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A telescope has been developed that is operating in the low energy 
r ange of the g a m m a ray spec t rum. It is capab le of genera t ing 
gamma ray images of the sky with a precision of arc minutes in the 
energy r ange 0 .2 -10MeV. The te lescope is based on a posi t ion 
sensi t ive detector and a coded aperture mask. It has a ful ly coded 
f ield of view of 7.0°*7.7° and a part ial ly coded field of view of 
1 2 . 8 ° * 1 4 . 3 ^ 
The de tec t ion p lane compr ises of an array of pos i t ion sensi t ive 
detec tors that is shielded f rom undesi red events . These units are 
capable to locate the position of interaction of gamma ray photons 
of energy 662 keV to a precision of 2 .1cm(F .W.H.M) . The energy 
resolution at this particular energy is 11%. 

T h e c o d e d a p e r t u r e i m a g i n g t e c h n i q u e e m p l o y e d a l l o w s the 
s imul taneous observat ion of more than one source in the f ield of 
v i e w . 

The thesis is based on the pe r fo rmance of the posi t ion sensi t ive 

detectors as well as the overall imaging quality of the telescope. 
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PREFACE 

ZEBRA telescope is a low energy gamma ray telescope developed under 
the superv i s ion of an in ternat ional co l labora t ion that c o m p r i s e the 
fo l lowing groups: 

Istituto di Fisica Cosmica, Milano, Italy. 

Isti tuto Astrof is ica Spaziale, Frascati , Italy. 

Laboratorio TESRE, Bologna, Italy. 

Depar tment of Physics, Southampton Universi ty, England. 

The author was involved in the development of the posi t ion sensit ive 

detectors , the calibrat ion and the determinat ion of the pe r fo rmance of 

the posit ion and anticoincidence detectors. The thesis is also aiming to 

highl ights the overall per formance of the telescope. 



Chapter 1 

1 The present status of low energy gamma ray astronomy. 

1.1 Introduction. 

G a m m a ray as t ronomy is the last w indow of the e lec t romagnet ic 

spect rum to be opened. All other branches f rom radio to x-ray 

have been widely open and enormous as t ronomical knowledge has 

been provided through them, and has been deve loped . The 

emission of the electromagnetic radiation f rom this region is in the 

ene rgy r ange of ( 1 0 5 - 1 0 l 2 ) e V which ma in ly a r i ses f r o m the 

in te rac t ion of ex t remely energe t ic par t ic les with ma t t e r ,magne t i c 

f ie lds or photons. There are many ast rophysical objec ts such as 

S u p e r n o v a e exp los ions and the i r r emnan t s , B lack ho les . Radio 

galaxies, Seyfert galaxies, Neutron stars and Quasars thafamcancfidafe 
for emitting gamma rays . 

The deve lopmen t of gamma ray as t ronomy has been qui te slow 

c o m p a r i n g with other f i e lds of a s t ronomy fo r two f u n d a m e n t a l 

reasons . First ly, the low f lux of the high energet ic gamma ray 

photons and secondly, the enormous penet ra t ion p o w e r of these 

pho tons which are d i f f i cu l t to de tec t by their in te rac t ion with 

t radi t ional detec t ing medium. 

The low energy region of this window of as t ronomy, (0.2-10.0) 

MeV, is of part icular as t rophysical s ign i f icance because of the 

appearance of gamma ray l ines. The recogni t ion of these lines, 

their intensi t ies and widths can provide a un ique ident i f ica t ion of 

nuclear species at the source and reveal the detai led dynamics of 

the involved emission processes . 

G a m m a ray photons suffer negl igible absorpt ion or scattering while 

they t ravel in space and can reach the solar sys tem f r o m the 

galac t ic centre and the dense region around the cent re of active 

ga lax ie s . 

In this chapter, the first part is designated to a descript ion of the 

m e c h a n i s m s involved in the p roduc t ion of g a m m a ray photons . 

Meanwhi le the second part present the current status of gamma ray 

as t ronomy regarding galactic and extragalact ic gamma ray sources. 



1.2 The mechanisms of gamma ray production. 

T h e r e are many phys ica l m e c h a n i s m s wh ich con t r i bu t e to the 

p roduc t ion of gamma ray rad ia t ion . A number of authors have 

discussed this matter in detail such as Stecker 1971, Chupp 1976 

and Hil l ier 1984. An as t rophys ica l shock, l ike a supernovae 

explosion, can provide a hot gas or a relativist ic electrons or may 

be both. These could be a m a j o r source of g a m m a or x-ray 

e m i s s i o n . F ig .1 .1 i l l u s t r a t e s , s c h e m a t i c a l l y , the emi s s ion 

mechanisms that may occur when a hot gas or relat ivist ic electrons 

are produced. A descript ion of these mechanisms is given in the 

fo l lowing sections. 

1.2.1 Blackbody radiation. 

Any astrophysical object suff ic ient ly hot, behaving as a blackbody 

can give gamma ray photons and the required tempera ture for the 

mechanism is 1 0 ^ k < T < 1 0 ^ ^ k . The number of photons emitted from a 

unit area of a blackbody per second at T(k) t empera tu re according 

to "Plank's formula" is: 

2 / Ey \ 
N(Eg)=9.9*10^0E exp( 1.2* 10^0 ——)-l-^ph cm-^ s'^ MeV-^ (1.1) 

V 

According to "Wien's law" the maximum position of this distribution 
is at: 

and the average photon energy is: 

Eavar = 2.7 AT = 2 . j*70-;0 
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1.2.2 Synchrotron emission. 

Synchro t ron radia t ion is emit ted when a charged par t i c le moves 

spirally in a magnetic field. The correspondent nniagnetic force is 

given by: 

C 

w h e r e (v) is the veloci ty of the charged part ic le , (B) is the 

magnet ic field strength and (c) is the speed of light. 

The mechan i sm of synchrot ron radiat ion p roduc t ion is respons ib le 

for the general x-ray emission of less than 30 keV f r o m the Crab 

Nebula and the radio emission f rom the Jupiter (Chupp 1976). 

The charac te r i s t ic f r equency emit ted by a s ingle e lec t ron above 

which the emitted radiation becomes negligible is given by: 

" 4nmoc2 ('•'> 

E 
where (y) is the Lorentz factor for the electron and equal to ( r ) . 

The f requency dis tr ibut ion of the emitted radia t ion is a symmetr ic 

funct ion with a maximum at : 

- 4nm„c2 

The energy of the photon at the max imum of the dis tr ibut ion is 

expressed by: 

E^r(max) = 0.29 hvs = 5*10-^^ (MeV) (1.7) 



In order to produce gamma ray photons in the MeV energy range, 

very energetic electrons or a strong magnetic field is required. 

The total power emit ted over all f requencies for a s ingle charged 

particle of mass (Mjand (Z) charge can be given by : 

P, = - = 0.9S*I0-3 • ( •( ~j§^> ^ • (i^V s - I j 

(1.8) 

*For an electron ( M = mo) , therefor the power can be given : 

*For a proton with the same energy the power can be given : 

Ginzburg (1969) evaluated the gamma ray energy spec t rum of the 

case of a power law spectrum of electrons t rapped in a random 

magnet ic field of dimension (L), volume (V) and (R) distance f rom 

the observer. The formula is given bellow : 

First the density of the trapped electron can be given by : 

assuming that (R»L) the flux can be expressed by : 

l(^eyD(a+l)i2 9 5 0 *10-2 
Fy= 3.27*10'^ a(a).( ^ )(a+l)/2 

ph cm'^ s'^ MeV-^ (1.12) 



where (R) is the distance f rom the source and a(a) is the coeff icient 

which depends on the exponent ( a ) in the electron spectrum. 

1.2.3 Inverse Compton scattering. 

This is an exactly parallel situation to the Compton effect , in which 

a h ighly energe t ic par t ic le t ransfers m o m e n t u m to a low energy 

photon and endows it with a large momentum and energy. Thus the 
E 

energy of the scattered photon is on average, ( — — — t i m e s 

greater than the photon energy before scattering (Ginzburg 1969). 

For an isotropic photon distribution two cases can be considered : 

i) yEy « 

ii) 

where (y) is the Lorenz factor and (mo) is the rest mass of electron. 

In the first case, E y « moC^, the average energy of the produced 

gamma ray is given by (Stecker 1974) and take the fol lowing form : 

4 
<E'y>= J'}^<Ey> (1.13) 

where < Ey> is the average photon energy of the target photon. 

For the case in which a power law electron distribution (as given by 

equat ion 1.11) incident on an isotropic photon f ield, the gamma 

ray emission spectrum is : 



-C*'>12 (1,14) 

In the second case, yEy > > the energy of the scattered photon 

is proport ional to the energy of the incident electron : 

E (% Eg 
7 

The mechan i sm in which relat ivis t ic e lec t rons , inverse Compton 

scatter their own produced synchrotron photons to higher level of 

energies is called Synchrotron sel f -Compton. 

1.2.4 Bremss t rahulng radiat ion. 

When a charged part icle is accelerated or decelerated in the Colomb 

f ie ld of another charged par t ic le , B remss t r ah lung radia t ion is 

e m i t t e d . T h e to ta l p o w e r emi t t ed by a s ing le pa r t i c l e is 
of the charge 

p r o p o r t i o n a l to the s q u a r e ^ of the s c a t t e r e r and i n v e r s e l y 

p ropor t iona l to the square of the mass of the inc ident part ic le 

(Rybicki and Lightman 1979) . This leads to a conclusion that the 

electron bremss t rahulng emission is of the order ( lO^) t imes more 

in tense than the proton bremsstrahlung of the same energy. The 

energy range of the emitted photon by a s ingle electron is starting 

f r o m (Zero) up to (Max imum) cor responding to the total kinetic 

energy of the electrons (Evans 1955). 

For incident non thermal electron spectrum of the form of equation 

(1.11), Fazio 1967 shows that the spectrum of the emitted photon 

is : 

-a 
aE ph cm-^ s-^ MeV'^ (1-16) 



where (a) is the spectral index of the electron distribution and (Ey) 

is the photon energy in MeV. 

The e l ec t romagne t i c radia t ion of a su f f i c i en t l y hot p l a sma can 

extend up to the x-ray and gamma ray spectral region . If the 

emitt ing volume is optically thick to its own radiat ion, then the 

spectrum is given by Plank's law as given in section 1.2.1. 

The number of photons emitted by a unit area of a blackbody per 

second at T(k) temperature is given by : 

N(Ey) - 9.9*10'^0 y e x p ( l — ^ ) - l ph cm'^ s'^MeV'^ 

(1.17) 

where (Ey) is the photon energy in MeV. 

The maximum of the photon distribution is given by "Wien's law" of 

equation 1.2 and the average photon is : 

The required temperature for gamma ray photons is in the range of 

The b r e m s s t r a h l u n g emi s s ion f r o m a t h e r m a l d i s t r i b u t i o n of 

electrons in a hot optically thin plasma was studied by (Tucker and 

Gould 1966) and (Blumenthal and Tucker 1974). The di f ferent ia l 

photon spectrum is ; 



W h e r e (Ey) is the photon energy, G(EykT) is the t empera ture 

averaged Gaunt factor and (T) is the gas temperature. 

