i = 1 

which can be r e w r i t t e n as 

n - 1 

1 
h - -

8 
kT2 (5.6) 

nR T + ) ( 2 i - 1 ) k T 2 + (n-1 )kT2 + nkT2 (5.7) 

i = 1 
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which i s t h e same as t h e e x p r e s s i o n f o r t h e o f f source counts. 

T h i s method o f c u t t i n g t h e data w i l l compensate t o t a l l y f o r any 

l i n e a r t erm i n t h e z e n i t h angle dependence o f t h e count r a t e . 

However, t h i s dependence i s more complex than a simple l i n e a r 

r e l a t i o n . A reasonable o r d e r o f magnitude e s t i m a t e o f the e r r o r s 

i n t h e event t o t a l s f o r on and o f f source data i n t r o d u c e d by the 

n o n - l i n e a r i t y i n a t y p i c a l o b s e r v a t i o n would be l e s s than ^%. 

A t t e m p t s t o compensate more comprehensively f o r t h e z e n i t h angle 

e f f e c t s h o u l d t h u s be more s o p h i s t i c a t e d . 

5.2.2. Advantages and Disadvantages 

The main advantages o f t h i s method are i t s s i m p l i c i t y and 

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

v a r i a t i o n can be approximated by a l i n e a r r e l a t i o n . I f , as i s 

o f t e n t h e case, t h e o b s e r v a t i o n s t a r t s and f i n i s h e s around the 

same z e n i t h angle w i t h c u l m i n a t i o n o c c u r r i n g i n t h e middle, then 

i t does n o t m a t t e r what t h e z e n i t h angle - count r a t e r e l a t i o n 

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

a u t o m a t i c a l l y c a n c e l l e d as i t s e t s . No assumption i s made as t o 

t h e e x a c t n a t u r e o f t h e r e l a t i o n o r even t h e l i n e a r p a r t t h e r e o f . 

The method had a s e r i o u s disadvantage when o n l y channels 1 t o 

4 c o n t r i b u t e d t o t h e " f i r e p a t t e r n " . Channel 1 was surrounded by 

3 c o n t r i b u t i n g t u b e s , which a l l o w e d r e j e c t i o n o f events from any 

d i r e c t i o n . Channel 3 on t h e o t h e r hand was much l e s s w e l l 

p r o t e c t e d . I t had o n l y one a d j a c e n t tube t o p r o v i d e r e j e c t i o n . 

Hence t h e d a t a s e t f r o m channel 3 was c o n s i d e r a b l y poorer than 
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t h a t from Channel 1, w i t h ••50% more events which were a l l n o i s e . 

Thus, best r e s u l t s were o b t a i n e d by i g n o r i n g channel 3 and u s i n g 

o n l y channel 1 d a t a . T h i s meant t h a t o n l y h a l f t h e time spent 

l o o k i n g a t t h e source was being used. Since January 1989, 

however, a l l 7 channels have c o n t r i b u t e d t o t h e f i r e p a t t e r n . As 

a r e s u l t , Channel 3 has 3 a d j a c e n t channels t o p r o v i d e r e j e c t i o n . 

I t now produces o n l y -105)5 more n o i s e or n u c l e o n - i n i t i a t e d events 

t h a n channel 1 and t h e two d a t a s e t s can be added t o g e t h e r t o 

improve t h e c o u n t i n g s t a t i s t i c s and thus make maximum use o f a l l 

t h e d a t a . There i s s t i l l t h e disadvantage t h a t t h e o b s e r v a t i o n s 

have t o be c u t and t h a t t h e r e f o r e some o b s e r v i n g time i s l o s t . I n 

t h e w o r s t case, a t o t a l o f n e a r l y f o u r minutes c o u l d be l o s t . 

Since t y p i c a l o b s e r v a t i o n s l a s t i n excess o f two and a h a l f 

hours, t h i s i s n o t t o o s e r i o u s a problem. 

5.3. The R a t i o Method 

5.3.1. O u t l i n e o f Method 

For a g i v e n o b s e r v a t i o n , assume t h e r a t e o f background 

ev e n t s measured by channel 1 i s R and t h e r a t e o f s i g n a l events 

i s s, say. Then t h e number o f events recorded by channel 1 i n a l l 

t h e t i m e i t spends l o o k i n g a t t h e source i s g i v e n by 

f 
n i o n = J (R + s ) d t = B + S (5,8) o n - s o u r c e 

S i m i l a r l y , t h e number o f events recorded by channel 1 i n a l l the 

t i m e i t spends o f f source i s g i v e n by 

n i o f f = B (5.9) 
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Assume channel 3 counts a t a ti m e s t h e r a t e o f channel 1. The 

c o r r e s p o n d i n g e x p r e s s i o n s f o r these channels are 

n3on = a ( B + S ) (5.10) 

n S o f f = aB (5.11) 

Hence, 

n i o n 

n 3 o f f 

B + S 

aB 
= f 1 , 

n i o f f 

n3on 

B 

a (B + S) 
= f 2 (5.12) 

f1 (B + S )2 
= > — = = (1 + S/B)2 

f 2 B2 

=> S/B = ( f 1 / f 2 ) i / 2 _ 1 = X, say 

Hence X p r o v i d e s an measurement o f s i g n a l s t r e n g t h , 

o f X i s g i v e n by 

r ax -i2 r ax -,2 
C T 2 ( X ) = -2 

f l L g f l J f 2 l a-F9 J a f 2 

= CT2 ( 1 / 4 f 1 f 2 ) + <T2 ( f 1 / 4 f 2 3 ) 
f 1 f 2 

(5.13) 

The v a r i a n c e 

(5.14) 

Assuming n i o n , n i o f f , n3on, n 3 o f f f o l l o w Poisson s t a t i s t i c s , then 

(T2 = 
f 1 

n i o n n1on2 
+ 

n3of f2 n 3 o f f 3 
s i n c e o-2(n1on) = n1on e t c . (5.15) 

S i m i l a r l y . 

r2 = 
f 2 

n i o f f n 1 o f f 2 
+ 

n3on2 n3on3 
(5.16) 

Hence t h e e r r o r i n X, t h e e s t i m a t e o f t h e s i g n a l s t r e n g t h , i s 

c a l c u l a t e d f r o m t h e event t o t a l s u s i n g t h e above r e l a t i o n s . 
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5.3.2. Advantages and Disadvantages 

The major advantage o f t h i s method i s t h a t i t makes no 

assumptions about t h e dependency o f count r a t e on z e n i t h angle or 

even v a r i a t i o n s i n sky c l a r i t y . A l l i t assumes i s t h a t t h e r a t i o 

o f channel s e n s i t i v i t i e s remains c o n s t a n t d e s p i t e v a r y i n g 

o b s e r v i n g c o n d i t i o n s . The t e c h n i q u e a l l o w s f u l l use o f a l l 

channel 1 and channel 3 e v e n t s . However, t o make t h e events 

counted by channel 1 and channel 3 comparable, no r e j e c t i o n o f 

events t r i g g e r i n g more than one channel i s p o s s i b l e . A l s o , i t 

depends on t h e assumption o f a c o n s t a n t s e n s i t i v i t y r a t i o . 

5.4. F i t t i n g Methods 

5.4.1. O u t l i n e o f Methods 

T h i s method i n v o l v e s f i t t i n g f u n c t i o n s t o p l o t s o f on and 

o f f source count r a t e s a g a i n s t z e n i t h angle. The two channels 

t h a t p o i n t a t t h e source are analysed i n d i v i d u a l l y t o make sure 

th e s e n s i t i v i t y i s t h e same on and o f f source. The t o t a l number 

o f e v ents recorded i n a two minute segment from a channel i s 

c o n s i d e r e d as a d a t a p o i n t on a count r a t e versus z e n i t h angle 

graph. The same f u n c t i o n i s f i t t e d s e p a r a t e l y t o t h e on source 

and then t h e o f f source d a t a p o i n t s from t h e channel being 

c o n s i d e r e d . I f t h e r e i s a steady excess on source, t h i s should be 

r e f l e c t e d i n t h e c o e f f i c i e n t s o f t h e two f i t s . The value o f the 

two f i t s f o r a g i v e n z e n i t h a ngle a r e the n c a l c u l a t e d . The s i g n a l 

s t r e n g t h can be determined from t h e d i f f e r e n c e between them. 

Two d i f f e r e n t t y p e s o f f u n c t i o n have been used f o r f i t t i n g 
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purposes. Macrae (1985) g i v e s t h e f u n c t i o n a l r e l a t i o n s h i p between 

t h e count r a t e o f a Cerenkov d e t e c t o r and z e n i t h angle as 

count r a t e a cos2 • 35 ( z e r i i t h a n g l e ) 

=> l o g ( c o u n t r a t e ) a l o g ( c o s ( z e n i t h a n g l e ) ) (5.17) 

Hence, a l i n e a r f i t o f l o g ( c o u n t r a t e ) a g a i n s t l o g ( c o s ( z e n i t h 

a n g l e ) ) s h o u l d be a good c h o i c e o f f u n c t i o n s . The o t h e r type o f 

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

o r d e r p o l y n o m i a l s were chosen as they were found e m p i r i c a l l y t o 

g i v e t h e smoothest f i t . An o r t h o g o n a l p o l y n o m i a l s e t was chosen 

s i n c e t h e c o v a r i a n c e s o f t h e c o e f f i c i e n t s are zero. Thus, 

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

s i n c e t h e e r r o r s on t h e c o e f f i c i e n t s are independent. Chebyshev 

p o l y n o m i a l s were chosen s i n c e they produce t h e f i t w i t h t h e l e a s t 

maximum e r r o r i n t h e i n t e r v a l between t h e end data p o i n t s . 

5.4.2. Advantages and Disadvantages 

T h i s method uses channel 1 data o n l y i n o r d e r t o m a i n t a i n 

c o n s t a n t d e t e c t o r s e n s i t i v i t y . T h i s has t h e advantage o f a l l o w i n g 

f u l l o f f source event r e j e c t i o n . I f t h e dependence o f the count 

r a t e on z e n i t h angle f o l l o w s a power law o f c o s ( z e n i t h a n gle) or 

can be approximated t o a t h i r d o r d e r polynomial i n z e n i t h angle, 

t h e n t h i s method s h o u l d be a b l e t o e l i m i n a t e t h e e f f e c t . 

Using o n l y channel 1 data has t h e disadvantage t h a t h a l f the 

d a t a has been 'wasted'. Another p o s s i b l e problem i s t h a t the 

count r a t e - z e n i t h a ngle r e l a t i o n may not be w e l l f i t t e d by 

e i t h e r o f t h e f u n c t i o n s used; e i t h e r because o f t h e e s e n t i a l l y 
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random n a t u r e o f t h e background and t h e f i n i t e number o f events 

c o l l e c t e d o r because t h e t r u e r e l a t i o n i s not w e l l approximated 

by t h e f u n c t i o n s . 

5.5. Data S i m u l a t i o n 

To t e s t t h e e f f e c t i v e n e s s o f a n a l y s i s programs t h a t use the 

t e c h n i q u e s o u t l i n e d i n t h e l a s t few s e c t i o n s , i t i s necessary t o 

generate s i m u l a t e d d a t a f i l e s . 

To s p e c i f y t h e o u t p u t f i l e c h a r a c t e r i s t i c s , t h e user must 

i n p u t t o t h e s i m u l a t i o n program t h e count r a t e a t zero z e n i t h 

a n g l e ; t h e s i g n a l s t r e n g t h ; t h e p e r i o d o f t h e s i g n a l ; t he time 

f r o m t h e s t a r t o f t h e run t o t r a n s i t o f t h e h y p o t h e t i c a l source; 

th e d u r a t i o n o f t h e r u n ; t h e d e c l i n a t i o n o f t h e h y p o t h e t i c a l 

source; and t h e o u t p u t f i l e n a m e . The program produces a 

background event and a s i g n a l event. I t then compares t h e times 

o f t h e two and w r i t e s t h e e a r l i e r one t o t h e o u t p u t data f i l e . A 

replacement i s generated f o r t h e event w r i t t e n t o t h e f i l e and 

t h e comparison i s r e p e a t e d . Events are generated o n l y i n channels 

1 and 3. Hence, no enhancement o f t h e d a t a s e t by event r e j e c t i o n 

i s p o s s i b l e (see s e c t i o n 5.6.2), 

Data s i m u l a t i o n r e l i e s on t h e g e n e r a t i o n o f pseudo-random 

numbers by t h e computer used. Thus, t h e q u a l i t y o f the 

s i m u l a t i o n s i s dependent on t h e q u a l i t y o f t h e random number 

g e n e r a t o r . T h i s was t e s t e d i n two ways. The f i r s t approach was t o 

g e n e r a t e s e t s o f 10^ numbers and b i n them i n t o 10 e q u a l l y spaced 

b i n s a c c o r d i n g t o s i z e . T h i s was done 10^ times and t h e v a r i a n c e s 
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o f t h e t o t a l s i n each b i n noted. The expected mean p o p u l a t i o n 

v a r i a n c e i s 100. When t h e above process was repeated 100 ti m e s , 

i n v o l v i n g t h e g e n e r a t i o n o f a t o t a l o f 10^ numbers, the observed 

mean v a r i a n c e was 100-2114. The mean va l u e o f t h e generated 

numbers, c o n v e r t e d t o i n t e g e r s i n t h e range from 1 t o 10 was 

5-499697. The second approach was t o p l o t 50,000 p a i r s o f random 

numbers and check v i s u a l l y whether a p a t t e r n was pr e s e n t . To 

check whether t h e g e n e r a t o r produced a small ' c y c l e ' o f numbers, 

t h i s was repeated w i t h t h e f i r s t and second numbers modulo n, 

where n was an i n t e g e r v a r i e d from 3 t o 13. No p a t t e r n was 

observed on any o f these p l o t s (see f i g 5.3). I t was concluded 

t h a t t h e random number g e n e r a t o r had no obvious d e f e c t s and was 

good enough f o r t h e t a s k i t was int e n d e d t o perform. 

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

i n t e r v a l t o t h e next background event u s i n g 

i n t e r v a l = - ( 1 / r a t e ) l o g ( r n d l ) (5.18) 

where r n d l i s a random number which can t a k e values from 0 t o 1 

and r a t e i s t h e count r a t e t h a t was c u r r e n t f o r t he l a s t event 

t i m e . The c u r r e n t r a t e i s c a l c u l a t e d from 

r a t e = r c o s ^ - 3 5 ( 2 e n i t h a n g l e ) (5.19) 
0 

where r i s t h e r a t e a t zero z e n i t h a n g l e , a f i g u r e which i s 
0 

s u p p l i e d by t h e user when r u n n i n g t h e program. A l l s i g n a l s 

generated are p e r i o d i c t o a l l o w t h e o u t p u t data f i l e s t o be 

checked u s i n g r e l i a b l e p e r i o d i c a n a l y s i s programs d u r i n g t he 

development o f t h e s i m u l a t i o n program. The i n t e r v a l between t h e 

l a s t s i g n a l event and t h e next i s c a l c u l a t e d u s i n g a s i m i l a r 
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1^3 

I 

1 

F i g u r e 5.3 P a i r s o f random numbers p l o t t e d as x, y c o o r d i n a t e s 



r e l a t i o n t o t h a t used f o r background e v e n t s , w i t h t h e ' s i g n a l 

r a t e ' r e p l a c i n g t h e background r a t e . The r e s u l t i n g event time i s 

t h e n rounded t o t h e n e a r e s t whole p e r i o d . T h i s should not a f f e c t 

t h e d i s t r i b u t i o n o f s i g n a l events p r o v i d e d t h e p e r i o d used i s 

v e r y much l e s s t h a n t h e average i n t e r v a l between events. 

A y} t e s t was performed on a f i l e produced w i t h t h e z e n i t h 

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

c o u n t s were d i s t r i b u t e d i n accordance w i t h poisson s t a t i s t i c s . 

T h i s produced a v a l u e o f 20.86 f o r 20 degrees o f freedom, 

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

5.6. R e s u l t s from S i m u l a t e d Data 

F i l e s were generated w i t h s i g n a l s t r e n g t h s o f 5SS, 3%, 2SS, and 

15K. For each s i g n a l s t r e n g t h , 20 3-hour f i l e s were generated, 

which i s t y p i c a l o f a long exposure on a source. The f i l e s ended 

a t c u l m i n a t i o n a t zero z e n i t h a n g l e . Thus, they cover a wide 

range o f z e n i t h angles and t h e z e n i t h angle changes r a p i d l y , 

p r o v i d i n g as severe a t e s t as p o s s i b l e f o r t h e a n a l y s i s methods. 

The r e s u l t s from t h e v a r i o u s a n a l y s i s t e c h n i q u e s are summarised 

i n t a b l e s 5.1 t o 5.4. 
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RESULTS FROM VARIOUS DC ANALYSIS PROGRAMS ON SIMULATED DATA CONTAINING 5 ill SIGNAL 

F i l e Number ' C o u n t i n g h e a d s ' R a t i o s Method 
% 

Log F i t 
% 

P o l y n o m i a l F i t 
% 

2 

3 

4 

5 

6 

7 

8 

9 

10 

I I 

12 

13 

14 

15 

16 

17 

18 

19 

20 

A v e r a g e 

4.9 

5.1 

7.7 

3.8 

6.8 

7.4 

10.3 

6.1 

6,7 

6.3 

3.5 

2.0 

4.3 

1.3 

6.2 

3.8 

2.7 

3.3 

7.8 

7.3 

5,37 i 0.36 

1.6 

1.6 

1.6 

1.6 

1.6 

1.6 

1.6 

1.6 

1,6 

1.8 

1.6 

1.6 

1.6 

1.6 

1.6 

1.6 

1.6 

4.7 

4.7 

7.0 

3,2 

6.3 

7.3 

10.1 

5.6 

6.4 

6.3 

3.5 

2.2 

3.4 

1.1 

5.6 

3.5 

2.2 

3.5 

7.4 

7.0 

5,05 + 0.37 

1.6 

1,6 

1,7 

1,6 

1,7 

1,7 

1,7 

1,6 

1,7 

1,7 

1.6 

1.6 

1.6 

1.6 

1,6 

1,6 

1,6 

1,6 

1,7 

1,7 

6.9 

11,8 

8,9 

0,0 

5,7 

9.2 

14,1 

4.2 

5.9 

10.6 

0.9 

3.0 

3.0 

1.8 

1.4 

3.9 

-0.9 

8.2 

14.7 

5.4 

5.9 + 0.8 

3.3 

3.3 

3.4 

3.4 

3.3 

4,0 

3,4 

3,7 

3,0 

3.3 

3.6 

3.0 

4.0 

4.2 

3.7 

3,4 

3,1 

3,5 

3.2 

3.9 

7.1 

3.2 

6,0 

6,8 

2.7 

3.7 

13.6 

1.7 

5.6 

12,8 

5,0 

3.0 

1,7 

-6,7 

1.9 

4.4 

0,9 

9,1 

12.5 : 

6.6 

10.4 

10.7 

10.6 

10.7 

10.8 

10.6 

11.1 

10.5 

10.5 

10.8 

11.0 

10.6 

10.8 

i 9.8 

10.6 

10.6 

10.6 

10.9 

11.5 

10.8 

5.08 + 2.37 

T a b l e 5.1 
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RESULTS FROM VARIOUS DC ANALYSIS PROGRAMS ON SIMULATED DATA CONTAINING 3 % SIGNAL 

F i l e Number 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

' C o u n t i n g h e a d s ' 
% 

4.1 i 1.6 

3,8 i 1.7 

1.1 i 1.6 

5.6 i 1,7 

4,5 i 1,7 

3,4 i 1,6 

1.0 i 1.6 

4.3 + 1.6 

6.0 + 1.7 

3.4 + 1,6 

2.1 + 1.6 

0.0 i 1,6 

2,3 i 1,6 

1,3 i 1,6 

4.5 i 1,6 

4.7 + 1,6 

-0,1 1 1.6 

5.2 i 1,7 

4.3 i 1.6 

5.7 + 1.7 

R a t i o s Method 
% 

3.8 + 1.6 

3.7 + 1.6 

0.9 1 1.6 

5.2 i 1.6 

4,0 t 1,6 

3,5 i 1,6 

0.7 i 1.6 

4.0 + 1.6 

5.9 i 1.7 

3.4 + 1.6 

2.3 i 1,6 

-0,2 i 1.6 

2.1 i 1.6 

1.4 + 1.6 

4.5 + 1.6 

4.0 + 1.6 

0.4 i 1.6 

5.0 + 1.7 

4.4 1 1.6 

5,0 + 1,6 

Log F i t 
% 

3,1 1 3,5 

11,5 i 3.3 

-2.7 i 2.9 

7,4 i 3.6 

-0.8 i 3.6 

2.1 i 3.6 

3.7 i 2.8 

6.4 t 3.8 

9.5 i 3.5 

3.5 t 3.2 

3,0 i 3,2 

-0.4 + 3.6 

3.5 i 3.7 

2.7 i 3.2 

6.4 t 3.1 

9.6 i 3.1 

0.4 t 3.4 

0.4 + 3.8 

3.0 i 3.0 

2.3 t 3.5 

P o l y n o m i a l F i t 
% 

4.0 

10.5 

-3.5 

3.9 

-3.6 

0.3 

1.7 

1.4 

5.6 

1.9 

5.9 : 

-3,7 

-1,2 

9,5 

10.6 

11.8 

1.1 

0.6 

3.2 

0.8 

10.2 

11.5 

10.2 

11.0 

10.7 

10.8 

10.9 

10.6 

11,0 

10,5 

10.9 

10,4 

10.5 

11.1 

11.2 

11.2 

10.9 

10.8 

10.8 

10.8 

A v e r a g e 3.36 + 0.36 3,20 1 0,36 3.73 + 0,76 3.04 1 2.42 

T a b l e 5.2 
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RESULTS FROM VARIOUS DC ANALYSIS PROGRAMS ON SIMULATED DATA CONTAINING 2 iit SIGNAL 

F i l e Number ' C o u n t i n g h e a d s ' 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

A v e r a g e 

1.9 

2.7 

2.7 

0.0 

5.6 

5.1 

-0.6 

3,9 

1,7 

4.1 

1,8 

-0.5 

2.2 

4.3 

-0.1 

3.3 

1.7 

6,2 

1.8 

-0.1 

1.6 

1.6 

1.6 

1,6 

1,6 

1.7 

1,7 

1.6 

1.6 

1.7 

1.6 

1.6 

1,6 

1,7 

1.6 

1.7 

1,7 

1,7 

1.6 

1.6 

2.39 i 0.36 

R a t i o s Method 
% 

2.4 1 1.6 

2.7 t 1.6 

2.5 i 1.6 

-0.1 + 1.5 

5.5 i 1.7 

5.1 t 1.6 

-0.3 + 1.6 

4.1 i 1.6 

1.6 i 1.6 

4.4 i 1.6 

1.3 i 1.6 

-0.3 i 1.5 

1.9 1 1.6 

4.4 + 1.6 

-0.4 1 1.6 

4.0 t 1,6 

1,4 + 1.6 

6.2 i 1.7 

1.6 + 1.6 

-0.2 i 1.6 

2,39 i 0.36 

Log F i t 
% 

-0.3 i 3.9 

-1.0 + 3.6 

1.2 i 3.2 

-4.9 t 3.5 

8.2 i 2.9 

1,5 + 2,8 

-1,9 i 3,9 

3.0 t 3.4 

6.2 i 3.2 

7.1 i 3.8 

-2.5 ! 3.2 

-3.1 i 3.6 

-1.0 i 3.5 

4.2 + 3.6 

-2.0 i 3.8 

5.1 t 3.5 

0.8 i 3.6 

2.2 i 3.3 

1.9 i 3.4 

0.7 i 3.5 

1.27 + 0.78 

P o l y n o m i a l F i t 
% 

-4.6 

-0.2 

9.8 

-5.1 

6.7 

0.4 

-5.1 

4,5 

3.0 

3,2 

2.1 : 