1.2.5 Elecr ton-posi t ron annihilat ion. 

One of the most interest ing examples of par t ic le-mat ter interaction 

is the e lec t ron-pos i t ron annihi lat ion in which at least two gamma 

rays are produced. The (511 keV) annihilation lines in solar f lares 

could be a result of one of the following cases : 

1. Free annihilation of positrons with electrons. 

2. Formation and decay of positronium. 

In the first case, the formation of the (511 keV) l ine depends on 

the pos i t rons source , their propagat ion in the solar a tmosphere 

and the dens i ty and the tempera ture of the ambien t med ium in 

which they dece lera te . 

F r e e e l e c t r o n - p o s i t r o n ann ih i l a t ion at res t p r o d u c e two equa l 

g a m m a rays of (511 keV) each and will have equal amount of 

energy, if only they are emitted perpendicular to the centre of 

mass of the system of the two particles (Stecker 1971). 

An outline of all the possibilities of positron decay which leads to a 

gamma ray emission is shown in fig. 1.2. 

The re are th ree poss ib i l i t i e s fo r the ann ih i la t ion of re la t iv i s t ic 

positrons, (a) escape f rom the Sun, (b) annihilation in fl ight and(c) 

decelera te to thermal energies via interact ion with magnet ic f ields 

or interact ion with ambient matter . 

The positrons which annihilate in flight, produce (511 keV) line 

emiss ion . T h e s e are not observed at (511 keV) but appear as 

gamma ray con t inuum due to "Doppler broadening". The positrons 

which do not annihilate in fl ight or escape f rom the Sun, can lose 

their energy by collision and ionization and thus be thermalised. If 

these the rmal pos i t rons ann ih i la te f r ee ly , they p r o d u c e two 

g a m m a rays of (511 keV) , o therwise they go via pos i t ron ium. 

These emission can be observed as discrete gamma ray lines since 
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the annihilat ion occur at thermal energies and there is a very little 

Dopp le r b roadening . 

When a positron slows down while it pass through matter, it may 

j o in an e l ec t ron and buil t an e l e c t r o n - p o s i t r o n sys t em cal led 

"Pos i t ron ium Pg" which last for a very short time before combining 

to p roduce annihi la t ion radiat ion. If their spins are in opposi te 

directions, the atom will be in (^S) state otherwise (^S) state. 

The first state has a short l ifetime of (1.2+10-10 sec.) whi le the 

second has a longer lifetime of (1.4*10-7 s ec . ) . 

The annihi la t ion of the f irst state p roduce two (511 keV) gamma 

rays but the second state annih i la t ion emi t s th ree g a m m a ray 

photons s imultaneously each with energy less than (511 keV). 

About 25% of the positronium is going through the single state and 

75% through the triple state. The energy threshold for posi t ronium 

formation is 6.8 eV. 

Posi t rons that have a leading role in this mechanism of generat ing 

gamma ray photons, can themselves be generated by a number of 

mechanisms such as the decay of posi t ively charged mesons created 

in cosmic ray collisions. 

1.2.6 Decay of 77° m e s o n s . 

n° mesons are crea ted in the co l l i s ions of cosmic rays with 

inters te l lar mat ter . These neutral p ions are uns table and decays 

into two gamma rays. Also the interaction of high energy particles 

generate 17° . Here some examples of such interactions are given : 

f + f > M 77° (7.20j 

a n d 

f + « -> » n ' ' (7.27) 

where (n ) is the multiplici ty which may become s ignif icant during 

solar f lares (Fichtel and Trombka 1981). 

Then gamma ray production fol lows 
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n ' ' > (7.22) 

Ano the r example of the 77° mesons product ion is the mat ter anti-

mat ter annihi la t ion which eventual ly give r ise to two g a m m a rays 

as a result of the 77° decay : 

P + P — > bosons 

77 ° 

:> 

1.2.7 Nuclear gamma ray line emission. 

As a result of the interaction of energet ic part ic les with ambient 

matter , gamma ray lines are produced ranging f rom (10 keV to 20 

MeV) (Ramaty et al 1979). The spectral structure of these gamma 

ray l ines depend on the composi t ion and energy spec t rum of the 

ini t ia l energe t ic par t ic les and the phys ica l s ta te of the ambien t 

m e d i u m . 

M a n y as t rophys ica l sites are candida te for the emiss ion of these 

lines such as, solar flares, the interstellar medium, neutron stars, 

blackholes, supernovae remnants and nuclei of galaxies. 

There are many physical mechanisms which can give rise to gamma 

ray lines, here is a summery of them : 

1. The annihilation of positrons that have been slowed down with 

interstel lar electrons given (511 keV) lines. 

2. The decay of the long lived nuclei which in turn emit gamma 

rays. The details of the expected lines f rom this mechanisms given 

by (Clayton 1973). 

3. The interaction of low energy cosmic rays with interstel lar gas 

and dus t gra ins leading to exi ted nuclei which even tua l ly emi t 

gamma rays through electromagnetic deexcitat ion of an exi ted state. 
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4. Cyclotron line emission in strong magnetic field which is due to 

the transition in the energy levels of electrons in the presence of a 

magnet ic f ield (Hayles 1982). 

1.3 Galactic gamma ray astronomy. 

1.3.1 Di f fuse galactic emission. 

1.3.1.1 Di f fuse galactic continuum. 

The collision between cosmic rays and protons, nuclei of atoms and 

molecules of interstellar gas generates pions of all charges ( n + , H", 

and n ° ) . The ( n - and n + ) mesons decay into (p.- and p.+) and later 

in to pos i t rons and e lect rons with re la t iv is t ic energ ies . The n ° 

mesons decay into almost two gamma rays. 

G a m m a rays can be produced by the decay of (FI °) mesons , 

b r e m s s t r a h l u n g f r o m energe t i c cosmic ray e l ec t rons , inverse 

C o m p t o n sca t te r ing e lec t rons in te rac t ing with pho ton f i e ld and 

synch ro t ron rad ia t ion of high energy e lec t rons pas s ing through 

magne t ic f ie lds . 

The Cos-B map of the galactic plane is shown in f ig 1.3. It indicates 

that it is a rich source of gamma ray emission (Mayer-Hasselwander 

et al 1982). The conclusion of this satell i te observat ions suggest 

that gamma ray radiation above 100 MeV results f rom the decay of 

mesons. At energies less than 100 MeV, it is suggested that either 

i n v e r s e C o m p t o n sca t te r ing or b r emss t r ah lung p r o c e s s m a k e a 

s ign i f i can t cont r ibu t ion to the total g a m m a ray in tens i ty . The 

s i tuat ion for the galactic centre is shown in f ig. 1.4 (Sacker and 

Schonfe lder 1984) . 

At M e V energies, the explanation of the d i f fuse energy spectrum is 

rather complicated. This is due to the only existence of upper limits 

and the contr ibut ion of gamma ray lines to the overall f lux . The 

energy spectrum shown in f ig. 1.4 contains only the mean f luxes of 

energy band intervals and it is very likely that g a m m a ray lines 

have contributed to it. 
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Figure (1.4) Broad band gamma-ray measurements of the gelactic 

centre region. (Sacker and Schonfelder 1984). 
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1.3.1.2 Dif fuse galactic lines. 

T h e in te rac t ions of low energy cosmic rays in the in ters te l lar 

medium are expected to give rise to gamma ray lines f rom few keV 

to f ew tenth of MeV (Ramaty et al 1979). Fig. 1.5 shows the 

predicted line emission spectrum. Two of the most interesting lines 

are the (6.129 MeV) from and the (4.44 MeV) from resulting 

f r o m de-excitat ion of nuclei in interstellar grains. 

Two more interesting lines are the (1.809 MeV) of 26^1 and the 

(0.511 MeV) line. The first line result f rom the decay of 2 6 a i in the 

interstellar medium (Ramaty and Lingenfelter 1977) and the second 

f r o m pos i t ron annihi la t ion. Both lines have been de tec ted and 

reported by many authors (Mahoney et al 1984, MacCallum et al 

1987, Leventhal et al 1978 and Share et al 1988). 

The 26^1 decays into 26Mg with a half l i fe of 7 .4*105 yr. The 

i n t ens i ty of the de tec ted l ine has been m e a s u r e d to be 

( 4 . 8 + 1 .0)*10"4 ph. cm-2.s- l . rad"^.(fig.l .6). The origin of this large 

amoun t of 2 6 ^ 1 is hard to explain. The explosion of novae and 

s u p e r n o v a e can only con t r ibu te to a f r a c t i on of th is amoun t . 

Prantzos et al 1986 have suggested that Wolf -Rayet stars (WR) are 

most likely to be the real candidate for it. The (511 keV) line has 

been discussed in the galactic centre section. 

1.3.2 Galactic centre region. 

The centre of our galaxy has been shown to be a very strong radio 

and infrared source. In the gamma energy range, the (511 keV) 

annihi la t ion l ine is the most interesting and puzzl ing l ine reported 

f r o m this region. The line was reported initially by (Johnson et al 

1972) and later confirmed by many authors. A total of 17 different 

ba l loon and sa te l l i te obse rva t ions , i nc lud ing the r ecen t S M M 

resu l t s , have conf i rmed the exis tence of this source (Leventhal 

1 9 8 7 ) . 
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The autumn of 1979 and the spring of 1980 observations of HEAO-

3 satellite of this l ine show a change in the intensity of the source 

by a factor of (3). Fig.1.7 shows the 1979 observat ion of the (511 

keV) line having an intensity of (1.85-0.21)*10'3 ph.cm-^.s*^. Also 

the cont inuum spectrum of the 1980 observation is shown in fig. 1.8. 

Th i s con t inuum spec t rum be low the (511 k e V ) l ine has barely 

changed during the same period . Bildsten and Zurek 1988 claims 

that Compton scat ter ing of the l ine and high ene rgy radiat ion 

provide a natural explanat ion for the little change detected in the 

c o n t i n u u m spec t rum. 

In conclusion it appears that the galactic centre is a harbor for a soft 

g a m m a ray source . Fu ture exper iments with h igher sensi t iv i t ies 

may lead to a better explanation of this source. 

1.3.3 Localized galactic sources. 

1.3.3.1 Cos-B sources. 

The successful ESA satellite Cos-B, which was launched for the first 

t ime in 1975, has given a clear map of the galactic distribution of 

gamma ray emiss ion. This experiment was f inal ly switched off on 

1982 completing 64 observations (Pollock et al 1985). The scientific 

ob jec t ive of this miss ion was to study ext ra ter res t r ia l gamma ray 

radiat ion of energies above (30 MeV). A fu l l descr ip t ion of the 

experiment is given by (Bignami et al 1975). 

Most of the observat ions were devoted to the study of the galactic 

disk. Many gamma ray maps were presented and one of them was 

given earlier in this chapter (fig.1.3). The Cos-B catalog of gamma 

ray sources p resen ted by (Swanenburg et al 1981) con ta ins 25 

sources (Table 1.1). The lati tude prof i le of the galact ic plane is 

dominated by three isolated bright sources : 2CG263-02 , 2CG184-

05 and 2CG1954-04. The first two sources have been unambiguously 

ident i f ied with the Crab and Vela pulsars respect ively (Bennet t et 

al 1977). 

The Crab pu lsa r has been observed essen t ia l ly over the whole 

e lectromagnet ic spectrum, f rom radio up to gamma ray. Fig 1.9 

s u m m a r i z e m e a s u r e m e n t of this pulsar " l ight cu rve" at var ious 

wavelengths (Bignami and Hermesen 1983). Despi te of similarity in 
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T^±ile ( 1 . 1 ) 

The 2CG Catalogue of Gamma Ray Sources Observed by Cos-B 

(From Swanenburg et al 1980) 

Source Name No. Position Flux Spectral 

of 
observations 1 b E>100 MeV Prarameter Identifications 

(degrees) (10-6 ph.cm-2s-l) 

2CG006-00 3 6.7 4 . 5 2.4 0.39±0.08 

2CG010-31 1 10.5 -31.5 1.2 
2CG013+00 4 13J +0.6 1.0 0.68±0.14 

2CG036+01 3 3&5 +1.5 1.9 0.27+0.07 

2CG054+01 3 5 4 2 +1.7 1.3 0.20±0.09 

2CG065+00 4 65J 0.0 1.2 0.24+0.09 

2CG075+00 5 7 5 4 0.0 1.3 

2CG078+01 5 7&0 +L5 2.5 
2CG095+04 3 95J 44.2 1.1 

2CG121+04 3 12L0 +4.0 1.0 0.43±0.12 

2CG135+01 3 135.0 +1.5 1.0 0.31±0.10 

2CG184-05 4 184k5 -5.8 3.7 0.18±0.04 PSR 0531+21 

2CG195+04 3 195.1 +4.5 4.8 0.33+0.04 

2CG218-00 3 2 1 8 j -0.5 1.0 0.20±0.08 

2CG235-01 2 2 3 5 j -1.0 1.0 

2CG263-02 4 263.6 -2.5 112 0 J & M a 2 PSR 0833-45 

2CG284-00 1 :%43 -0.5 2.7 
2CG288-00 1 ;w&3 -0.7 1.6 
2CG289+64 2 289.3 +64.6 0.6 0.15+0.07 3CZM 

2CG311-01 2 311.5 -1.3 2.1 

2CG333+01 3 333.5 +1.0 3.8 

2CG342.02 5 3429 - 1 5 2.0 0.36+0.09 

2CG353+16 4 353.3 +16.0 1.1 0.24+0.09 r Oph 

2CG356+00 1 356.5 +0.3 2.6 0 4 6 + ^ 1 2 

2CG359-00 3 359.5 -0.7 1.8 
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the width of the two pulses at all wavelengths, except radio, there 

are a number of differences : 

(i) The ratio of the intensity of the interpulse to the main pulse is a 

func t ion of wavelength . Cos-B has provided ev idence that above 

(50 MeV) this ratio is var iable on a t ime scale of years (Wills 

1 9 8 1 ) . 

(ii) The val ley between the pulses has a wave leng th dependen t 

m a g n i t u d e . 

The Vela pulsar is the strongest gamma ray source in the sky. Its 

f lux above (100 MeV) has been evaluated to be 1.3*10-5 ph.cm-^.s^. . 

The Cos-B light curve for this pulsar together with the distribution 

detected at optical and radio wavelength is shown in f ig. 1.10 (Wills 

et ^ 1980). 

A part f rom the two sources (Crab and Vela) only two other sources 

f r o m Cos-B catalog have been iden t i f i ed . The 2 C G 2 8 9 + 6 4 and 

2CG353+16 . the f irst is associated with the QSO 3C273 and the 

second with the p Ophiuchi cloud complex (Bignami et al 1981, 

Bignami and Morfi l l 1980). 

The Cos-B error box containing 3C273 is es t imated to be of the 

o rde r of 2 .5 square degrees and the p robab i l i t y of a chance 

coincidence is roughly 10. 

The p - O p h cloud is a complex region containing di f ferent classes of 

potent ia l gamma ray emitt ing objects . N o direct unders tanding of 

the source emission will be gained until a survey of this region of 

the sky is achieved by an instrument with a f ine angular imaging 

c a p a b i l i t y . 

The source 2CG195+4 or "GEMINGA" is a very interesting scorch and 

have been lef t to be discussed separately in the fol lowing section. 

The re are two other Cos-B sources namely the 2 C G 0 7 8 + 0 1 and 

2 C G 0 7 5 + 0 0 near the edges of Cygnus X complex and another one 

2CG013+00 near the H n region M17 ( Pollock et al 1985 ) but 

without any conf i rmat ion of their ident i f icat ion. 

1.3.3.2 " GEMINGA" The source that is not there. 
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This is a myster ious gamma ray source discovered by SAS-2 group 

( F i c h t e l et al 1975) and la t t e r c o n f i r m e d by C o s - B g roup 

(Swanenburg et al 1981). 2CG195+04 or Geminga is the second 

brightest gamma ray source at energy more than (100 MeV) af ter 

the Vela pulsar . Its f lux over (35 MeV) is grater than 10" 5 

ph.cm^.s"^. . 

Bignami et al 1983 have identif ied this source with a nearby (= 

lOOpc ) X-ray source IE0630+178. The SAS-2 group have claimed 

detect ing per iodici ty (P = 59 sec) in the emiss ion of g a m m a rays 

(Thompson et al 1977). This was confirmed by (Bignami et al 1984) 

us ing Eins te in and Exosa t data and the lat ter also associa te the 

ident i f icat ion of Geminga with the event 437 AD witnessed by the 

Chinese (Zyskin and Mukanov 1983). 

T h e poo r a n g u l a r r e s o l u t i o n of the pa s t t e l e s c o p e s c rea ted 

d i f f i cu l t i es in the ident i f ica t ion of this objec t . There might be 

s o m e t h i n g in c o m m o n be tween G e m i n g a and the res t of the 

un iden t i f i ed Cos-B sources. Only fu ture exper iments with better 

angular resolut ion may answer the quest ion about the origin of 

"Geminga" . 

1.3.3.3 Radio pulsars. 

Two of the most common radio pulsars exist are the Crab and Vela 

pulsars . In the early 70's, it was discovered that both are very 

b r igh t g a m m a ray sources ( K n i f f e n et al 1974) . A f t e r this 

discovery , it was clear that neutron stars are one of the best 

candidates for the emission of gamma rays. 

Dur ing the last decade many authors have repor ted l ines f rom the 

Crab pulsar. A narrow line at (73 keV) was f irst reported in 1979 

by (Ling et al 1979). This was latter confirmed by (Strickman et al 

1982) and (Manchanda et al 1982). Two other lines at (400 keV) 

and (1050 keV) were repor ted by (Leventha l et al 1977) and 

(Ayre et al 1983) respectively. 

The last two lines were observed recently by the D G T telescope of 

New Hampshire . McConnel l et al 1987 have placed ( 3 a ) upper 

l imits of 3.2*10-3 and 1.9*10*3 ph.cm'^.s L for the two lines 
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respectively. Also the Crab spectrum has been determined and 

described by a power law with a best fit of 5.1 ph.cm" 

2 . s - l .MeV- l . 

Meanwhi le the observation and imaging of the Crab by the GRIP 

telescope (Althouse et al 1987) has not given any confirmation 

about the existence of any gamma ray lines. 

1.3.4 Transient sources. 

1.3.4.1 Gamma ray bursts. 

Gamma ray bursts (GRB) were detected for the first t ime in 1967 by 

a te lescope designed to study interplanetary scinti l lation of compact 

rad io sources but their discovery were not publ ished until 1973 

(Klebesadel et al 1973). So far several hundred GRB have been fully 

ana lyzed and a f ew hundred more have been de tec ted and are 

under ana lys is . 

G R B are genera ted by neutron stars with very s t rong magne t ic 

f ie lds roughly (10^2 -IQlS) G. Gamma ray emission and absorption 

have been detected f rom GRB. Two spectral l ine features have been 

reported by (Teegarden et al 1980), a broad line at (420 keV) and 

a narrow one at (740 keV). They have suggested that the first line 

is the redsh i f ted (511 keV) and the second one is the redshi f ted 

first exited state of the Fe (E=847keV). Also an absorpt ion line 

feature at (50 keV) has been reported by (Mazets et al 1981). 

GRB have three main features : 

(i) M o s t of them have a c o n t i n u u m spec t rum w h i c h can be 

approximated to the shape of thermal bremsst rahlung emission ; 

dN = A dE'l exp( — ) d E (1.24) 

(i i) M a n y G R B spect ra con ta ins cyc lo t ron a b s o r p t i o n or /and 

redsh i f t ed annihi la t ion line. 

(iii) Cont inuum and line radiat ion both exper ience s trong spectral 

v a r i a b i l i t y . 
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All these unique characters make GRB a good target for astronomers 

to invest igate them. A typical spectrum of a GRB is shown in 

f ig .1 .11 . 

1.3.4.2 Supernovae and Supernovae remnant . 

S u p e r n o v a e r e m n a n t and Supe rnovae exp los ion are f u n d a m e n t a l 

matters in as t rophysics . The expected g a m m a ray lines produced 

in the decay of radioact ive isotopes during the event of an explosion 

emphasis on the s ignif icance of these objects. 

Ramaty and Lingenfel ter 1979 have given a list of the decay chains 

f rom the nucleosynthesis during the explosion (Table 1.2). 

T w o of the most promis ing lines are the fea tures at (0.847 and 

1.238 MeV) resulting f rom the following decay : 

> > (7.2J) 

T h e s e l ines w e r e de tec ted f r o m S N 1 9 8 7 A by the g a m m a ray 

spec t rometer (GRS) on board NASA's Solar M a x i m u m Mission 

( S M M ) and repor ted by (Matz et al 1988). Thei r f luxes were 

es t imated to be (1-25)*10"3 and (6 -2 )*10 ^ p h ' l . c m ' ^ . s " ^ . 

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

G a m m a ray l ines resu l t ing f r o m the above decay chain can be 

detected for years af ter the explos ion.There are also three lines at 

(0.068 , 0.078 and 1.156) MeV which could be detected f rom the 

fol lowing decay : 

> > (7.26; 

These above three l ines could be traced f rom young supernovae in 

our galaxy over the past 100 years. 