3.7 

-4.3 

4.9 

-4.0 

4.4 

1.0 

5.7 

-1.8 

6.9 

10.3 

10.6 

10.8 

10.2 

10.8 

10.7 

10.8 

10.8 

10.9 

10,8 

10,6 

10,7 

10,3 

11,5 

10.2 

11.1 

10.8 

11,1 

10,7 

10,9 

1,56 + 2,40 

T a b l e 5.3 
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RESULTS FROM VARIOUS DC ANALYSIS PROGRAMS ON SIMULATED DATA CONTAINING 1 ili SIGNAL 

F i l e Number 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

' C o u n t i n g h e a d s ' 
% 

1.2 i 1.6 

1.5 t 1.6 

-2.9 + 1.6 

-0.3 + 1.6 

-1.2 + 1.6 

1.0 + 1,6 

0.3 t 1.6 

2.3 i 1.7 

1.6 + 1.6 

1.4 i 1.7 

0.3 i 1.6 

1.5 + 1.6 

0.2 i 1.6 

2.9 i 1.7 

5.1 i 1.7 

3.4 + 1.7 

1.2 + 1,6 

1.6 + 1,6 

2.3 1 1.6 

3.2 i 1,6 

R a t i o s Method 
% 

1.0 + 1,6 

1,6 i 1,6 

-3.0 i 1.5 

-0.2 i 1.6 

-0.8 + 1,6 

1.1 + 1.6 

0.5 1 1.5 

2.6 i 1.6 

1.0 i 1.6 

0.7 1 1.6 

0.6 + 1.6 

1.0 i 1,6 

0,3 + 1,5 

2,4 i 1,6 

4.8 i 1.6 

2.8 + 1.7 

1,4 + 1,6 

1,4 i 1.6 

2.7 i 1.6 

3.4 i 1.6 

Log F i t 

-1.7 i 3.4 

3.2 i 3.9 

-2.3 i 2.8 

2.4 t 3.6 

-5.8 + 3.8 

-4.8 i 3.3 

10,5 i 4,0 

7.6 t 3.7 

-2.1 i 3.5 

-2.4 + 3.6 

5.0 i 3.5 

4.7 + 3.9 

0.8 i 3.6 

5.0 t 3.5 

7.0 i 3.6 

4.0 i 4.0 

1.6 + 3.8 

0.8 t 3.3 

-1.8 i 3.5 

3.6 i 3.7 

P o l y n o m i a l F i t 
% 

-1.3 + 10.6 
8.1 i 11.0 

-5.5 1 10.4 
-2.6 i 10.1 
-2.9 i 10.8 

2.6 i 10.5 

3.0 t 10.7 

7.1 t 11.0 

-4.8 i 10.4 

-0.7 • 11.3 

-1.7 1 11.0 

3.4 + 10.9 

2.2 1 10.7 

0.0 i 10.4 

11.9 i 11.4 

9.7 t 11.2 

7.1 + 10.9 

-0,5 i 10,5 

-6.4 1 9.9 

-1.6 i 10.9 

A v e r a g e 1.33 + 0.36 1.27 i 0.36 2.06 i 0.81 1.36 1 2.40 
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5.7. Comparison o f t h e V a r i o u s Methods 

The Counting Heads method and t h e R a t i o s method g i v e 

comparable r e s u l t s which suggest t h a t they are e f f e c t i v e 

approaches f o r d e t e c t i n g sources o f these s t r e n g t h s from a 

d a t a s e t o f t h i s s i z e . Even f o r a s i g n a l s t r e n g t h o f ^%, they both 

g i v e a p o s i t i v e d e t e c t i o n s i g n i f i c a n t a t t h e 4cr l e v e l . 

Both f i t t i n g methods are c l e a r l y i n f e r i o r t o t h e s i m p l e r 

t e c h n i q u e s , even though one i s u s i n g t h e same f u n c t i o n a l form o f 

z e n i t h angle count r a t e r e l a t i o n as t h a t used t o generate t he 

d a t a . For t h e ^% s i g n a l f i l e s , t h e poly n o m i a l f i t y i e l d s a 

d e t e c t i o n s i g n i f i c a n c e o f 0.5c7, w h i l s t t h e l o g ( c o s ( zeni t h 

a n g l e ) ) f i t i s n ot much b e t t e r a t 2.5<T. These two approaches do 

n o t seem e f f e c t i v e i n t h e i r aim o f compensating f o r z e n i t h angle 

e f f e c t s . 

The two s i m p l e r t e c h n i q u e s g i v e almost i d e n t i c a l r e s u l t s 

t h r o u g h o u t . However, t h e y are being performed on a d a t a s e t 

c o n t a i n i n g e x c l u s i v e l y events t h a t f i r e one channel. Real data 

w i l l c o n t a i n events t h a t f i r e more than one channel. These would 

n o r m a l l y be r e j e c t e d f o r t h e purposes o f a n a l y s i s o f t r a c k e d 

d a t a (see s e c t i o n 3.1), s i n c e t h i s r e j e c t i o n improves the s i g n a l 

t o n o i s e r a t i o and has been observed t o improve t h e s t a t i s t i c a l 

s i g n i f i c a n c e o f any d e t e c t i o n ( B r a z i e r e t a l . , 1989a). This i s 

s t i l l p o s s i b l e f o r t h e c o u n t i n g heads method, but not f o r the 

r a t i o s method (see s e c t i o n 5.3.1). Hence, f o r any given r e a l 

o b s e r v a t i o n , t h e r a t i o s method i s e f f e c t i v e l y being a p p l i e d t o a 

f i l e w i t h a much weaker s i g n a l and so w i l l g i v e a l e s s 

s i g n i f i c a n t r e s u l t . Hence t h e most e f f e c t i v e method t o emerge 
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f r o m t h i s i n v e s t i g a t i o n appears t o be t h e 'Counting Heads' 

approach. 
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CHAPTER 6 

NON-PULSATING OBJECTS 

6.1. I n t r o d u c t i o n 

There are a number o f p o t e n t i a l V.H.E. y-ray sources w i t h no 

known p u l s e p e r i o d . I n some cases, such as Scorpius X-1, the 

e m i t t i n g body may w e l l be a p u l s a r , but a semi-opaque envelope 

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

e m i s s i o n . I n o t h e r s , such as Centaurus-A, t h e emission i s not 

pu l s e d on a s h o r t enough t i m e s c a l e t o be d e t e c t a b l e , because t h e 

source i s an extended one. D e t e c t i n g V.H.E. emission a t a h i g h 

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

a n i s o t r o p y , t h e s i g n a l does n o t d i f f e r from t h e background i n any 

o f i t s o t h e r p r o p e r t i e s . I t i s t h e r e f o r e necessary t o d e t e c t an 

excess o f counts f r o m t h e r e g i o n o f sky c o n t a i n i n g t h e source 

c a n d i d a t e compared w i t h t h e general background. S i g n a l s t r e n g t h s 

are o f t h e o r d e r o f 1% o f t h e background c o u n t i n g r a t e . This i s 

much s m a l l e r than t h e s t a t i s t i c a l f l u c t u a t i o n s o f t h e background 

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

o b s e r v a t i o n s o f t h e 3 most p r o m i s i n g V.H.E. source candidates 

w i t h no, or no known, p u l s e p e r i o d are presented. 
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6.2. Centaurus A 

6.2.1. Background 

Centaurus A i s t h e n e a r e s t a c t i v e galaxy. At 5 Mpc, i t i s 

about 500 ti m e s more d i s t a n t than a t y p i c a l g a l a c t i c source 

c a n d i d a t e . By i n v e r s e square law, t h e r a d i a t i o n from t h i s o b j e c t 

w i l l be a t t e n u a t e d by a f a c t o r o f about 10^ more than t h a t from a 

g a l a c t i c one. T h i s drawback may, however, be compensated f o r by 

a h i g h l u m i n o s i t y i n V.H.E. 7 - r a y s due t o t h e very e n e r g e t i c 

processes o c c u r r i n g i n t h e g a l a c t i c nucleus. 

The r a d i o map o f t h i s galaxy shows i n n e r and o u t e r lobes o f 

em i s s i o n ( M o f f e t , 1966), s u g g e s t i n g t h a t a t l e a s t two v i o l e n t 

e x p l o s i o n s have happened i n t h e pa s t . Measurements a t 10.7 GHz 

show t h a t t h e f l u x d e n s i t y from Centaurus A increased by a f a c t o r 

o f r o u g h l y 3/2 between September 1973 and March 1974. Emission 

t h e n appeared t o pass t h r o u g h a minimum i n J u l y 1975, which was 

f o l l o w e d by a second i n c r e a s e l a t e r i n t h e year and a subsequent 

decrease i n mid 1976 ( P r i c e and S t u l l , 1973; B e a l l e t a l . , 1978). 

Centaurus A i s a l s o a s t r o n g source o f X-rays. I t was observed 

by many e a r l y r o c k e t and b a l l o o n experiments (Bowyer e t a l . , 

1970; K e l l o g g e t a l . , 1971; Lampton e t a l . , 1972). Fiegelson e t 

a l . (1981) observed an X-ray j e t emanating from t h e c e n t r e o f the 

ga l a x y . The l o n g e s t s e t o f o b s e r v a t i o n s o f t h i s source were made 

by t h e Vela 5B s a t e l l i t e , which operated f o r 10 years from 1969 

t o 1979 ( T e r r e l l , 1986). The r e s u l t s o f these o b s e r v a t i o n s (see 

f i g . 6 . 1 ) showed t h a t Centaurus A e n t e r e d an a c t i v e phase i n 1973, 

which c o n t i n u e d f o r a p p r o x i m a t e l y 3 years. During t h i s p e r i o d , 

t h e X-ray f l u x was about 3 t i m e s g r e a t e r than i t s former v a l u e . 
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The o b j e c t t h e n e n t e r e d a q u i e t phase u n t i l t h e X-ray f l u x once 

more i n c r e a s e d a t t h e end o f t h e l i f e o f t h e s a t e l l i t e . T h is 

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

and b a l l o o n s up t o 1977 ( B e a l l e t a l . , 1978). The Vela 58 data 

a l s o show v a r i a b i l i t y on t i m e s c a l e s o f days. 

Clay e t a l . (1986) have r e p o r t e d a 2.7a excess i n U.H.E. 

cosmic ray showers from t h e d i r e c t i o n o f Centaurus A. However, 

t h e most i n t e r e s t i n g o b s e r v a t i o n s i n t h e c o n t e x t o f t h e c u r r e n t 

work are those made by G r i n d l a y e t a l . (1975a). The data were 

rec o r d e d d u r i n g 1972, 1973 and 1974, u s i n g a s t e l l a r 

i n t e r f e r o m e t e r as a V.H.E. 7 - r a y t e l e s c o p e employing t h e 

Atmospheric Cerenkov Technique. Over t h e p e r i o d o f these 

o b s e r v a t i o n s an o v e r a l l excess, a t a s i m i l a r energy t h r e s h o l d t o 

t h a t o f t h e Mark I I I , s i g n i f i c a n t a t t h e 4.6cr l e v e l was d e t e c t e d , 

c o r r e s p o n d i n g t o a c o u n t i n g r a t e o f 0.66 ± 0.16 photons min-i or 

a f l u x o f (4.4 ± 1)*10-''i cm-2 s - i . The former r e s u l t i s very 

u s e f u l , as i t p r o v i d e s an h y p o t h e s i s t o t e s t t h a t i s not 

dependent on t h e s e n s i t i v e area o r a p e r t u r e o f t h e t e l e s c o p e o r 

t h e s i z e o f t h e Cerenkov l i g h t p o o l . 

W h i l s t e x t r a g a l a c t i c o b j e c t s a re not n o r m a l l y good candidates 

f o r d e t e c t a b l e sources o f V.H.E. em i s s i o n , Centaurus A i s 

e x c e p t i o n a l i n many ways. I t i s a r e l a t i v e l y c l o s e neighbour o f 

our g a l a x y ; i t i s t h e s i t e o f e x t r e m e l y e n e r g e t i c processes; and 

i t has been d e t e c t e d i n t h e energy range t o which our t e l e s c o p e 

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

T h i s c o m b i n a t i o n o f f a c t o r s makes i t a ve r y i n t e r e s t i n g o b j e c t t o 

observe. 
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6.2.2. Data and R e s u l t s 

O b s e r v a t i o n s were made on 25 n i g h t s between March 29th 1987 

and A p r i l 2 0th 1988. A t o t a l o f 90 hours o f data were c o l l e c t e d . 