The predicted line at (1.809 MeV) from the decay : 

> (7.27; 

has been discused in detail in section 1.3.1.2. 
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T a b l e ( 1 . 2 ) 
The decay chains f rom the nucleosynthesis in supernovae 
(From Ramaty and Lingenfe l ter 1979) 

Decay chain Mean life 
(y) 

Q/Q(56Ni) Energy Positrons or 
photons per 
disintegration 

5 6 N i - 7 56co 56Fe 0.31 1 

5 7 C o ^ 5 7 F e L I 2*10-2 

22Na—722Ne 3.8 5*10-3 

4 4 T i - z 4 4 S C ^ 4 4 C a 68 2*10-3 

6 0 F e - 7 6 0 C o - ^ 6 0 N i 4.3*10^ 1.5*10-4 

2 6 A 1 ^ 2 6 M g 1.1*106 1.5*10-4 

e+ 
0.847MeV 
1.238MeV 

0.122MeV 
0.014MeV 

e+ 
1.275MGV 

e+ 
1.156MeV 
0.078MeV 
0.068MeV 

1.322MeV 
1.173MeV 
0.059MeV 

p.'f 

0.2 
1 

0.7 
(188 
(188 

0.9 
1 

0 . 9 4 
1 
1 
1 
1 

1 
1 

0.85 
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The f requency of supernovae explosions in our galaxy is averaged 

by one in every 30 years. This should lead to the location of a 

number of supernovae sites. 

1.4 Extragalac t ic astronomy. 

1.4.1 Active galactic nuclei (AGN). 

Many gamma ray sources have been associated with several classes 

of AGN. Some examples of the brightest objects are the Seyfer t 

galaxies NGC4151 and MCG8-11-11, the Quasar 3C273, the Radio 

galaxy Cen-A and the peculiar galaxy N G C 1 2 7 5 (Bassani and Dean 

1 9 8 3 ) . 

The Seyfer t galaxy NGC4151 is not only the best studied galaxy at 

gamma ray energy range but also has been thoroughly invest igated 

over the en t i re range of the e lec t romagne t ic spec t rum (f ig . 1.12). 

The MISO telescope had a great interest in this particular object. It 

observed this ga laxy three t imes between 1979 and 1980. The 

obtained spectrum is shown in fig. 1.13 (Boella et al 1984). 

The data f rom the first observation favour a power law spectrum of 

a spectral index of (1), while the last data was fitted with a power 

law spectrum of ( a = 1 . 5 ) . 

All the avai lable data f rom observing this object over the gamma 

ray energy range indicate for a variable output over a large t ime 

scale and this was confirmed by the 1979 observation of MISO. 

C o m p a r i n g all the d i f f e ren t expe r imen ta l data , a var ia t ion of 

typically a fac tor of (3-10) over a long t ime scale (years) can be 

a p p r e c i a t e d . M e a n w h i l e the shor tes t t ime sca le fo r in tens i ty 

variation can be considered to be around six months or less. 

The Q u a s a r 3 C 2 7 3 is a nearby quasar known to be one of the 

brightest opt ical ly . Its luminosi ty has been measured to be (L* = 

1 . 7 * 1 0 ^ ^ e r g . s ' l ) in the (0 .5 -4 .5 )keV energy band (Dean and 

Ramsden 1981). The spectral s teepens sharply f rom the x-ray to 

the gamma ray region. The slope is changing f rom 1.4 in the hard 

x-ray region to 2.7 in the high energy gamma ray region (Fig. 1 .14) . 
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Figure (1.13) The NGC4151 energy spectrum observed by the MISO 

telescope. (From Boella et al 1984). 
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There is a well known variability of the output at the x-ray energy 

range of this quasar (Worrall et al 1979) but no variabil i ty in f lux 

was observed in the gamma ray energy range according to Cos-B 

data. This could be due to the fact of sparse gamma ray data. 

The Radio galaxy Cen-A is the nearest active galaxy in the sky and 

is the brightest extragalactic source both at x-ray and radio. It was 

one of the f i rs t extragalact ic object to be ident i f ied as an x-ray 

source (Bowyer et al 1970). 

Observat ions show the variability in the intensity of the source also 

imply changes in the spectral index. The avai lable data indicates 

that the x-ray intensity of Cen-A has varied by a factor of (5) f rom 

1971-1976. A two fold increase in only (6) days in 1973 was 

reported by (Winkler and Whi te 1975). 

Hall et al 1976 observed Cen-A at energies between 30 keV and 

12MeV. Their spec t rum was f i t ted with a power law of (1.9) 

spectral index. The fascinating thing about this observation was the 

detect ion of two gamma ray lines at (1.6)and(4.5) MeV with f luxes 

of (3.4± 1 .0)*10-3 and (9 .9±3.0)*10-3 ph .cm-^ . s ' l . respectively. 

Cen-A was observed by the MPI te lescope and the spec t rum was 

fit ted with a spectral index of (2) as shown in f ig. 1.15 (Ballmos et al 

1987). This spectrum at MeV energies is well connected to the x-

ray region with practically constant slope. 

Since the upper limit s above (35 MeV) f rom Cos-B and SAS-2 are 

so valid, there must be some sort of steepen in Cen-A's spectrum 

s o m e w h e r e beyond (20 M e V ) in order to meet the upper l imits . 

This spectrum places the maximum luminosi ty of this galaxy in the 

M e V range and this provide an interest ing quest ion about the size 

of the source and the radiation mechanism which is involved. 

Cen-A has a jet structure at other wavelengths. Since it is close and 

br ight with a large angular extent , it may p roduce a va luable 

p ro to type fo r the study of poss ib le g a m m a ray j e t s t ruc ture in 

active galactic nuclei. The jet structure of this galaxy as seen at x-

ray wavelength by the Einstein observatory is shown in f ig. 1.16. 

1.4.2 Cosmic d i f fuse radiation. 
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Figi:ire (1.16) A soft X-ray image of Cen-A clearly showing the 

X-ray jet. 
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SAS-2 resul ts has provided evidence for the ex is tence of d i f fu se 

extragalact ic f lux . This indicate of high la t i tude f luxes over the 

expec ted cont r ibu t ions of the interact ion of ga lac t ic cosmic rays 

with the inters tel lar medium. 

There is no doubt about the existence of extragalactic f lux in the x-

ray energies and its magni tude is cons iderable . The gamma ray 

spectrum can be fitted well to the x-ray data and this is a proof that 

the gamma rays are f rom extragalactic origin. Fig . 1.17 shows the 

spectrum of d i f fu se x and gamma rays (Fictel and Trombka 1981). 

There is a "bump" around few MeV which has drawn the attention 

of many as t ronomers . This fea ture was f i r s t p resen ted by the 

Apol lo satell i te observat ions with a greater magni tude than shown. 

The reason was due to induced rad ioac t iv i ty in the exper imen t 

detect ion plane. The style of this spectrum ties with the obtained 

spectrums of NGC4151 and MCG8-11-11 of MISO telescope. 

Many authors have put fo rward sugges t ion to the in te rpre t the 

"bump" of the spectrum. Ginzburg 1968 thought that it was due to 

the decay (P+P >n°} produced in the universe at early epoch. 

W h i l e S tecker 1969 went fu r the r and said that the respons ib le 

interaction is (PP) and not (PP). 

Strong et al 1974 provided another explanat ion which suggest that 

the bump is due to the interaction of ext ragalac t ic origin cosmic 

rays with the 2.7k microwave background in early epoch. 

Finally if cosmic rays were f rom an extragalactic origin, having the 

same intensi ty every where in the universe, a higher gamma ray 

f l u x w o u l d be g e n e r a t e d f r o m the i r i n t e r a c t i o n s wi th the 

extragalactic gas (Said et al 1982). Therefore it is very likely that 

cosmic rays are generated in active galaxies in clusters. 

A gamma ray te lescope with good angular imaging capabi l i ty may 

help to confi rm the origin of this di f fuse flux. 
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Chapter 2 

2 A review of the instrumentation techniques used in low energy 

g a m m a ray as t ronomy 

2.1 Introduction 

In this chapter the design of experiment for low energy gamma ray 

as t ronomy is considered. Also the inst rument background has been 

discussed since they play a major role in the overal l considerat ion 

of any experiment . The determination of the background level is an 

ex t remely fo rebod ing task for the predic t ion of the sensi t ivi ty of 

the te lescope. Therefore it is important to discuss the factors that 

contr ibute to the overall background level of any exper iment in this 

par t icular range of the e lectromagnet ic spect rum. 

The deve lopmen t of the techniques used in de tec t ing low energy 

gamma rays since the early days up to date are also discussed. 

2.2 The contr ibutions to the background level of low energy gamma 

ray te lescopes 

The main p rob l em in de tec t ing the cons ide r ab ly weak f lux of 

g a m m a ray sources, is the pretending of the a tmosphere to be a 

gamma ray source itself. This source of background is due to the 

in te rac t ion of cosmic radia t ion with the a tmosphe re . Also the 

a tmosphere works as an attenuator for the gamma ray photons. To 

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

p rob lems and other factors that contr ibute to the total background 

level mus t be wel l cons idered be fo re . Al l these f a c t o r s are 

discussed in the fol lowing sections. 
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2.2.1 Cosmic d i f fuse gamma rays 

The cosmic background flux given by (Vedrenne, 1978) can be 

expressed by : 

D(E) = 87.4 E'^-^ ph cmr^ s'^ keV'^ sr^ (2.1) 

This only if the d o u b t f u l bump at M e V ene rg i e s is ignored . 

S c h o n f e l d e r et al 1980 suppor t the e x i s t e n c e of th is b u m p . 

According to Schonfelder , the spectrum above 5 MeV is very steep 

( n a m e l y E-3) . At lower energies, the data is in good agreement 

with the SAS-2 measurements (f ig.2.1). 

The cosmic d i f fu se f lux contr ibute to the background level in two 

ways, f i rs t ly , photons that enter the unshielded entrance aperture 

of a te lescope and interact in the main detect ion plane. Secondly, 

photons that pass through the shield without interact ion and reach 

the de tec t ion p l ane deposi t ing their energ ies . In the case of a 

co l l imated te lescope , the major contr ibut ion will be due to the 

second mechan i sm. 

For a ba l loon-borne gamma ray telescope, the contr ibut ion of the 

cosmic d i f f u s e background to the total background level is of 

secondary importance. This is mainly due to : 

(i) The c o s m i c d i f f u s e g a m m a rays are a t t enua ted by res idual 

a tmosphere above f loa t ing alt i tudes. 

(ii) The earth a tmosphe re is a br ight source of d i f f u s e photons 

which swamp the cosmic photons. 

2.2.2 The vertical a tmospheric radiation 

The earth a tmosphere is an intense source of gamma rays result ing 

f r o m the in teract ion of cosmic ray part ic les with the surrounding 

gas. The vert ical a tmospher ic componen t has been calculated by 

(Schonfelder et al 1980)(fig.2.2) and can be represented by : 

Fy = (6-1)* 10'^ £-(1.65-0.15) ph cjfi-2 5.-7 MeV'^ g'^ sr^ (2.2) 
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At energies above 50 MeV, this background is due to the decay of 

n ° produced by nuclear col l is ions of cosmic ray par t ic les in air. 

B e l o w this e n e r g y , the b a c k g r o u n d is d o m i n a t e d by the 

bremss t rah lung of re lat ivis t ic e lectrons (Beuermann 1971). 

These undesired photons contr ibute to the background level of any 

b a l l o o n or sa te l l i t e e x p e r i m e n t . The i r p r e s e n c e e f f e c t any 

a s t r o n o m i c a l m e a s u r e m e n t s by r educ ing the sens i t i v i ty of the 

exper iment and also increase the uncertainty in the eva lua t ion of 

cosmic d i f fuse background spectrum. 

2.2.3 Neutron induced background 

Background events are generated by the interact ion of cosmic rays 

with atmospheric nuclei . This process will r ise a f lux of neutrons. 

In this sect ion, the background derived f r o m the in terac t ion of 

these neutrons through the body of the spacecraf t is discussed. 

There are two ways that neutrons can deposit their energies in the 

de tec t ion p lane . 

Firstly, they can be absorbed by the or nuclei of the Nal 

crystal . Most of them undergo radiation capture at the nuclei 

s ince it has a larger cross-sect ion of neutron absorpt ion than the 

23Na. Also the 128; product has a half- l i fe of 25 min. comparing 

with the 25 hours of the p r o d u c t w h i c h n e v e r r e a c h 

equi l ibr ium in a typical balloon f l ight . There fo re , g a m m a ray 

photons can be created via the reaction : 

Many gamma ray energies, and their extensive interact ions, have 

been recorded by (Archer et al 1966). 

Secondly, neutrons can undergo inelastic scattering at l ^ ^ I n u c l e u s 

and cause background events . The two lowest levels of ^27j jq be 

excited by this e f fec t can contr ibute in the emission of gamma rays 

at (58, 203) keV energies. 
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2.2.4 Spallation induced background 

This source of background events is derived from the interaction of 

high energy cosmic ray protons with the de tec t ion p lane of the 

exper iment result ing spallation products. An energy spectrum, for 

energies below lO^eV, can be approximated to the fol lowing form : 

where Ep is the energy of the proton. Generally, the veto pulse are 

made as long as possible to reduce these type of events. However , 

this canno t e l imina te all these undes i red even t s s ince the t ime 

associa ted with mos t of these photons are longer than the veto 

p u l s e . 

An est imation of this background level has been reported by (Baker 

et al 1979) us ing a beam of 2GeV pro tons for i r rad ia t ing the 

detect ion plane for a typical f l ight period. Two main period were 

apparent for the decay of spallation products of ha l f - l ives roughly 

(17 and 53) min. . The first product is probably comes f rom the 

cont r ibut ion of the i so topes ^^9l(19min.) , ^20313(15 9n i in . ) and 

^ 16 S b ( 1 5 m i n . ) . T h e second p r o d u c t may c o m e f r o m the 

con t r ibu t ion of ^20i(gOmin.), 117xe(61min. ) , l l 6 S b ( 6 0 m i n ) , 

12lXe(38 .8min. )and^l5Sb(3 Imin.) . 

2.2.5 Locally produced gamma rays. 

The in te rac t ion of co smic rays with the body of a spacec ra f t 

genera te gamma ray photons as well as neut rons . These photons 

pene t ra te the res t of the spacecraf t , the an t i co inc idence system 

then interact in the detec t ion plane. Measur ing this background 

level is not an easy task and depends on the geomet ry of the 

spacecraf t . However , the total number of photons produced by this 

p rocess is smal le r than the cont r ibu t ion of the cosmic d i f f u s e 

c o m p o n e n t . 
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2.3 Methods of detecting gamma ray photons 

Low energy g a m m a ray photons are de tec ted ma in ly by using 

either scintillation counters or solid state devices on which electrons 

are e j ec t ed when pho tons are in te rac t ing the ma te r i a l of the 

de tec tors . In our region of interest , the main mechan i sm that 

dominate this interaction is the Compton effect regardless the type 

of material used for the detectors (fig.2.3). 

Telescopes designed for the detection of gamma rays have problems 

regarding measur ing the direction of motion for the photons . Also 

photons may suf fe r f ew Compton scattering be fo re coming to rest 

and soon their original direction of motion is lost. Therefore design 

of telescopes directional sensitive is not an easy task. 

The c ross - sec t ion for Compton e f f ec t is not very la rge and to 

ach i eve an e f f i c i e n t exper iment , a mass ive de tec t ion p l ane is 

requi red which is mechanica l ly is not h ighly des i rab le for many 

r e a s o n s . 

2.3.1 Scintillation counters 

The re are three main process that a gamma ray may exper ience 

whi le interact on a scintillator detector. These are the photoelectr ic 

e f fec t , Compton scattering and pair product ion. By any of these 

m e c h a n i s m s , the pho ton lose par t or e n t i r e e n e r g y in the 

scinti l lator. This energy will be converted to high energy electrons 

and subsequent ly the crystal suf fer ionizat ion by the movemen t of 

e l ec t rons th rough it. These de tec tors are n o r m a l l y v iewed by 

p h o t o m u l t i p l i e r tubes or d iodes which p r o d u c e la rge p u l s e of 

e lec t rons . The mater ia ls that avai lable as scint i l la tors are e i ther 

i n o r g a n i c l ike N a l and Cs l c rys t a l s or o r g a n i c l ike p las t i c 

scintil lators. Chosing the type of scintillator is highly dependent on 

the object ive of the experiment . 

The coup l ing of photomul t ip l ie r tubes to the sc in t i l la tors are of 

grea t i m p o r t a n c e s ince it e f f ec t s the ene rgy r e so lu t ion of the 

de tec to r . Th ree d i f f e ren t ways are employed ( f ig .2 .4 ) fo r this 

purpose : 
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Figure (2.3) The major forms of ganma matter interaction as a 

function of gamma-ray energy and atomic number of the involved 

material. (From Evans 1955). 
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1. Optical contacts. 

2. Light pipes. 

3. D i f fuse light boxes. 

The f i rs t option is excellent when the size of the crystal is rather 

small . In this case, the ef f ic iency of the light col lect ion by the 

photomult ipl iers is high (roughly 90%). When the size of the crystal 

is large, uniformity of light collection by the tube will become more 

di f f icul t . In such circumstances, the second and third methods are 

used . T h e second method p rov ides h igh u n i f o r m i t y of l ight 

col lect ion but the mass of the l ight guide is a matter of concern. 

Whi le the third method provides a uniform light collection but with 

much less ef f ic iency. 

2.3.2 Solid state detectors 

This type of de tec tors are used when energy resolut ion has got 

priori ty than other characteristics such as eff ic iency. Mainly, solid 

state detectors are constructed f rom Lithium drif ted Germanium or 

Si l icon. One of the d i sadvantages of these de tec tors is to be 

opera ted at low tempera tures to get m a x i m u m energy reso lu t ion . 

German iums are used more since they have a high atomic number 

which means a higher cross-section for photoelectr ic absorpt ion. 

In this type of detector, photons lose their energies in the form of 

e lec t ron-hole pairs . The number of these carr iers are fa i r ly high 

but the total collected charges are not. Therefore, charge amplif iers 

with high gain and low noise must fol low the detectors. The noise 

of t hese amp l i f i e r s are d ic ta t ing the energy reso lu t ion of the 

detectors which are in the range of 3keV. 



49 

2.4 Development of low energy gamma ray telescopes 

One of the mos t e f f e c t i v e me thod for r e d u c i n g the ambien t 

background level is to shield the detection plane f rom this type of 

part ic les . It is highly desirable to chose such mater ial that has a 

high cross-section of interaction for these particles. In the fol lowing 

section, a review for the past and present techniques employed in 

the design of low energy gamma ray telescopes is presented. 

2.4.1 Unshielded detectors 

The ma jo r problem in employing unshielded detectors is the very 

high count ing ra te recorded by the detectors and the very small 

s ignal to noise ra t io expec ted f r o m a g a m m a ray source . An 

example of this type of detector is the exper iment constructed at 

B r i s t o l U n i v e r s i t y ( S a l e 1 9 7 0 ) ( f i g . 2 . 5 ) . T h e p u r p o s e of the 

exper iment was to measure gamma ray emission f r o m pulsar. This 

technique was soon fo l lowed by shielded detectors. 

2.4.2 Passively shielded detectors 

As it was discussed in the beginning of this chapter , the major 

p rob lem in des igning gamma ray telescopes is the background flux 

produced by cosmic radiat ion. 

P a s s i v e sh ie ld ing is t r ea t ing this p rob l em by s u r r o u n d i n g the 

detect ion plane with mass ive inert material, such as lead, because 

of its high stopping power for gamma ray photons. 

An example of this kind of shielding is the L E G l te lescope of 

Southampton Univers i ty (Lovet t 1973). In this exper iment it was 

found that the background counting rate, with the exis tence of the 

passive shield, is higher than without it. This is due to the fact that 

when the shield is exposed to cosmic rays and neutrons, it becomes 

itself a bright source of undesired gamma rays, neut rons and p 

part icles. Also genuine gamma rays may suf fer Compton scattering 

b e f o r e depos i t i ng the i r ene rg i e s on the d e t e c t o r g iv ing fa l se 

in format ion about their origin. 
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Figure(2.5) A schematic diagram of the unshielded counter 

built at Bristol Universi ty to measure gamma ray emission 

f rom pulsars ( f rom Sale 1970) 
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2.4.3 Actively shielded detectors 

The backg round gene ra t ed on the cent ra l de t ec to r due to the 

ex i s tence of pass ive shield can be t r emendous ly r educed if the 

shield itself consist of a detector works in ant i -coincidence with the 

central detector. This technique is known as "Active shielding". The 

only d i sadvantage of this method is the high cost of the shield 

rather than its weight . 

One of the early examples of actively shielded exper iments is the 

te lescope built by the Rice Universi ty group (Walraven et al 1975, 

Johnson and H a y m e s 1873). This expe r imen t was des igned to 

operate in the 56keV-12MeV energy range. It consis t of a central 

Na l (T l ) detector surround by an active col l imator with a f ield of 

view of 15° F .W.H.M. . A thin plastic scintil lator which covers the 

aper tu re comple t e the sh ie ld ing and protec t the cent ra l de tec tor 

f r o m undesi red par t ic les . The shield operates in ant i -coinc idence 

with the central detector . A schematic diagram of this te lescope is 

shown in(f ig2.6) . 

2 .5 Cur ren t t e c h n i q u e s e m p l o y e d in low ene rgy g a m m a ray 

t e l e s c o p e s 

2.5.1 Compton telescopes 

This type of technique used in the design of low energy gamma ray 

t e l e scopes u t i l izes the Compton scat ter ing p roces s . Usua l ly it 

consists of two levels of detectors separated by some distance. The 

basic principle is i l lustrated in (fig.2.7). An identif ied photon is the 

one undergo two in terac t ions in both detectors (Schonfe lder et al 

1 9 8 2 ) . 

The gamma ray photon with energy Ey su f fe rs Compton scat ter ing 

in the upper de tec tor t ransfer r ing the energy E'e to an electron. 