Table 6.1 g i v e s t h e o b s e r v i n g l o g . S e l e c t i n g o n l y those 

o b s e r v a t i o n s made under c l e a r , s t a b l e s k i e s , produces a subset o f 

44 hours. A l l these o b s e r v a t i o n s were made i n 1988. 

Using t h e measurement o f G r i n d l a y e t a l . (1975a), we should 

e x p e c t a t o t a l o f 1736 ± 421 7 - r a y events from our 2631 minutes 

o f d a t a . The r e s u l t s from our o b s e r v a t i o n s are shown i n t a b l e 

6.2. Combining t h e t o t a l s f o r channels 1 and 3 y i e l d s an excess 

on source o f 25 ± 504 e v e n t s , where t h e e r r o r i s c a l c u l a t e d u s i n g 

t h e method g i v e n i n s e c t i o n 2.3. T h i s i s e q u i v a l e n t t o an average 

r a t e o f 0.01 ± 0.19 events min-^. Thus, t h e r e i s no s i g n i f i c a n t 

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

3CT l i m i t o f 0.58 ± 0.19 photons min-i o r 1512 events i n t o t a l . 

The 3cr f l u x l i m i t i s 7.8*10"''1 cm-2 s" ̂  f o r e n e r g i e s above 300 

GeV. 

Dur i n g 1988, when t h e o b s e r v a t i o n s were made, o n l y channels 1 

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

s e n s i t i v i t y o f channel 3 (see s e c t i o n 5.3.2). C o n s i d e r i n g channel 

1 o n l y , t h e r e f o r e , t h e r e are 52443 events on source and 52469 

eve n t s o f f source. T h i s corresponds t o a 3 a f l u x l i m i t f o r t h i s 

channel alone o f 1.5*10-'° cm-2 5 - 1 . 

6.2.3. Conclusions 

The f l u x l i m i t g i v e n i n t h e preceding s e c t i o n appears 
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DATE OBSERVATION LENGTH (MIN) 

1987 Mar 29 213 

1987 Apr 2 225 

1987 Apr 3 232 

1987 Apr 5 306 

1988 Feb 14 181 

1988 Feb 16 225 

1988 Feb 20 234 

1988 Feb 21 250 

1988 Feb 22 199 

1988 Feb 23 221 

1988 Feb 27 170 

1988 Mar 15 160 

1988 Mar 16 230 

1988 Mar 17 293 

1988 Mar 18 400 

1988 Mar 20 87 

1988 Mar 21 59 

1988 Mar 22 184 

1988 Mar 24 287 

1988 Mar 25 234 

1988 Mar 26 211 

1988 Apr 12 60 

1988 Apr 14 143 

1988 Apr 20 224 

Table 6 . 1 . The Centaurus A o b s e r v i n g l o g . 
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Date Events ON Events OFF ON-OFF ON-OFF (min-1) 

1988 Feb 14 8380 8449 -69 -0.38 

1988 Feb 16 12219 12082 137 0.61 

1988 Feb 20 12080 11949 131 0.56 

1988 Feb 21 12367 12425 -58 -0.23 

1988 Mar 15 6915 6957 -42 -0.26 

1988 Mar 17 13108 13352 -244 -0.83 

1988 Mar 18 16625 16504 121 0.30 

1988 Mar 24 10477 10458 -11 -0.04 

1988 Mar 25 7951 8010 -59 -0.25 

1988 Apr 14 16553 16356 188 1.31 

1988 Apr 20 10361 10430 -69 -0.31 

TOTAL 127006 126981 25 9.5 X 10-3 

Table 6.2. The number o f eve n t s i n t h e on-source and o f f - s o u r c e 

c a t e g o r i e s d u r i n g each o f t h e o b s e r v a t i o n s made under 

c l e a r and s t a b l e c o n d i t i o n s . 
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c o m p a t i b l e w i t h t h e f l u x measurement o f G r i n d l a y e t a l . (1975a), 

b u t , f o r reasons g i v e n e a r l i e r ( s e c t i o n 3,2.3), comparing f l u x e s 

f r o m d i f f e r e n t t e l e s c o p e s i s u n r e l i a b l e . However, t he photon 

c o u n t i n g r a t e measurement g i v e n by G r i n d l a y e t a l . does not 

s u f f e r from t h i s d i s a d v a n t a g e . The well-known z - t e s t (Freedman e t 

a l . , 1978) was a p p l i e d t o t e s t t h e n u l l h y p o t h e s i s t h a t our value 

o f 0.01 ± 0.19 was c o m p a t i b l e w i t h G r i n d l a y e t a l . ' s value o f 

0.66 ± 0.16. The r e s u l t o f t h i s i s t h a t t h e r e i s o n l y a 0.9% 

chance t h a t t h e two are indeed c o m p a t i b l e , r e p r e s e n t i n g a 

r e j e c t i o n a t t h e 2.6a l e v e l . T h i s may not appear t o be a very 

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

s i g n i f i c a n t a t t h e 4.6CT l e v e l and has a l a r g e s t a n d a r d e r r o r , t h e 

s i g n i f i c a n c e w i t h which t h e h y p o t h e s i s o f c o m p a t i b i l i t y can be 

r e j e c t e d can never be g r e a t e r than 4.1CT, even i f an i n f i n i t e 

d a t a s e t c o n t a i n i n g no s i g n a l were used. 

Centaurus A i s known t o show l o n g - t e r m v a r i a b i l i t y i n both 

r a d i o and X-rays, Looking again a t t h e r e s u l t s from Vela 5B (see 

f i g . 6.1), i t can be seen t h a t p r e v i o u s V.H.E. o b s e r v a t i o n s were 

made d u r i n g o r s h o r t l y a f t e r a prolonged X-ray o u t b u r s t , when t h e 

f l u x was a t about 3 t i m e s i t s former v a l u e . I n h i s model, 

G r i n d l a y (1975) suggests t h a t s y n c h r o t r o n emission i s r e s p o n s i b l e 

f o r t h e d e t e c t e d X-ray f l u x and t h a t h i g h e r energy emission i s 

produced by i n v e r s e Compton s c a t t e r i n g o f these photons w i t h t h e 

same h i g h energy p a r t i c l e s p r o d u c i n g t h e s y n c h r o t r o n emission. I f 

t h i s i s t h e case, then X-ray and V.H.E. emission must emanate 

fr o m t h e same source volume. No X-ray data are a v a i l a b l e f o r t h e 

p e r i o d o f our o b s e r v a t i o n s , but p r e l i m i n a r y r e s u l t s o f an 
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o b s e r v a t i o n o f t h i s source made by Ginga show t h a t Centaurus A 

was i n a low X-ray s t a t e i n March 1989 ( I n o u e , p r i v a t e 

communication, 1989). T h i s suggests t h a t X-ray emission was low 

d u r i n g our o b s e r v a t i o n . Hence our r e s u l t tends t o su p p o r t t he 

idea t h a t t h e X-ray and V.H.E. 7 - r a y emission may be r e l a t e d . 

6.3. Supernova 1987a I n The Large M a g e l l a n i c Cloud 

6.3.1. Background 

On t h e 23rd o f February, 1987, t h e blue B-type s u p e r g i a n t 

Senduleak -69 202 i n t h e Large M a g e l l e n i c Cloud went supernova 

( S h e l t o n , 1987). I t has s i n c e been s t u d i e d e x t e n s i v e l y a t many 

wavelengths. 

A prompt n e u t r i n o b u r s t was r e p o r t e d by t h r e e experiments, 

a l t h o u g h o n l y two o f these were si m u l t a n e o u s . The Mont Blanc 

N e u t r i n o O bservatory observed a b u r s t o f n e u t r i n o s ( C a s t a g n o l i , 

1987a,b) 5 hours b e f o r e s i m u l t a n e o u s d e t e c t i o n s by t h e Kamiokande 

I I c o l l a b o r a t i o n (Koshiba, 1987; H i r a t a e t a l . , 1987) and t h e IMB 

c o l l a b o r a t i o n (Svoboda, 1987; B i o n t a e t a l . , 1987). 

About e i g h t e e n hours a f t e r t h e simultaneous n e u t r i n o b u r s t s , 

t h e supernova was d e t e c t e d o p t i c a l l y ( S h e l t o n , 1987), I t reached 

5 t h magnitude w i t h i n a day and peaked a t v i s u a l magnitude 2.8 

around t h e 20th o f May (Hamuy and P h i l l i p s , 1987). Since t h e n , 

o p t i c a l l u m i n o s i t y has decayed n e a r l y e x p o n e n t i a l l y , w i t h a mean 

l i f e o f somewhere between 100 and 111 days (Catchpole e t a l . , 

1987). T h i s p r o v i d e s s u p p o r t f o r t h e t h e o r y t h a t t h e main energy 

source i s r a d i o a c t i v e decay o f ̂ ^Co, which has a mean l i f e o f 
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111.26 days. E a r l y u l t r a v i o l e t o b s e r v a t i o n s made w i t h t he IDE 

show t h a t t h e i n i t i a l photosphere temperature was h i g h , i n excess 

o f 14,000 K, w h i l s t t h e i n i t i a l r a d i u s o f t h e s t a r was s m a l l , -10 

s o l a r r a d i i (Panagia e t a l . , 1987). 

A r a d i o o u t b u r s t was d e t e c t e d from t h e supernova 2 days a f t e r 

t h e o p t i c a l f l a r e - u p ( T u r t l e e t a l . , 1987). Hard X-rays were 

f i n a l l y d e t e c t e d about 6 months a f t e r t h e i n i t i a l e x p l o s i o n by 

th e M i r-Kvant Observatory (Sunyaev e t a l . , 1987) and by Ginga 

( D o t a n i e t a l . , 1987). At about t h e same t i m e , t h e y-ray 

s p e c t r o m e t e r on NASA's So l a r Maximum M i s s i o n s a t e l l i t e d e t e c t e d 

7-ray l i n e s a t 843 keV and 1238 keV, c h a r a c t e r i s t i c o f seco decay 

(Matz e t a l . , 1988), 

Many supernova models ( B r e z i n s k y and P r i l u t s k y , 1978; Shapiro 

and S i l v e r b e r g , 1979) p r e d i c t t h e a c c e l e r a t i o n o f p a r t i c l e s t o 

ve r y h i g h e n e r g i e s , Gaisser e t a l , (1987) suggest a model o f 

SN1987a which i n v o l v e s p r o d u c t i o n o f a d e t e c t a b l e f l u x o f V,H.E. 

7-rays. I n t h e e a r l y stages f o l l o w i n g t h e core c o l l a p s e , t h e 

envelope o f supernova e j e c t a i s opaque t o V.H.E. 7 - r a y s 

( P r o t h e r o e , 1987), so any emi s s i o n i n t h e course o f t h e e x p l o s i o n 

i t s e l f i s u n l i k e l y t o be d e t e c t a b l e . The most l i k e l y source o f 

d e t e c t a b l e V.H.E, 7 - r a y s would be a new, r a p i d l y - s p i n n i n g p u l s a r 

i n t h e supernova remnant. The r e c e n t r e p o r t by K r i s t i a n e t a l . 

(1989) o f a 0.5 ms o p t i c a l p u l s a r i n SN1987a i s very e x c i t i n g . 

C l e a r l y , c o n t i n u a l m o n i t o r i n g o f t h i s o b j e c t i s r e q u i r e d , s i n c e a 

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

em i s s i o n . The t i m e p r o f i l e o f any V.H.E, f l u x d e t e c t e d w i l l 

p r o v i d e i m p o r t a n t c o n s t r a i n t s on p u l s a r and p u l s a r f o r m a t i o n 
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models, 

6.3.2. Data and R e s u l t s 

I n t h e February o f 1987, t h e Mark I I I t e l e s c o p e i n N a r r a b r i 

was o b s e r v i n g PSR0540-69 as p a r t o f t h e planned o b s e r v i n g 

programme. During these o b s e r v a t i o n s , Senduleak -69 202 was 

w i t h i n t h e f i e l d o f view o f t h e c e n t r a l channel (see f i g . 6.2). 