When the scattered photon with energy E'y interact on the second 
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y - Source 

Figure (2.7) Principle of measurement in a Ccarpton telescope. 
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detector losing E"e energy. Measuring E'e and E"e can lead to the 

identif icat ion of the two parameters Ey and 0 : 

2 

E 
e 

If the scattered photon is totally absorbed in the second detector , 

then (Ey =Ey) and ( 0 = 0 ) which are the energy of the incident photon 

and its scattering angle. Under such circumstances, the location A 

and B are also known and the arrival d i rect ion of the inc ident 

photon is lying on the surface of a cone with an angle of 2 0 . T h i s 

cone surface is called the "Circle Event". Therefore it is possible to 

d raw a c i rc le for each event . All totally absorbed g a m m a ray 

photons will intersect and this def ine astronomical source posi t ion. 

2.5.1.1 MISO telescope 

A s c h e m a t i c v iew of the M i l a n - S o u t h a m p t o n t e l e scope ( M I S O ) 

detector is shown in (fig2.8). The central detector consist of a liquid 

scintillator (NE311) as the top detector (SI ) and a large (Nal) crystal 

as the bot tom detector . These detectors are comple te ly surrounded 

by a p las t i c an t i co inc idence j a c k e t ( A l ) and sepa ra ted by an 

independen t ant icoincidence counter (A3). SI and S2 are roughly 

27cm in diameter , 10cm thick and separated by a dis tance of 3cm. 

The top detector SI provides the target for the incoming photons to 

sca t ter at. Then the scat tered photons in teract in S2. A fu l l 

descr ip t ion of the te lescope is given by (Baker et al 1979). The 

p resence of the ant icoincidence detector A3 plays a ma jo r role in 

vetoing the charged particles passed f rom SI to S2. 

T h e c e n t r a l d e t e c t i o n sys t em is s e m i - a c t i v e l y s h i e l d e d f r o m 

a tmospher i c gamma rays by a sandwich of lead/plas t ic scint i l la tor 

A 4 and A5. A slatted lead col l imator situated inside this intense 
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Figure(2.8) A s c h e m a t i c v i e w of the MISO telescope built by the 
ZlPIas t i c , g g N E 3 1 1 , g N a l , Anglo-I tal ian collaboration; 

Y / / X P b (from Boella et al 1984) 
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semi -ac t i ve ly sh ie ld , p rov ide an angu la r r e so lu t ion of 3 °*3° 

F.W.H.M.. 

The bot tom half of the central detection system is surrounded by a 

shell which contains a mixture of boron, tungsten and lithium set in 

a wax modera to r to absorb unwanted neu t rons . The comple t e 

Compton coincidence signature is : 

f/Lf +.42! 4 - / 1 3 ( 2 . / % ) 

It is expec ted that this system will inc rease the sensi t ivi ty and 

decrease the background level of the telescope. The threshold of SI 

and S2 are set to 25 keV and 150 keV respectively. This enable the 

system to respond to photon events that deposi t energy in the 0.2-

20 MeV range. 

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

Texas(U.S .A. ) in M a y l 9 7 7 , Octoberl978, Septemberl979 and 

f i n a l l y M a y 1980 . D u r i n g t he se f l i g h t s m a n y g a l a c t i c and 

extragalactic sources were observed. A ful l catalogue of this data is 

given by (Boella et al 1984). 

2.5.1.2 MPI telescope 

Max-Plank- Ins t i tu te te lescope (MPI) is a low energy bal loon borne 

Compton te lescope des igned to pe r fo rm in the energy range (1-

20)MeV. The early version of this telescope was f lown in 1973 and 

1974 (Schonfelder and Litchi 1974, Sconfelder et al 1977) aiming 

to i n v e s t i g a t e the d i f f u s e cosmic and a t m o s p h e r i c g a m m a ray 

c o m p o n e n t s . 

The te lescope consists of an array of low-Z material organic liquid 

scintillator (NE213) as the top detector and a high-Z material Nal(Tl) 

as the bot tom detector(f ig .2 .9) . The two detectors are separated by 

a d is tance of (1.2 m.). The liquid scinti l lator and the Na l planes 

consist of 16 cells of (15*15*15cm.) and 32 blocks of (15*15*7.5cm.) 

respect ively . Each unit is viewed by a photomul t ip l ier tube. The 

two de t ec to r a s s e m b l i e s are su r rounded by an a n t i c o i n c i d e n c e 

shield of plastic scintillator (NEl lO) . For the purpose of calibration, 

t w o r a d i o a c t i v e s o u r c e s a re l oca t ed b e t w e e n bo th d e t e c t o r 
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\ P h o t o m u l t i p l i e r 

120 cm 

Figure(2.9) A schematic view of the Compton telescope of the Max-

Plank Insti tue (from Schonfelder et al 1982) 
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assembl ies outside the beam of scattered gamma rays. A detailed 

descript ion of this experiment is given by (Schonfe lder et al 1982). 

For each event the fol lowing parameters are measured ; 

(i) Energy of Compton electron in the top detector ( E ' e ) . 

(ii) Energy loss in the bottom detector ( E " e ) . 

( i i i )Location of scattering event in both detectors (triggered units). 

( iv )The pulse shape of the photomul t ip l ie r tube pulse in the top 

d e t e c t o r . 

(v) T ime-of - f l igh t of the scattered gamma ray photon f rom the top 

to the bottom detector. 

(vi) Absolute time of the event. 

T h e p u l s e s h a p e and the t i m e - o f - f l i g h t m e a s u r e m e n t s a re 

per formed in order to reject background events . The quanti t ies E'e, 

E " e and the interact ion posi t ion of the photons in both detectors 

de te rmine the energy and angular resolution of the telescope. 

It was suggested by (Grumpl inger and Schonfe lder 1979) to apply 

the A n g e r camera p r inc ip le to loca te the in te rac t ions in both 

de tec tors due to the rather overal l poor angular resolut ion of the 

te lescope. This suggest ion was eventual ly applied and an updated 

vers ion of the te lescope is descr ibed by (Diehl 1988). This new 

vers ion was selected to be one of the four exper iments on board 

NASA's gamma ray observatory (GRO) satellite due to launch early 

1990s. The other three exper iments are the E G R E T , OSSE and 

BASTE. 

Final ly , the Compton te lescope method which has been pioneered 

by the Max-P lank ins t i tu te g roup in the ear ly 70s has been a 

success in this branch of astronomy. 

2.5.2 Coded aperture masks 

Coded mask imaging systems can be considered as an extension of 

the p in -ho le camera in which a coded mask p lane that conta in 

t ransparent and opaque regions used instead of a single hole. This 

technique was originally introduced by (Dicke, 1968) and (Abbles, 

1968) are capable of achieving the best angular resolut ion in the 
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range of interest. The mask is positioned some distance away f rom 

a position sensitive detection plane. A point source cast a shadow of 

the m a s k pa t te rn on the de tec t ion p lane . T h e da ta can be 

deconvolved and an image of the source can be reconst ructed . A 

full description of coded mask imaging is given in chapter 3. 

2.5.2.1 ZEBRA telescope 

The detection plane of this imaging telescope is constructed f rom an 

a r r a y of N a l ( T l ) c r y s t a l e l e m e n t s e a c h v i e w e d by two 

p h o t o m u l t i p l i e r t ubes . A s imi la r ar ray of N a l c ry s t a l s are 

p o s i t i o n e d u n d e r n e a t h se rv ing as the a n t i c o i n c i d e n c e s y s t e m . 

Chapter 4 is designated to a full description of the telescope. 

2.5.2.2 GRIP telescope 

This gamma ray imaging payload (GRIP) exper iment is a bal loon 

borne telescope designed to operate in the energy range of (30keV-

5MeV) . The telescope features a rotating hexagonal coded aperture 

mask and a thick Na l scintillation camera. 

A schematic view of the telescope is given in (f ig2.10). The shielded 

de tec t ion system is separated f rom the mask by (2 .5cm.) . The 

detect ion plane consis t of a Nal camera plane (41cm.) in diameter 

and (5cm.) thick. This detector is viewed by n ineteen (3 inch) 

photomul t ip l ie r tubes which are individual ly pu l se height analyzed. 

The sh ie ld ing sys tem consis t of (12) plas t ic sc in t i l la tor modules 

which form a cylinder (roughly 16cm. thick) surrounding the whole 

detection system. Each module is viewed by a (5 inch) tube. The 

bo t tom part of the Na l camera is shielded by an ident ica l Nal 

camera. An Am source is fixed Im. above the coded mask for 

ca l ib ra t ion pu rposes . 

The mask is made of lead hexagonal (2cm.) thick and (2.5cm.) across 

( f l a t - t o - f l a t ) c e l l s m e c h a n i c a l l y s u p p o r t e d by a h o n e y c o m b 

structure. The mask consists of 1000 opaque and 1000 transparent 

cel ls . 

During observat ion, the mask is continuously rotated to impose a 

t ime modula t ion of g a m m a ray signals at each loca t ion of the 

detector . Since the mask pattern is not symmetr ic , rotation of the 
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Figure (2.10) The GRIP telescope . 
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mask under (60 deg ree ) a l lows the g a m m a ray s ignal at each 

detector position to be modulated with a 50% duty cycle. This leads 

to a total background subtraction every (20 sec.) assuming that the 

mask is rotated with ( I r p m ) rotation rate. Cont inues rotation of the 

mask is also ex tend ing the f ie ld of view to 20 degrees which 

automatical ly increase the number of pixels imaged by a factor of 

(10). The parameters of this telescope is given in table (2.1) and a 

ful l description of the telescope is given by (Al thouse et al 1985) 

and (Althouse et al 1987). 

This exper iment was f lown for the first t ime on October 1986 f rom 

Pales t ine , Texas (U.S .A. ) . The f i rs t obse rva t ion p rog ram was 

inc luding the Quasar 3C273, the galact ic centre , the Crab and 

Cygnus region (Althouse et al 1987). 
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Table 2.1 The GRIP Telescope 
(From Al thouse et al 1985) 

Pr imary Detector 41cm * 5cm Na l Anger Camera. 

Position Resolution ; < 5 mm rms (0.1-5 MeV). 

Shield Back Plate ; 5cm Nal . 

Side ; 16cm plastic scintillator. 

Mask Haxagonal U R A ; 2000 cells (2.5cm). 

Rotation Rate ; 1 rpm. 

Spacing ; 2.5m f rom the N a l detector. 

Size ; 1.2m diameter * 2cm (Pb). 

Energy Range 0.03-5 MeV. 

Energy Resolut ion 8.3 keV FWHM at 50 keV. 

70 keV FlVHMaLt 1 MeV. 

Imaging Resoution ; 0.6° (1070 pixels in 20° F O V ) 

Angular Localization ; 3 arc min (10a source) . 
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Chapter 3 

3 Imaging with coded aperture mask. 

3.1 Int roduct ion. 

In the g a m m a ray energy range of the e l ec t romagne t i c spectrum, 

imaging is not an easy process mainly due to two reasons . Firstly, 

the weak f lux of the sources and second ly , the d i f f i cu l t i e s in 

focus ing the photons . This is very much appl icable in the low 

energy range of the spectrum. 

At high energies (Ey>50 MeV) , the main process that dominate the 

interact ion process of gamma ray photons with matter was the pair 

p roduc t ion . These photons , t radi t ional ly, have been detected using 

spark chambers (Bignami et al 1975) or d r i f t chambers (Mckechnie 

et al 1977). Here the direct ion of the gamma ray photon can be 

measured ei ther by evaluat ing the direct ion of the e lect ron-posi t ron 

pair created in the pair product ion e f fec t or by extrapola t ing back 

the spark tracks. 