The t e l e s c o p e was o p e r a t i n g i n t r a c k i n g mode s i n c e t he t a r g e t 

o b j e c t was a p u l s a r . T h i s makes d e t e c t i o n o f a DC s i g n a l q u i t e 

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

produce a s i g n i f i c a n t excess o f counts i n t h e c e n t r a l channel. At 

t h i s s t a g e , channels 5, 6 and 7 d i d not c o n t r i b u t e t o the f i r e 

p a t t e r n . Two o b s e r v a t i o n s were made on February 18.5 and 20.5, 

s h o r t l y b e f o r e core c o l l a p s e . A t o t a l o f 6108 events was recorded 

i n channel 1, w h i l s t a t o t a l o f 19951 events was recorded i n t h e 

o t h e r t h r e e . A f t e r core c o l l a p s e , o b s e r v a t i o n s were made on 

February 23.4 and 24.4.The c o r r e s p o n d i n g t o t a l s were 3810 events 

i n channel 1 and 12834 events i n t h e o t h e r t h r e e . The r a t i o o f on 

source t o o f f source events from t h e o b s e r v a t i o n s immediately 

p r e c e d i n g t h e e x p l o s i o n i s 0.306 ± 0.004. The corresponding r a t i o 

f o r t h e l a t e r o b s e r v a t i o n s i s 0.297 ± 0.005, There i s c l e a r l y no 

s i g n i f i c a n t excess and t h e 3CT l i m i t t o t h e number o f 7 - r a y 

photons d e t e c t e d d u r i n g t h e second o b s e r v a t i o n i s 357 ( O r f o r d and 

T u r v e r , 1988), 

O b s e r v a t i o n s o f t h e supernova i t s e l f were s t a r t e d i n March 

1987 and i t has been observed a t every o p p o r t u n i t y s i n c e . The 

83 



6h 

-I.. 

• v 
PSR 05̂  
-693 

stwrn 

3 * • 

•X 

KEY TO STAR MAP. 

U«GE MAGELLANIC aOUD. 

O FIELD OF VEW OF THE MARK 
I TELESCOPE'S 'ON SOURCE" 
CHANNEL. 

v.; HELD OF VEW OF ONE OF 
THE MARKITaESCOPE'S 
"OFF SOURCE'CHANNELS. 

F i g u r e 6.2 Sky c h a r t showing PSR 0540, Senduleak 69-202 and the 
t e l e s c o p e f . o . v . when o b s e r v i n g t h e former 



Date D u r a t i o n / mins 

22 Mar 1987 240 
14 Jan 1988 150 
15 Jan 1988 120 
18 Jan 1988 210 
21 Jan 1988 150 
24 Jan 1988 150 
11 Feb 1988 160 
15 Feb 1988 196 
17 Feb 1988 185 
19 Feb 1988 187 
20 Feb 1988 21 1 
21 Feb 1988 166 
22 Feb 1988 137 
23 Feb 1988 99 
10 Mar 1988 150 
19 Mar 1988 150 
12 Apr 1988 88 
14 Apr 1988 90 
15 Apr 1988 25 
16 Apr 1988 89 
17 Apr 1988 94 
07 Sep 1988 120 
09 Sep 1988 138 
13 Sep 1988 109 
14 Sep 1988 112 
06 Oct 1988 124 
07 Oct 1988 185 
09 Oct 1988 193 
07 Jan 1989 330 
08 Jan 1989 140 
31 Jan 1989 159 
01 Feb 1989 73 
02 Feb 1989 128 
08 Feb 1989 176 
05 Mar 1989 222 
06 Mar 1989 144 
07 Mar 1989 150 
09 Mar 1989 156 
10 Mar 1989 156 
12 Mar 1989 150 
04 Apr 1989 164 
06 Apr 1989 173 
08 Apr 1989 152 
29 Apr 1989 90 
30 Apr 1989 83 
01 May 1989 94 
02 May 1989 88 
04 May 1989 92 

Table 6.3 SN1987a Observing Log 
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Channel 1 Channel 1 Channel 3 Channel 3 C h . 1 + C h . 3 C h . M C h . 3 
Date On S o u r c e Of f S o u r c e On S o u r c e O f f S o u r c e On S o u r c e Of f S o u r c e 

1 4 - 0 1 - 8 8 2359 2313 3265 3262 5624 5575 
1 8 - 0 1 - 8 8 3559 3556 4659 4574 8218 8130 
2 4 - 0 1 - 8 8 2503 2503 2908 2881 5411 5334 
1 1 - 0 2 - 8 8 2478 2487 3133 3214 5611 5701 
1 5 - 0 2 - 8 8 3105 •3065 3780 3924 6885 6989 
1 7 - 0 2 - 8 8 2919 2831 3582 3589 6501 6420 
1 9 - 0 2 - 8 8 2696 2749 3275 3366 5971 6115 
2 0 - 0 2 - 8 8 2991 3000 3721 3683 6712 6683 
2 1 - 0 2 - 8 8 2223 2161 2715 2756 4938 4917 
2 2 - 0 2 - 8 8 1612 1576 1953 1997 3565 3573 
2 3 - 0 2 - 8 8 1116 977 1327 1384 2443 2361 
1 0 - 0 3 - 8 8 1669 1704 2121 2173 3790 3877 
1 2 - 0 4 - 8 8 881 912 1176 1152 2057 2064 
1 4 - 0 4 - 8 8 1021 1092 1345 1267 2366 2359 
1 6 - 0 4 - 8 8 672 639 902 865 1574 1504 
0 7 - 0 9 - 8 8 1771 1765 2043 2167 3814 3932 
0 9 - 0 9 - 8 8 2133 2194 2561 2551 4694 4745 
1 3 - 0 9 - 8 8 2251 2292 2766 2742 5017 5034 
1 4 - 0 9 - 8 8 2111 2092 2548 2555 4659 4647 
0 6 - 1 0 - 8 8 925 911 1055 1097 1980 2008 
0 7 - 1 0 - 8 8 969 1054 1400 1491 2369 2545 
0 9 - 1 0 - 8 8 4184 4076 4972 4894 9156 8970 
0 7 - 0 1 - 8 9 5874 5822 6509 6519 12383 12341 
0 8 - 0 1 - 8 9 2500 2412 2851 2821 5351 5233 
3 1 - 0 1 - 8 9 2341 2304 2341 2338 4682 4642 
0 1 - 0 2 - 8 9 1075 1035 1136 1137 2211 2172 
0 2 - 0 2 - 8 9 1886 1880 1998 2021 3884 3901 
0 8 - 0 2 - 8 9 1532 1477 1594 1550 3126 3027 
0 7 - 0 3 - 8 9 1615 1556 1704 1693 3319 3249 
0 9 - 0 3 - 8 9 1592 1648 1673 1672 3265 3320 
1 0 - 0 3 - 8 9 1722 1649 1621 1680 3343 3329 
1 2 - 0 3 - 8 9 807 823 794 801 1601 1624 
2 9 - 0 4 - 8 9 981 990 997 1010 1978 2000 
0 2 - 0 5 - 8 9 949 943 911 931 1860 1874 
0 4 - 0 5 - 8 9 1048 1027 1034 994 2082 2021 

T o t a l s 70070 69515 82370 82196 152440 151711 

T a b l e 6 .4 R e s u l t s of SN1987a O b s e r v a t i o n s 
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o b s e r v i n g season l a s t s from August t o t h e f o l l o w i n g A p r i l , A 

summary o f t h e o b s e r v a t i o n s made i s gi v e n i n t a b l e 6,3, The 

r e s u l t s o f th e s e o b s e r v a t i o n s , s e l e c t i n g o n l y those made under 

c l e a r s k i e s , a re g i v e n i n t a b l e 6,4, 

The o v e r a l l excess from channel 1 i s 555 ± 373 events, which 

i s s i g n i f i c a n t a t t h e 1.5a l e v e l , w h i l s t t h e excess from t he sum 

o f t h e channels 1 and 3 i s 174 ± 552 events. The channel 1 f i g u r e 

leads t o a time-averaged 3o- f l u x l i m i t from t h e supernova o f 

5,5*10-11 cm-2 s - 1 , 

The supernova i s not expected t o produce a c o n s t a n t f l u x o f y-

r a y s . Rather, t h e f l u x i s expected t o i n c r e a s e w i t h time as the 

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

becomes more t r a n s p a r e n t . I t i s a l s o l i k e l y t o f l u c t u a t e as 

whisps o f gas move across t h e l i n e o f s i g h t . The v a r i a t i o n o f any 

d e t e c t e d V.H.E. f l u x w i t h t i m e w i l l t h e r e f o r e p r o v i d e 

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

b u t t h e n a t u r e and development o f t h e s h e l l i t s e l f . To examine 

any t i m e v a r i a t i o n t h e chopped data have ben d i v i d e d i n t o r o ughly 

three-month segments each segment being e i t h e r t h e f i r s t or 

second h a l f o f t h e o b s e r v i n g 'season' which runs from September 

t o A p r i l . The s i g n a l s t r e n g t h s from these segments have been 

p l o t t e d i n f i g , 6.3. C l e a r l y , t h e r e i s no s i g n i f i c a n t i n c r e a s e i n 

s i g n a l over t h e course o f t h e o b s e r v a t i o n s . 

There i s a d i s c r e p a n c y between t h e values o f t h e count r a t e 

excess f r o m t h e two channels. T h i s i s , o f course, caused by t h e 

f a c t t h a t f o r t h e m a j o r i t y o f o b s e r v a t i o n s , o n l y 4 tubes 

c o n t r i b u t e d t o t h e " f i r e p a t t e r n " (see s e c t i o n 5.2.2), The change 
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t o a 7 - f o l d f i r e p a t t e r n was made i n t h e l a t t e r p a r t o f January 

1989, The e f f e c t o f t h i s can be seen i n t h e event t o t a l s f o r 

channels 1 and 3, Before t h e change, channel 3 counted a t about 

1,4 t i m e s t h e r a t e o f channel 1 a f t e r r e j e c t i n g events t h a t f i r e d 

more tha n one channel. A f t e r w a r d s , i t counted a t o n l y about 1.1 

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

b e f o r e t h e d e t e c t i o n by K r i s t i a n e t a l , (1989) o f a 

submi11isecond o p t i c a l p u l s a r i n t h e supernova remnant. The data 

f r o m t h i s p e r i o d onwards has t h e r e f o r e been examined s e p a r a t e l y . 

The excess on source from channel 1 i s 356 ± 217 events, 

s i g n i f i c a n t a t t h e 1,6CT l e v e l . T h i s y i e l d s a 3a f l u x l i m i t f o r 

t h e i n t e r v a l from t h e end o f January t o t h e beg i n n i n g o f May o f 

9.8*10-11 cm-2 s - 1 , 

6,3.3, Conclusions 

There are two p o s s i b l e e x p l a n a t i o n s f o r t h e la c k o f V.H.E, 

7-rays from SN1987a. The f i r s t i s t h a t t h e r e i s no c e n t r a l p u l s a r 

o r t h a t t h e p u l s a r i s slow, and so in c a p a b l e o f producing such 

e n e r g e t i c r a d i a t i o n . T h i s would agree w i t h models t h a t suggest 

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

f r o m a now-evaporated companion and t h a t new p u l s a r s are 

r e l a t i v e l y slow ( A l p a r e t a l . , 1982; Backus e t a l . , 1982). This 

c o n f l i c t s w i t h t h e o b s e r v a t i o n o f K r i s t i a n e t a l . (1989). Though 

t h e d e t e c t i o n o f t h e p u l s a r was c o n f i n e d t o o n l y 1 n i g h t i n a 

s e r i e s o f o b s e r v a t i o n s and has y e t t o be co n f i r m e d , t he 

s i g n i f i c a n c e o f t h e d e t e c t i o n p u t s i t beyond q u e s t i o n t h a t some 
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p e r i o d i c phenomenon was exposed. 