At energies less than 30 MeV, Compton scattering e f fec t dominate 

the interaction process. In this region of the spectrum images have 

been taken us ing doub le Compton t e l e scopes ( S c h o n f e l d e r et al 

1982, Har tman et al 1983). This type of inst rument , as described 

in sect ion (2.5.1) , uses two d i f fe ren t de tec tors separated by some 

dis tance . The energy and posi t ion of the incident photon can be 

eva lua ted f r o m the energy depos i t ed in both de tec to r s and the 

pos i t ion of in terac t ions . These ins t ruments su f fe r f r o m a lack of 

good angular resolut ion (typically half to f ew degrees) . 

In recent years "Coded Mask" systems have been employed in low 

energy g a m m a ray as t ronomy. This technique has already been a 

succes s and g iv ing p r o m i s i n g r e su l t s in the f i e ld of x- ray 

a s t ronomy (Sk inne r et al 1987). This me thod e m p l o y s a p la te 

wh ich cons i s t of an array of o p a q u e and t r anspa ren t e l emen t s 

known as "Coded Mask" f ixed between the source f luxes and a 

pos i t ion sens i t ive detector . 

This t echnique is an extension of pin hole camera with increased 

aper tu re t r ansmiss ion whi le re ta in ing the angula r reso lu t ion of a 

small hole. If there are (N) pinholes in the mask, the picture will 
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consist of (N) overlapping images of the object . This technique can 

improve the signal to noise ratio for a point source object by a 

f ac to r of rough ly (N) compar ing to the s ing le p inho l e camera 

(Fenimore and Cannon 1978) and this is very encouraging. 

Ano the r advan tage of this technique is that the source and the 

background counts are space mul t ip lexed . The re fo r e the ma jo r 

p r o b l e m of t i m e i n d e p e n d e n t b a c k g r o u n d c o u n t i n g r a t e is 

e l i m i n a t e d . 

In this chapter a descript ion of coded mask imaging technique is 

given with some of the general problems associated with it. 

3.1 The basic principle of coded mask imaging. 

In coded mask imaging, a gamma ray source (or source e lement) 

cast a shadow of the aperture on the detection plane. The recorded 

image on the detect ion plane is an over lapping of many shadows. 

The pos i t ion and the in tensi ty of the s h a d o w depends on the 

position and intensity of the source object. The basic steps of coded 

mask imaging is shown in (fig.3.1). 

If an object distr ibution is considered to as 0 ( x , y ) and the aperture 

t ransmission as A(x,y), then the spatial distr ibution of the detected 

f lux can be described by : 

where N(x,y) is the noise that is not modulated by the aperture and 

(*) is the correlat ion or convolution operator. An est imate 0 (x ,y ) of 

the object 0 ( x , y ) can be obtained by fi l tering the shadowgram P(x,y) 

with a suitable decoding function G(x,y) ; 

w G(x,y) (3.2) 

If the decoding funct ion G(x,y) is chosen such as that the system 

point spread func t ion , G(x,y)*A(x,y) , is a del ta func t ion a per fec t 

image can be reconstructed. 
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3.3 The development of coded aperture masks. 

3.3.1 Fresnel zone plate. 

Mer tz and Young in 1961 introduced for the f i rs t t ime the Fresnel 

zone plate (FZP) as a coded aperture sys tem for x-ray as t ronomy. 

This technique was implemented successfu l ly in x and gamma ray 

tomogra f i c imaging but never was a success in the f ie ld of high 

energy as t ronomy (Caroli et al 1987). 

F Z P consis ts of a series of concentr ic r ings with opaque regions 

having the ability of focusing coherent light to a point. If the radius 

of the innermost ring is (Ro), then the radius of the ring can be 

given by : 

The total opaque region is equal to the total t ransparent region 

resul t ing a t ransmission factor of roughly 50%. This technique has 

the p roper ty of an autocorre la t ion func t ion that approx imates the 

delta funct ion. The best approach to the ideal case is to increase the 

number of r ings. 

The t ransmission funct ion of the (FZP) is proport ional to the cosine 

of the radius (R). 

A t y p i c a l ( F Z P ) pa t t e rn of t h ree o p a q u e r e g i o n s wi th its 

autocorrelat ion funct ion is shown in (f ig.3.2 a,b). 

In an ideal case, the autocorrelation function consist of a single peak 

and a f la t background . Prac t ica l ly , the d iscre t ized t ransmiss ion 

f u n c t i o n p r o d u c e s a p o o r p o i n t s p r e a d f u n c t i o n and the 

autocorrelat ion funct ion is consist ing of a single peak surrounded by 

many concent r ic lobes as i l lustrated in ( f ig .3 .2 b). Al though this 

problem of the existence of the lobes can be eliminated (Woods et al 

1975) but the poor point spread function will remain as it is. 
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3.3.2 Random pinhole arrays. 

W h e n (Dicke 1968) and (Abbel 1968) independent ly suggested the 

use of coded mask aper ture in x-ray and g a m m a ray as t ronomy, 

they proposed the use of (Random pinhole arrays). In this case the 

a p e r t u r e cons i s t s of an opaque pla te wi th r a n d o m l y pos i t i oned 

pinholes with an overall t ransmission of roughly 50%. 

The autocorrelat ion is a delta-l ike function and the imaging is ideal, 

howeve r , the main p rob lem in using this type of mask is the 

d i s a g r e e m e n t be tween the reso lu t ion and the s ens i t i v i t y . The 

sens i t iv i ty of the te lescope is de termined by the amoun t of f lux 

a r r iv ing the de tec t ion p lane , the re fo re , it is e s sen t i a l to have 

r easonab ly large p inholes in the plate. Meanwhi l e , the angular 

resolut ion is also governed by the size of the holes and to achieve a 

high angular resolution, it is required to employ small holes! 

T h e au toco r r e l a t i on fo r a typ ica l r a n d o m p i n h o l e a r rays mask 

cons i s t s of a la rge centra l peak sur rounding by s t rongly marked 

sidelobes structure as shown in (fig.3.3 a,b). 

It is clear why this kind of mask has not placed itself in the field of 

high energy as t ronomy. 

3 .3 .3 Non-un i fo rmly redundant arrays. 

The f irs t coded aper ture mask capable of p roducing pe r fec t images 

of sou rces d i s t r ibu t ion was the n o n - u n i f o r m l y r e d u n d a n t a r rays 

in t roduced by Golay (1970). The autocorrelat ion is a del ta funct ion 

wi th no s ide lobes up to some large va lues of (L) ( the d is tance 

between a pair of holes is 2L). 

This technique is based on the theory that no more than one pair of 

ho les is separa ted by the same dis tance. T h e r e f o r e this method 

severe ly restr ict the number of possibi l i t ies of array conf igura t ion . 

This means that for a desired large field of v iew with no loss of 

angular resolut ion, a very large mask is required. In all cases this 

t e c h n i q u e p rov ide a poor sens i t iv i ty which is a ve ry impor tan t 

fac tor in the considerat ion of designing any telescopes. 

These are the reasons for the fai lure of this type of masks in the 

desired f ield of as t ronomy. However , appl icat ions have been made 
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Figure (3.3) A 15 x 15 elements mask pattern with 50% transparency 

with its autocorrection function. {From Caroli et al 1987). 
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in nuclear medic ine (Fleming and Goddard 1984) and inf rared 

as t ronomy (Aitken 1981). 

3.3.4 Uni fo rmly redundant arrays. 

T h e u n i f o r m l y r e d u n d a n t a r rays ( U R A ) has the c o m b i n a t i o n 

character is t ics of high t ransmission of the r andom arrays and the 

f l a t s ide lobe of the non r edundan t p i n h o l e a r rays . The high 

t ransmission property of this pattern means a better capabi l i ty of 

imag ing low in tens i ty x and g a m m a ray sources and the f la t 

s idelobes property means that there will be no noise to swamp low 

intens i ty sources . 

The name of this type of arrays was chosen because the number of 

t imes that a part icular separation distance for a pair of holes in a 

pattern occurs is constant for every possible separat ion. This kind 

of pa t te rn which was or ig ina l ly i n t roduced by ( F e n i m o r e and 

Cannon 1978) is based on the use of cyclic d i f fe rence set (Baumert 

1 9 7 1 ) . 

To reconstruct a perfect object image taken by a URA, Fenimore 

and Cannon 1978 developed two process . One is the "Balanced 

correlation" method and the other is the "Mosaicking" method. 

3.3.4.1 Balanced correlation. 

In the early days of using random pinhole arrays, it was assumed 

that the aperture arrays must be the same of the decoding arrays. 

There fo r the decoding process became one of autocorre la t ion . In 

this case the autocorrelat ion features a central peak with a f ini te 

width and a pyramidal structure underneath the peak. This causes 

a s eve re d e g r a d a t i o n of spat ia l r e so lu t i on e spec i a l l y fo r low 

intensi ty sources . 

Brown 1972 introduced a method to solve this p rob lem known as 

the "Mismatch process" in which the t r ansmiss ion f u n c t i o n was 

def ined to be 50% and replaced the zeros of the binary aperture 

array by (-1) . This method was general ized fo r any t ransmiss ion 
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function, not necessarily 50%, by Fenimore and Cannon 1978. The 

improvement was achieved by introducing the fo l lowing array for 

(GO : 

- if A<x.y) = 0 (3.6) 

where (p) is the transmission funct ion. 

3.3.4.2 Mosaicking. 

To achieve a better use of the detection plane and to record enough 

in fo rmat ion to reconstruct an image, Fen imore and Cannon 1978 

suggested that the coded mask pattern should be "Mosaicked" . In 

such case, the aper ture consis ts of a two cycle of the original 

pattern in each direction. An advantage of this technique is that the 

detector need to be only as large as one cycle of the mask pattern as 

shown in (f ig.3.4) . In this way, the object or the object elements 

which are in the field of view will contribute to cast a shadow of the 

mask pattern in the detection plane. As long as these contributions 

can comple te one cycle of the basic pat tern, there wil l be enough 

data to unfold the object with a point spread func t ion equal to a 

del ta func t ion . 

Sources outside the field of view of the telescope will be part ial ly 

coded and their imperfect reconstructed image will be described as 

" V i g n e t t e d " . 

In medical coded aperture imaging the latter problem does not exist 

due to the posit ioning of the sources in the complete field of view. 

In general , U R A is either based on a twin pr ime or m-sequences . 

The twin primes are sets classified by N = p * q where p and q are 

both pr ime numbers and p-q = 2. In the m-sequence arrays ( N = 
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S h a d o w 

Figure(3.4) The configurat ion of a coded aperture system 
based on the employment of 4 cycles of the mask design 
( f rom Fenimore and Cannon 1980) 
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2" i - l ) where m is an integer>l and the dimensions can be given by 

( p =2^/2-1 ) and (q = 2 ^ / 2 + 1 ) . 