The o t h e r p o s s i b l e e x p l a n a t i o n f o r t h e l a c k o f 7 - r a y s i s t h a t 

t h e s h e l l o f d e b r i s s u r r o u n d i n g SN1987a i s s t i l l opaque t o t h i s 

r a d i a t i o n . I f t h i s i s t h e case, then c o n t i n u e d o b s e r v a t i o n s are 

e s s e n t i a l and w i l l e v e n t u a l l y bear f r u i t . The d e t e c t i o n o f the 

o p t i c a l p u l s a r and t h e small excesses from every month o f 1989 

are v e r y p r o m i s i n g s i g n s and suggest t h a t t h e 1989-1990 ob s e r v i n g 

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

6.4. S c o r p i u s X-1 

6.4.1. Background 

S c o r p i u s X-1 was t h e f i r s t e x t r a s o l a r X-ray source t o be 

d i s c o v e r e d (Giaconni e t a l . , 1962). I t was a l s o t h e f i r s t f o r 

which an o p t i c a l c o u n t e r p a r t (v818 S c o r p i i ) was i d e n t i f i e d 

(Sandage e t a l . , 1966). I t i s t h e b r i g h t e s t c o n t i n u o u s X-ray 

source i n t h e sky. The d i s t a n c e o f t h e o b j e c t i s hard t o 

de t e r m i n e , d e s p i t e much st u d y over t h e past 20 years. I t i s 

g e n e r a l l y assumed t o be about 1.5 kpc away. I t i s a Low Mass X-

Ray B i n a r y c o m p r i s i n g a n e u t r o n s t a r p r i m a r y and l a t e type 

secondary i n a c l o s e o r b i t . The secondary f i l l s i t s Roche lobe 

and i s a c c r e t i n g mass ont o t h e p r i m a r y . 

The 0.787 day o r b i t a l p e r i o d o f t h e system was f i r s t 

d e t e r m i n ed by G o t t l i e b e t a l . (1975) from p h o t o m e t r i c s t u d i e s . 

The d e t a i l s o f t h e d e t e r m i n a t i o n o f t h e o r b i t a l elements are 

c o m p l i c a t e d and are reviewed by LaSala and Thorstensen (1985), 

Evidence f o r m o d u l a t i o n o f t h e X-ray emission a t t h e o r b i t a l 
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p e r i o d i s l i m i t e d , but t h e X-ray minimum p r o b a b l y lags behind 

s u p e r i o r c o n j u n c t i o n o f t h e o p t i c a l e m i s s i o n - l i n e source by 0.09 

± 0.06 p e r i o d s ( P r i e d h o r s k y and H o l t , 1987). 

S c o r p i u s X-1 i s co n s i d e r e d a s t r o n g c a n d i d a t e f o r a 

m i l l i s e c o n d p u l s a r , though i s no c l e a r evidence o f a s t a b l e 

p e r i o d a t any wavelength y e t . M i d d l e d i t c h and Pri e d h o r s k y (1986) 

suggest 4.53 ms as a p o s s i b l e p e r i o d , but s i n c e t h e r e was no 

evidence o f a Doppler s h i f t due t o t h e b i n a r y o r b i t i n t h e i r 

d a t a , t h e y r e j e c t any a s s o c i a t i o n o f t h i s p e r i o d i c i t y w i t h t h e 

r o t a t i o n o f a p u l s a r . Leahy (1987) r e p o r t e d d e t e c t i o n o f 

p u l s a t i o n s a t 2.93 ms, but t h i s has not been confirmed and t h e 

f i g u r e g i v e n i s n o t a c c u r a t e enough t o a l l o w us t o t e s t i t 

p r o p e r l y . 

X-ray b i n a r i e s a re t h e most common c l a s s o f V.H.E. y-ray 

e m i t t e r s . S c o r p i u s X-1 i s one o f t h e c l o s e s t and t h e b r i g h t e s t o f 

th e X-ray b i n a r i e s . Hence, i t i s a s t r o n g c a n d i d a t e f o r V.H.E. 

emi s s i o n and has been t h e t a r g e t o f an e x t e n s i v e programme o f 

o b s e r v a t i o n s . 

6.4.2. Data and R e s u l t s 

S c o r p i u s X-1 was observed i n 1988 and again i n 1989. 

Between t h e two s e t s o f o b s e r v a t i o n s , t h e s e n s i t i v i t y o f the 

t e l e s c o p e had been c o n s i d e r a b l y improved by t h e a d d i t i o n o f an 

e x t r a s tage o f a m p l i f i c a t i o n i n t h e PMT's and t h e i n t r o d u c t i o n o f 

7 - f o l d f i r e p a t t e r n s ( B r a z i e r e t a l , , 1989a). Thus, t h e two 

d a t a s e t s w i l l be t r e a t e d s e p a r a t e l y , s i n c e they are q u a l i t a t i v e l y 
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d i f f e r e n t and t h e r e i s no s t r a i g h t f o r w a r d way o f combining them. 

I n 1988, S c o r p i u s X-1 was observed f o r a t o t a l o f 45 hours on 

12 n i g h t s between 10th May and 19th June. The r e s u l t s o f these 

o b s e r v a t i o n s are summarised i n t a b l e 6,5, The excess on source 

f o r channels 1 and 3 summed i s 1306 ± 535, which i s 0.95 ± 0,38 % 

of t h e background. T h i s i s s i g n i f i c a n t a t t h e 2.5cr l e v e l . Summing 

eve n t s f o r channel 1 o n l y g i v e s an excess o f 1019 ± 332 or 1.85 ± 

0.60 %. T h i s i s s i g n i f i c a n t a t t h e 3,1CT l e v e l . The channel 3 

excess i s , as expected, s m a l l e r a t 287 ± 406 events. The 

t o t a l s f o r channel 1 t r a n s l a t e t o a 7 - r a y f l u x o f (1.2 ± 0.4) * 

10-''1 cm-2 s" (see s e c t i o n 3.2.3). There i s thus c o n s i d e r a b l e 

evidence t h a t t h i s o b j e c t i s a source o f V.H.E, 7 - r a y s . 

To i n v e s t i g a t e t h e p o s s i b i l i t y t h a t t h e emis s i o n i s modulated 

a t t h e o r b i t a l p e r i o d , t h e data f i l e s were binned i n t o 10 phase 

b i n s . The r e s u l t s o f t h i s are g i v e n i n t a b l e 6.6. Two a l t e r n a t i v e 

hypotheses were compared. The f i r s t was t h a t t h e excess was 

independent o f phase. The second was t h a t t h e excess was ^00% 

s i n e wave modulated a t t h e o r b i t a l p e r i o d . The l i k e l i h o o d r a t i o 

o f t hese two was e v a l u a t e d . The average r a t i o o f counts on source 

t o c ounts o f f source i s g i v e n by 

S Ni 
R = (6.1) 

0 2 Bi 

For a g i v e n o b s e r v a t i o n w i t h N counts recorded on source and B 

o f f , t h e l i k e l i h o o d t h a t B and N are sampled from t h i s average 

r a t i o i s g i v e n by t h e b i n o m i a l expansion o f 
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Date Ch 1 On Ch 1 O f f Ch 3 On Ch 3 O f f T o t a l On T o t a l O f f 

10th Hay 1988 4462 4382 8000 5857 10462 10239 

11th Hay 1988 4977 4859 4953 4955 9930 9814 

12th Hay 1988 6881 6626 11485 11449 18366 18075 

13th Hay 1988 8226 8128 13498 13201 21724 21329 

14th Hay 1988 3269 3266 5508 5524 8777 8790 

6th Jun 1988 2405 2329 2955 2935 5360 5264 

7th Jun 1988 1601 1548 2103 2128 3704 3676 

12th Jun 1988 6092 6059 8955 9104 15047 15163 

15th Jun 1988 2156 2124 3226 3217 5382 5341 

16th Jun 1988 5701 5622 8504 8446 14205 14068 

18th Jun 1988 4492 4425 6922 6871 11414 11296 

19th Jun 1988 5847 5722 8723 8858 14570 14580 

T o t a l s 56109 55090 82832 82545 138941 137635 

Table 6,5 S c o r p i u s X-1 o b s e r v a t i o n s 
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Date O r b i t a l No o f Counts 
(1988) Phase Channel 1 

No o f Counts 
Channel 3 

No o f Counts % 
A l l S t r e n g t h 

ON OFF ON OFF ON OFF 

Jun 6 0. 09 2405 2329 2955 2935 5360 5264 +3. 3 
May 11 0. 12 2093 2094 2025 2050 41 18 4144 -0. 1 
May 11 0. 22 2884 2765 2928 2905 5812 5670 +4. 3 
Jun 18 0. 31 4492 4425 6922 6871 1 1414 1 1296 + 1 . 5 
May 12 0. 36 2020 1926 3335 3195 5355 5121 +4. 9 
Jun 7 0. 43 1601 1548 2103 2128 3704 3676 +3. 4 
May 12 0. 46 2576 2420 4249 4278 6825 6698 +6. 4 
May 12 0. 56 2285 2280 3901 3976 6186 6256 +0. 2 
Jun 19 0. 60 2958 2878 4438 4531 7396 7409 +2. 8 
Jun 15 0. 64 2156 2124 3226 3217 5382 5341 + 1 . 5 
May 13 0. 65 1956 2016 3330 3171 5286 5187 -3. 0 
Jun 19 0. 72 2889 2844 4285 4327 7174 7171 + 1 , 6 
Jun 12 0. 73 3163 3063 4595 4612 7758 7675 +3, 3 
May 13 0. 74 2403 2436 41 15 4086 6518 6522 -1 , 4 
Jun 16 0. 82 3093 3032 4790 4652 7883 7684 +2. 0 
May 13 0. 83 2282 2183 3736 3644 6016 5827 +4. 5 
May 10 0. 84 1877 1868 2479 2378 4356 4246 +0. 5 
Jun 12 0. 85 2929 2996 4360 4492 7289 7488 -2. 2 
May 14 0. 90 1426 1407 2309 2259 3735 3666 + 1 . 4 
May 13 0. 92 1585 1493 2317 2300 3902 3793 +6. 2 
May 10 0. 93 2585 2514 3521 3479 6106 5993 +2. 8 
Jun 16 0. 95 2608 2590 3714 3794 6322 6384 +0. 7 
May 14 0. 98 1843 1859 3199 3265 5042 5124 -0. 9 

T o t a l 56109 55090 82832 82545 138941 137635 

Table 6.6 S c o r p i u s X-1 o b s e r v a t i o n s s u b d i v i d e d by phase, 
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-iN+B 

1 + R 1 + R 

The l i k e l i h o o d under t h e f i r s t h y p o t h e s i s i s found by p u t t i n g R = 

R . The maximum l i k e l i h o o d under t h e mo d u l a t i o n h y p o t h e s i s i s 
0 

o b t a i n e d by e v a l u a t i n g t h e above e x p r e s s i o n u s i n g 

R = 2R sin(<p+a) (6.2) 
0 

where (p i s t h e o r b i t a l phase and a i s a phase o f f s e t chosen t o 

maximise t h e l i k e l i h o o d . The l i k e l i h o o d r a t i o found u s i n g t h i s 

method i s 302, s u p p o r t i n g t h e h y p o t h e s i s t h a t t h e emission i s 

100* modulated a t t h e o r b i t a l p e r i o d a t t h e 3*10-3 p r o b a b i l i t y 

l e v e l . T h i s p r o b a b i l i t y may be i n c r e a s e d by up t o a f a c t o r o f 10 

due t o t h e degrees o f freedom i n t r o d u c e d by t h e a b i l i t y t o choose 

th e peak o f t h e 7 - r a y m o d u l a t i o n t o be i n whichever o f the 10 

phase b i n s maximises t h e l i k e l i h o o d . I n t h e w o r s t case, however, 

th e s i g n i f i c a n c e i s s t i l l g r e a t e r than 2CT. The peak o f Y-ray 

e m i s s i o n occurs a t <p = 0.32 ± 0.08 r e l a t i v e t o s u p e r i o r 

c o n j u n c t i o n o f t h e o p t i c a l l i n e e m i t t i n g r e g i o n as determined by 

Crampton e t a l . ( 1 9 7 5 ) . The phase d i s t r i b u t i o n o f the s i g n a l 

s t r e n g t h s a l o n g w i t h t h e s i n e wave f i t t e d t o them are shown i n 

f i g . 6.4. 

O b s e r v a t i o n s were made on 3 n i g h t s i n May 1989, f o r a t o t a l o f 

10.75 hours. The r e s u l t s are summarised i n t a b l e 6.7. The 

s e n s i t i v i t y o f channel 3 had been g r e a t l y improved compared w i t h 

t h e 1988 data by t h e i n t r o d u c t i o n o f 7 - f o l d f i r e p a t t e r n s , as can 

be seen f r o m t h e r a t i o o f counts from t h e two channels, which i s 
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Date O r b i t a l No o f Counts No o f Counts No o f Counts % 
(1989) Phase P r i n c i pal Secondary Al 1 S t r e n g t h 

Channel Channel 
ON OFF ON OFF ON OFF 

May 2 0.32 6854 6876 7073 6671 13927 13547 2.8 

May 6 0.40 2250 2179 2209 2093 4459 4272 4.3 

May 8 0.90 1797 1772 1872 1 789 3669 3561 3.0 

T o t a l 10901 10827 11154 10553 22055 21380 

Excess 0. 7% 5. 7% 3. ̂ % 
0. 5(T 4. 1(T 3.3CT 

Table 6,7. S c o r p i u s X-1 1989 data 
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n o t f a r from u n i t y f o r t h e 1989 data . Hence, t h e data from 

channel 3 are almost as r e l i a b l e as t h e data from channel 1 and 

most e f f i c i e n t use o f t h e da t a i s made by summing t h e events f o r 

both channels. For these n i g h t s a l o n e , t h e excess i s 675 ± 207 

e v e n t s , a s i g n a l s t r e n g t h o f (3.2 ± 1.0) %. T h i s r e p r e s e n t s 

c o n f i r m a t i o n o f t h e 1988 r e s u l t a t t h e 3.3CT s i g n i f i c a n c e l e v e l . 

I t i s n o t p o s s i b l e t o use t h e 1989 data t o i n v e s t i g a t e f u r t h e r 

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

d e l i b e r a t e l y chosen t o have phases near t he phase o f maximum 

em i s s i o n found from t h e 1988 data. A l s o , i f t h e o r b i t a l 

dependence i s r e a l , t h e 1989 data would be modulated w i t h a 

g r e a t e r a m p l i t u d e than t h e 1988 da t a , due t o the increased 

s e n s i t i v i t y o f t h e t e l s c o p e i n 1989. 

Searches were made f o r p e r i o d i c i t y i n t h e data u s i n g a 

R a y l e i g h t e s t over a range o f p e r i o d s around 2.93 ms as suggested 

by Leahy (1987) and around 4.53034 ms as suggested by M i d d l e d i t c h 

and P r i e d h o r s k y ( 1 9 8 6 ) . Since Scorpius X-1 i s a b i n a r y system, 

any p u l s e d e m i s s i o n w i l l be s u b j e c t t o Doppler s h i f t i n g due t o 

t h e o r b i t a l motion o f t h e p u l s a r . The o r b i t a l parameters o f t h e 

system need t o be w e l l known i f t h i s i s t o be compensated f o r i n 

p e r i o d searches. W h i l s t t h e o r b i t a l p e r i o d o f t h i s o b j e c t has 

been a c c u r a t e l y measured, t h e s i z e o f t h e system i s not so w e l l 

known. L i n e e m i s s i o n measurements (LaSala and Thorstensen, 1985) 

suggest a v a l u e o f a s i n A o f t h e o r d e r o f a few l i g h t seconds, 

which would make i t i m p o s s i b l e t o f i n d a s i n g l e p u l s e p e r i o d o f a 

few m i l l i s e c o n d s i n a search t h r o u g h o u t t h e o r b i t . Tests have 

t h e r e f o r e been run on each n i g h t i n d i v i d u a l l y . The r e s u l t s o f 
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these t e s t s on t h e n i g h t showing t h e s t r o n g e s t on source count 

excess w h i l s t s t i l l s h o r t enough t o pr e v e n t a p e r i o d i c s i g n a l 

b e ing t o o d i s t o r t e d by o r b i t a l motion are shown i n f i g s . 6.5 and 

6,6. There i s no evidence f o r s i g n i f i c a n t pulsed emission from 

any n i g h t , l e a d i n g t o a 3CT 'time-averaged' f l u x l i m i t f o r pulsed 

e m i s s i o n o f -2.6 * 10-^° cm-2 s" ̂  . 

6.4.3. Conclusions 

P r e v i o u s V.H.E. y-ray o b s e r v a t i o n s o f Scorpius X-1 using 

t h e N o oitegedacht t e l e s c o p e suggested a f l u x o f 1.7 ± 0.2 * lO-^o 

cm-2 s" a t e n e r g i e s g r e a t e r than 1000 GeV (De Jager e t a l . , 

1986). However, t h e t e l e s c o p e was o p e r a t i n g w i t h o u t background 

l i g h t s t a b i l i s a t i o n , as p r o v i d e d f o r t h e Mark I I I by t h e AGC 

system (see c h a p t e r 2 ) . T h i s means t h a t a p o s i t i v e d e t e c t i o n must 

be based on c o r r e c t i n g t h e count r a t e f o r v a r y i n g background 

l i g h t l e v e l s . Our measurements show a time-averaged s i g n a l 

s t r e n g t h o f 1.85 ± 0.60 %, which t r a n s l a t e s t o a y-ray f l u x o f 

1.2 ± 0.4 * 10-1° cm-2 Q-^ a t e n e r g i e s g r e a t e r than 400 GeV. This 

t r a n s l a t e s t o a f l u x o f 2.8 + 0.9 * l O - ^ i cm-2 q-^ -jn t h e energy 

range o f t h e South A f r i c a n i n s t r u m e n t . The discr e p e n c y i n these 

measurements i s n o t as i m p o r t a n t as i t appears, b e a r i n g i n mind 

t h e u n c e r t a i n t i e s i n t h e South A f r i c a n measurements and the 

d i f f i c u l t y o f comparing f l u x e s from d i f f e r e n t experiments (see 

s e c t i o n 3.2.3), 

Assuming t h e d i s t a n c e t o Scor p i u s X-1 i s 1,5 kpc, t h e V.H.E. 

l u m i n o s i t y o f t h i s o b j e c t i s 2.3 ± 0.7 * lO^* e r g s - i . We have 
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found evidence a t b e t t e r than t h e 2CT l e v e l t h a t t h i s i s 1005K 

modulated w i t h t h e 0.878 day o r b i t a l p e r i o d . The phase o f Y-ray 

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

em i s s i o n a t o t h e r wavelengths. I f t h e V.H.E. 7 - r a y s we have 

d e t e c t e d are generated by a beam o f r e l a t i v i s t i c p a r t i c l e s i n the 

r e g i o n o f a p u l s a r , t h e em i s s i o n i s l i k e l y t o be p e r i o d i c a t the 

p e r i o d o f t h e p u l s a r . No c o n v i n c i n g o r a c c u r a t e p e r i o d has been 

found f o r t h i s o b j e c t . I f and when t h i s i s achieved, t h e r e i s a 

good chance o f an e x t r e m e l y s i g n i f i c a n t d e t e c t i o n i n t h e V.H.E. 

r e g i o n . 
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CHAPTER 7 

SUMMARY AND CONCLUSIONS 

7.1. I s o l a t e d P u l s a r s 

Few i s o l a t e d p u l s a r s have been p o s i t i v e l y d e t e c t e d as sources 

o f V.H.E. 7-rays. However, t h e Crab, Vela and a few o t h e r s have 

a l l been r e p o r t e d as sources a t d i f f e r e n t times by d i f f e r e n t 

groups, a t v a r y i n g l e v e l s o f s i g n i f i c a n c e . 

Of t h e above, o n l y t h e Crab i s w i d e l y accepted as a source o f 

V.H.E. 7 - r a d i a t i o n . No evidence f o r emission was found i n the 

1988 o b s e r v a t i o n s made w i t h t h e Mark IV t e l e s c o p e , but t h e 

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

r e s u l t s from v a r i o u s groups, i n c l u d i n g t h i s one (Dowthwaite e t 

a l . , 1984; Gibson e t a l . , 1982; Tumer e t a l . , 1985; C,L. Bhat e t 

a l . , 1986). More o b s e r v a t i o n s o f these o b j e c t s are r e q u i r e d 

b e f o r e a d e f i n i t e s t a t e m e n t can be made about t h e i r emission. At 

t i m e o f w r i t i n g , t h e Mark IV t e l e s c o p e has j u s t s t a r t e d a second 

o b s e r v i n g season a t La Palma, r u n n i n g from June t o October 1989. 

Th i s may w e l l f u r n i s h t h e necessary da t a . 

The Vela p u l s a r has now been e x t e n s i v e l y observed w i t h t h e 

Mark I I I t e l e s c o p e . No s i g n i f i c a n t emission has been found from 

any o f our o b s e r v a t i o n s . T h i s i s i n c o n f l i c t w i t h t h e r e p o r t s o f 

P.N. Bhat e t a l . (1980,1986,1987) and Gupta e t a l . (1982). 

However, t h e r e a re problems w i t h these c l a i m s . For a f u l l 
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d i s c u s s i o n o f them, see Chadwick (1987). The l a r g e r a d i o p e r i o d 

g l i t c h observed a t t h e end o f 1988 has not been f o l l o w e d by a 

p e r i o d o f d e t e c t a b l e V.H.E. 7 - r a y e m i s s i o n . To change our f l u x 

l i m i t s i g n i f i c a n t l y would r e q u i r e a t l e a s t as much data as we 

have a l r e a d y t a k e n . Hence, t h e r e are no plans t o re-observe t h i s 

o b j e c t . 

There are no r e p o r t s o f V.H.E. 7 - r a y emission from PSR 1055-

52. Our n e g a t i v e r e s u l t stands a l o n e , t h e r e f o r e . There i s thus no 

reason t o re-observe t h i s o b j e c t y e t . 

PSR 1509-58 has been observed f o r a t o t a l o f about 38 hours. 

No evidence f o r e m i s s i o n from t h i s o b j e c t has been found. This i s 

i n c o n f l i c t w i t h t h e c l a i m s o f De Jager e t a l . (1988) and Nel e t 

a l . ( 1 9 8 9 ) . However, t h e r e are s e r i o u s doubts about these r e s u l t s 

(see s e c t i o n 4.5.2), Given t h e amount o f data t h a t would be 

r e q u i r e d t o make any s i g n i f i c a n t d i f f e r e n c e t o th e f l u x l i m i t we 

have measured so f a r , t h e r e i s l i t t l e b e n e f i t t o be gained i n r e -

o b s e r v i n g t h i s o b j e c t i n t h e near f u t u r e . 

7,2. N o n - P u l s a t i n g O b j e c t s 

7.2.1, New A n a l y s i s Techniques 

I t i s c l e a r from t h e r e s u l t s o f t h e s i m u l a t i o n s shown i n 

ch a p t e r 5 t h a t t h e ' c o u n t i n g heads' method i s s u p e r i o r t o the 

f i t t i n g methods t e s t e d . Indeed, c o n s i d e r i n g t h a t one o f the f i t s 

used a c o m p l e t e l y c o r r e c t model o f count r a t e dependence on 

z e n i t h a n g l e , i t seems l i k e l y t h a t t h e ' c o u n t i n g heads' approach 

would be s u p e r i o r t o any f i t t i n g method. 
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Between t h e ' c o u n t i n g heads' and t h e ' r a t i o s ' methods, t he 

ch o i c e i s n ot so c l e a r c u t . The r e s u l t s o f chapter 5 suggest t h a t 

f o r a 4 - f o l d f i r e p a t t e r n , t h e two t e s t s have s i m i l a r a c c u r a c i e s . 

The i n t r o d u c t i o n o f 7 - f o l d f i r e p a t t e r n s leaves t h e ' r a t i o s ' 

method unchanged, b u t g r e a t l y enhances t h e 'co u n t i n g heads' 

method, e f f e c t i v e l y d o u b l i n g t h e data i t can oper a t e on. Thus, 

' c o u n t i n g heads' f o l l o w e d by a maximum l i k e l i h o o d r a t i o t e s t has 

become t h e s t a n d a r d t e c h n i q u e f o r a n a l y s i s o f chopped data. 

7.2.2. R e s u l t s o f A n a l y s i s 

The t h r e e DC o b j e c t s discussed i n chapter 6 are 

r e p r e s e n t a t i v e s o f t h r e e e n t i r e l y d i f f e r e n t c l a s s e s o f o b j e c t , an 

a c t i v e g a l a x y , a v e r y young supernova remnant and an X-ray 

b i n a r y . 

Centaurus A i s an a c t i v e g a l axy. I t has shown g r e a t 

v a r i a b i l i t y i n both i t s X-ray and i t s r a d i o e m i s s i o n . The r e s u l t s 

o f our o b s e r v a t i o n s suggest t h a t i n 1987 and 1988, t h i s o b j e c t 

was n o t e m i t t i n g V.H.E. 7 - r a y s a t t h e r a t e measured by G r i n d l a y 

e t a l . (1975a). T h i s i s n ot n e c e s s a r i l y a problem, given the 

v a r i a b i l i t y o f t h e o b j e c t . X-ray data contemporary w i t h our 

o b s e r v a t i o n s are not a v a i l a b l e , but o b s e r v a t i o n s by Tenma (Wang 

e t a l . , 1986) i n 1984 and by Ginga ( I n o u e , P r i v a t e Communication) 

i n March 1989 both show t h a t Centaurus A was i n a low X-ray 

s t a t e . These two measurements s t r o n g l y suggest t h a t t h e r e was 

l i t t l e X-ray a c t i v i t y d u r i n g t h e p e r i o d o f our o b s e r v a t i o n s . 

Thus, G r i n d l a y ' s c o n t e n t i o n (1975) t h a t t h e V.H.E. emission and 
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t h e X-ray e m i s s i o n a re i n t i m a t e l y l i n k e d i s supported by the 

co m b i n a t i o n o f these X-ray r e s u l t s and our V.H.E. 7-ray 

measurement. C l e a r l y , any subsequent X-ray o u t b u r s t would make 

f u r t h e r o b s e r v a t i o n s o f t h i s o b j e c t very i n t e r e s t i n g . U n t i l such 

t i m e as t h i s o c c u r s , however, t h e r e i s l i t t l e p o i n t i n c o n t i n u i n g 

t o observe t h i s o b j e c t , s i n c e a l a r g e amount o f data would be 

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

our r e j e c t i o n o f G r i n d l a y e t a l . ' s (1975a) measurement. 

SN1987a has shown no s i g n i f i c a n t emission so f a r . However, i t 

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

p u l s a r , which seems p o s s i b l e a f t e r t h e r e p o r t o f K r i s t i a n e t a l . 

( 1 9 8 9 ) , i t i s l i k e l y t o be a source o f V.H.E. 7 - r a y s (Gaisser e t 

a l , , 1987). The o b j e c t i s w i d e l y expected t o begin t o emit 

d e t e c t a b l e 7 - r a y s i n t h e near f u t u r e . W h i l s t n o t f o r m a l l y 

s i g n i f i c a n t , t h e f a c t t h a t t h e r e s u l t from every month o f 1989 i s 

p o s i t i v e i s v e r y enc o u r a g i n g . I f t h e supernova does begin t o emit 

V.H.E. 7 - r a y s , an i n t e n s i v e o b s e r v i n g program over t h e next 

o b s e r v i n g season sh o u l d show how such emission v a r i e s w i t h t i m e . 

T h i s w i l l p r o v i d e an i n s i g h t , n o t o n l y i n t o h i g h energy processes 

o c c u r r i n g near t h e supernova remnant, but a l s o i n t o t h e n a t u r e 

and development o f t h e s u r r o u n d i n g s h e l l o f d e b r i s . F u r t h e r 

o b s e r v a t i o n s o f t h i s o b j e c t should be gi v e n h i g h p r i o r i t y , 

t h e r e f o r e . 

S c o r p i u s X-1 i s an X-ray b i n a r y , t h e c l a s s o f o b j e c t 

r e s p o n s i b l e f o r more V.H.E. 7 - r a y s d e t e c t i o n s than any o t h e r . 

S i g n i f i c a n t evidence f o r e m i s s i o n from t h i s o b j e c t was found i n 

da t a f r o m 1988 and t h i s d e t e c t i o n was co n f i r m e d i n th e data from 
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1989. L i k e Centaurus X-3 (Carraminana e t a l . , 1989) and Cygnus X-

3 ( B r a z i e r e t a l . , 1989b), V.H.E, emission from t h i s o b j e c t i s 

modulated w i t h t h e p e r i o d o f t h e b i n a r y o r b i t . To increase 

a p p r e c i a b l y t h e s i g n i f i c a n c e o f our d e t e c t i o n would r e q u i r e about 

a n o t h e r 20 hours o f da t a . There are no plans t o re-observe t h i s 

o b j e c t i n t h e near f u t u r e t h e r e f o r e . 

7.3. Techniques 

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

even t s t h a t f i r e any o f f source channels, on t h e grounds t h a t 

t h ese a re m a i n l y produced by p r o t o n - i n i t i a t e d showers emanating 

f r o m o u t s i d e t h e f i e l d o f view o f th e on source channel. This 

t e c h n i q u e i s known as hardware c u t t i n g s i n c e t h e r e j e c t i o n i s 

based on whether t h e o f f a x i s channels exceeded t he 50 mV 

t h r e s h o l d r e q u i r e d t o t r i g g e r a r e l i a b l e event. Thus, t he 

c r i t e r i o n i s decided by t h e t e l e s c o p e ' s hardware and s u b - t r i g g e r 

i n f o r m a t i o n i s l o s t . The QT f o r each PMT i s s t o r e d f o r each event 

(see s e c t i o n 2,4.2). T h i s a l l o w s an e x t e n s i o n t o the above 

t e c h n i q u e . High QT's from o f f source PMTs show t h a t a 

c o n s i d e r a b l e number o f photons were a r r i v i n g from an o f f a x i s 

d i r e c t i o n , even though t h e event i n q u e s t i o n may have passed t he 

hardware c r i t e r i o n . I t i s p o s s i b l e t o r e j e c t such events, thus 

p r o v i d i n g an e x t r a enhancement o f t h e s i g n a l t o noise r a t i o , by 

r e j e c t i n g e vents where t h e o u t e r QT's r i s e above a gi v e n f r a c t i o n 

o f t h e c e n t r a l one. Since t h i s r e j e c t i o n i s done by s o f t w a r e , the 

t e c h n i q u e i s r e f e r r e d t o as s o f t w a r e c u t t i n g . 
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S o f t w a r e c u t t i n g has been t r i e d w i t h a wide range o f o b j e c t s . 

I n d i c a t i o n s are t h a t t h i s has proved s u c c e s s f u l i n a number o f 

cases. The optimum enhancement f o r Centaurus X-3 i s achieved by 

r e j e c t i n g a l l events where any o u t e r channel averaged QT i s 

g r e a t e r than 55% of t h e channel 1 v a l u e . T h i s f i g u r e , however, 

may be a f u n c t i o n o f t h e z e n i t h angle o f t h e o b s e r v a t i o n s . 

Hardware c u t t i n g accepts a s m a l l e r f r a c t i o n o f t h e t o t a l events 

when t h e t e l e s c o p e i s p o i n t i n g a t t h e z e n i t h than when i t i s 

l o o k i n g low i n t h e sky, as does t h e f r a c t i o n r e j e c t e d by s o f t w a r e 

c u t t i n g (see f i g s , 7.1, 7.2). T h i s i s e x p l a i n e d q u a l i t a t i v e l y by 

t h e f a c t t h a t when t h e t e l e s c o p e i s l o o k i n g low i n the sky, when 

atmospheric a t t e n u a t i o n i s g r e a t e s t , a s m a l l e r f r a c t i o n o f o f f -

a x i s events have l i g h t p o o l s wide enough t o cause a response i n 

t h e c e n t r e channel. However, i t i s not c l e a r t h a t t h e v a r i a t i o n 

o f t h e f r a c t i o n o f events accepted by t h e s o f t w a r e c u t t i n g i s the 

most e f f i c i e n t p o s s i b l e . I t i s not p o s s i b l e t o vary t he hardware 

c r i t e r i o n d u r i n g t h e course o f an o b s e r v a t i o n , but t h i s i s 

p o s s i b l e w i t h t h e s o f t w a r e c r i t e r i o n . The best way t o apply t he 

s o f t w a r e c u t may be t o use a r e j e c t i o n c r i t e r i o n t h a t v a r i e s w i t h 

z e n i t h a n g l e . F u r t h e r i n v e s t i g a t i o n o f a l l aspects o f t h i s 

p r o m i s i n g t e c h n i q u e i s c o n t i n u i n g ( B r a z i e r , PhD, Thesis, i n 

p r e p a r a t i o n ) . 

7.4. Equipment 

There are two ways t o i n c r e a s e t h e e f f e c t i v e n e s s o f t h i s 

branch o f Astronomy: improve t h e s i g n a l t o noise r a t i o t o 
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F i g u r e 7.2 P l o t o f f r a c t i o n o f e v e n t s a c c e p t e d a g a i n s t z e n i t h 
a n g l e f o r 55X s o f t w a r e c u t 



i n c r e a s e t h e s i g n a l s t r e n g t h i n a g i v e n d a t a s e t o r increase t he 

c o u n t i n g r a t e t o improve t h e c o u n t i n g s t a t i s t i c s o f the 

background and t h u s t h e s i g n i f i c a n c e o f d e t e c t i o n s . The former 

o p t i o n i s d i f f i c u l t t o achieve due t o t h e very low f l u x o f V.H.E. 

7-ray photons and t h e s i m i l a r i t y between a p r o t o n - i n i t i a t e d and a 

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

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

advance i n t h i s d i r e c t i o n . 

I n c r e a s i n g t h e count r a t e i s r e l a t i v e l y s i m p l e t o achieve. 

Two t e l e s c o p e s p l a c e d f a r enough a p a r t t o a v o i d d e t e c t i n g t he 

same showers w i l l produce a d a t a s e t t w i c e as l a r g e as a s i n g l e 

t e l e s c o p e i n t h e same t i m e . E f f e c t i v e l y , t h e count r a t e i s t w i c e 

t h a t o f a s i n g l e t e l e s c o p e . An a r r a y o f 10 t e l e s c o p e s o f a 

s i m i l a r d e s i g n t o t h e Mark IV c o u l d be operated by a s i n g l e 

o b s e r v i n g team and would have a count r a t e o f about 1000 min-'' 

when p o i n t i n g near t h e z e n i t h . T h i s means t h a t t h e e n t i r e 1989 

o b s e r v a t i o n o f S c o r p i u s X-1 c o u l d be repeated i n an hour and a 

h a l f . T h i s improvement would a l l o w study o f t h e form o f the l i g h t 

c u r v e s o f those o b j e c t s from which pulsed emission has been 

d e t e c t e d w i t h t h e p r e s e n t equipment. Furthermore, a DC s i g n a l as 

low as 2% c o u l d be d e t e c t e d a t t h e 3CT l e v e l i n a s i n g l e 4 hour 

o b s e r v a t i o n . A f a s t d a t a a c q u i s i t i o n r a t e w i l l make the proposed 

a r r a y a v e r y u s e f u l t o o l f o r s t u d y i n g emission from v a r i a b l e 

o b j e c t s , such as SN1987a and p o s s i b l y Centaurus A. Emission from 

these o b j e c t s may w e l l v a r y on a t i m e s c a l e o f days. With t h e 

a r r a y , i t would be p o s s i b l e t o make an a c c u r a t e measurement o f 

t h e s i g n a l s t r e n g t h each n i g h t and th u s f o l l o w c l o s e l y any s h o r t -
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term v a r i a b i l i t y . T h i s i s an e x c i t i n g development and should 

c o n t r i b u t e g r e a t l y t o t h e s t u d y o f V.H.E. 7-Ray Astronomy i n the 

1990's. 
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