As it was ment ioned earl ier that the un i fo rmly r edundan t arrays 

have many advan tages over the random p inho le ar rays but their 

only disadvantages is that the size of the mask is l imited. Typical 

examples of the twin primes are 5*3 , 11*13 and of m-sequences 

are 7*9 , 15*17. Fig3.5 illustrates some di f ferent mask patterns. 

Also the ful ly mosaicked mask of the Z E B R A telescope based on a 

9*7 pattern is shown in (fig.3.6). 

3.3.5 Hexagonal uni formly redundant arrays. 

Up to mid 80's, most of the uniformly redundant array masks were 

cons t ructed on rec tangular latt ices. In 1985, F inger and Prince 

have introduced URA's constructed on Hexagonal latt ices. This type 

of U R A is very much suitable for use in the f ie ld of gamma ray 

a s t r o n o m y to g e n e r a t e h igh qual i ty i m a g e s u n d e r h igh level 

background circumstances. This is mainly due to two reasons : 

(i) They are almost 50% open which leads to an opt imum sensitive 

i n s t r u m e n t . 

( i i) They are an t i symmet r i c upon ro ta t ion by 180° (open cells 

exchange with closed cells except the central cell). 

The latter property in which the mask is rotate to a near antimask 

posi t ion al lows per fec t background subtract ion. 

This type of mask pattern is based on a Skew-Hadamard sequence 

with N = 4m-1 , M = 2m-1 and X = m-1 where (N and m) are 

i n t e g e r s . 

A typical hexagonal uni formly redundant mask pat tern is given in 

(fig.3.7) which has the order of (N=151). 
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(b) 

(c) 

Figure(3.5) Three different types of coded aperture masks 

(a) is a random pattern, (b) is based on a twin-prime, (c) is 

based on an m-sequence . 
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Figu re (3 .6 ) The full coded apertue mask of ZEBRA telescope 
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Figure (3.7) An HURA of order 151. 
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3.4 Aberrations in coded mask imaging. 

So far it has been demonstrated that coded mask imaging in gamma 

ray astronomy has been a great success and high quality imaging of 

the sky at this par t icular range of the e l ec t romagne t i c spect rum 

cloud be p roduced . Never theless , there are f ew obstacles in the 

way of producing quality images. These obstacles are related both 

to the mask and to the detection plane. In the fol lowing sections a 

brief description of them in given. 

3.4.1 Mask per formance . 

The opaque e lements of any mask are typically made of substances 

such as Tungsten which has a high stopping power for gamma ray 

p h o t o n s ( r o u g h l y 90% a t t enua t ion at 1 M e V e n e r g y ) . This 

percentage decreases with the increase of energy. Therefore at high 

energies, the mask elements will be less e f f ic ien t and more photons 

pene t ra te the mask e lements . This leads to a reduct ion in the 

imaging qual i ty . 

Also to suppor t a mask , mechanical ly , it requires some kind of 

structure, typical ly a honeycomb of Carbonf iber . This leads to a 

non-perfec t t ransmiss ion of the desired photons and once again the 

quality of the images is reduced. 

3.4.2 Posit ional resolution of the detector. 

To recons t ruc t a true image, the image must be fo lded with the 

de t ec to r r e s p o n s e . A f i n i t e pos i t i ona l r e s o l u t i o n wi th in the 

detect ion p lane resul ts in reduction of the ampl i tude of the point 

spread funct ion and an increase in its width in addit ional to create 

sidelobes in the image. 

Chara lambous et al 1984 have given the degradat ion in the peak 

height over the mean background level as a funct ion of the ratio of 

the mask e lement sizes to detector resolut ion (f ig .3 .8) . It can be 

seen that in both cases of one and two dimensional masks that the 

func t ions fal l away rapidly as the posi t ional error increases. It is 

c lear that even with mask e lement size as smal l as (2a) of the 

resolut ion, the signal to noise ratio is reduced by roughly 30% for 
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the case of the two dimensional mask which means a less quali ty 

i m a g i n g . 

3.4.3 Non-un i fo rm background distr ibut ion. 

A non u n i f o r m l y d i s t r ibu ted b a c k g r o u n d c o u n t i n g r a t e on a 

detection plane has a rolling ef fec t on the deconvolved image which 

leads to an improper identification of source posit ion and intensity. 

A typical image taken by a detect ion p lane with a non-un i fo rm 

background is shown in (fig.3.9). To ident i fy a source correctly, a 

suitable detai led data analysis on both the f inal image and the row 

count rate data is required. 

3.4.4 Vignetting of sources. 

Sources outside the field of view of a telescope will cast a partially 

coded shadow of the mask into the detection plane. These sources 

are known as "Vignetted sources". It is very dif f icul t to isolate a 

telescope f rom this kind of sources. The reconstructed image of this 

incomple te data consist of a peak with fa lse intensity super imposed 

over a very high non uniform background as shown in ( f ig .3 .10) . 

The intensity of the peak is related to the area of the encoded data. 

Carol i et al 1987 suggested that this e f f ec t could be removed by 

means of : 

(i) Employmen t of advanced deconvolut ion methods. 

(ii) A statistical analysis of the recorded shadowgram. 

( i i i )Decod ing each image by a cor re la t ion wi th sui tably al tered 

arrays to dist inguish vignetted sources f r o m others. 

3.5 Conclusion. 

The f i r s t par t of this chapter was an in t roduct ion to the bas ic 

pr inc ip les of coded mask imaging and its deve lopments over the 

years up to date. The second part was dedicated to the general 
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Figure ( 3 .9 ) An image of a point source that was formed with a 

sinusoidal detection plane background. 
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p r o b l e m s re la ted to the emp loymen t of coded mask imag ing in 

g a m m a ray as t ronomy. 

It is obvious that the wide range of mask patterns avai lable leads to 

the design of many different types of telescopes for the field of x 

and gamma ray as t ronomy. 



Chapter 4 

4 An overal l descr ip t ion of the low energy g a m m a ray te lescope, 

"ZEBRA". 

4.1 In t roduct ion . 

Z E B R A is a low energy g a m m a ray imaging t e l e scope des igned to 

p r o d u c e f i n e angu la r reso lu t ion images of the sky in the energy 

r a n g e (0 .2-10 .0) M e V . The exper iment f ea tu res a coded aper ture 

m a s k s e p a r a t e d by s o m e d i s t a n c e f r o m an a c t i v e l y sh i e lded 

de t ec t i on p l a n e 

T h e mask is based on a 2*2 mosa ic of 9*7 u n i f o r m l y r edundan t 

ar rays . The fu l ly coded f ie ld of view is (8*8 .8) degrees . The 

c a p a b i l i t y of th is i n s t r u m e n t of s i m u l t a n e o u s m e a s u r e m e n t s of 

source and backg round f lux suppress t ime d e p e n d e n t background . 

T h e m a s k and the de t ec t i on p l a n e are m o u n t e d on a s teer ing 

p l a t fo rm capable of point ing to a specif ic target with an accuracy of 

(0.5) degrees . An artistic impression of the exper imen t is given in 

( f ig4.1) . A fu l l descript ion of the te lescope is given by (Vil la et al 

1987) . 

4.1 The coded mask. 

T h e coded mask is f ixed at (3 .5 meters) f r o m the de tec t ion plane. 

The mater ia l used for const ruct ing the mask is Tungs ten . This is 

due to its high a tomic number (Z=74) and good s topping power for 

g a m m a ray pho tons . The mask is sandwiched be tween two sheets 

of C a r b o n f i b e r h o n e y c o m b s t ruc ture to p rov ide m e c h a n i c a l suppor t 

(Ca rbon f ibe r has a high t ransparency to g a m m a ray pho tons ) . 

T h e t h i c k n e s s of the m a s k e l e m e n t s is l im i t ed by t w o fac to r s . 

F i rs t ly the weigh t which is a mechanica l cons ide ra t ion . Secondly, 

they might up to certain degree fo rm as a col l imator . T h e opt imum 

th ickness of these e lements was found to be (2 cm.) us ing a Monte-

Car lo s imulat ion (Butler et al 1984). 

T h e mask pat tern chosed for Z E B R A is based on a 9*7 un i fo rmly 

r e d u n d a n t a r ray . T h e r e are severa l f a c t o r s tha t i n f l u e n c e the 
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choice of the mask. Gil 1986 has given a list of poss ib le mask 

patterns and the reason for chosing this particular pattern of ZEBRA. 

The mask is formed by a four t imes replicat ion of the 9*7 pattern. 

One l ine and one column at the boarders are reduced in order to 

avoid ambiguities. The basic mask pattern has the same size of the 

de tec tors (60*49 cm.) which al lows each source, on the f ie ld of 

v iew, to cast a d i f fe ren t shadow on the detec t ion p lane . The 

mechanical characteristics of the mask is given in f ig.(4.2). 

4.3 The detection plane. 

The detection plane of the Z E B R A telescope is constructed of nine 

pos i t ion sensit ive Nal (Tl ) detectors of d imens ions (55*5 .8*5 cm.) 

( t o t a l d e t e c t i o n a rea of ( 2 5 0 0 c m ^ ) . T h e s e de tec to r s are 

ind iv idua l ly v iewed by two two inchs Hamamat su photomul t ip l ie r 

tubes. The position sensitive detectors are actively shielded f rom 

b e l l o w and the s ides by m e a n s of th i r t een anti-coincidence 

d e t e c t o r s . T h e s e de tec t ion uni ts a re desc r ibed in de ta i l in 

Chapters. A (6 mm.) thick plas t ic scint i l la tor f ixed above the 

detect ion plane completes the shielding system. A schematic view 

of the detection plane is given in fig.(4.3). Each posit ion sensitive 

bar operates in anti-coincidence with the adjacent bar. In this way, 

the pos i t i on sens i t ive de tec to r s are not only ope ra t e as main 

detection units but also as a shield for each other. 

When a gamma ray photon interact on a position detector, the 

of f ig . (4 .3) for example, it can be counted as a valid event only if 

the coincidence signal f rom the two photomult ipl ier tubes of the 

bar is not associated with any other s ignal f rom the sur rounding 

bars or the p las t ic sc in t i l la tor . T h e logic c r i t e r ion for the 

acceptance of an event is : 

= N.((C-1 )+(C7+(C+l )+(N+l )+(N-l )+Pl +P2} (4.1) 

4.4 The electronic system. 
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Figure (4.2) The ZEBRA telescope mask pattern: 
l = E m p t y pixel ,0=Tungsten pixel 
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The f l ight electronics system mainly consist of three units; the Front 

End Electronics(FEE) , the Digital Processing Electronics(DPE) and the 

Te lecommand and Telemetry Data Handl ing(TTDH). 

The F E E interface with the detectors and handle the data to the DPE 

then the received data is p rocessed . The T T D H organ ize the 

transmission of the processed data to the ground. A block diagram 

of the electronics system is given in fig.(4.4). 

4.4.1 Data processing electronics. 

The photomul t ip l ier tubes and their associated high tensions (H.T.) 

with the p reampl i f i e r s all together fo rm an in te r face be tween the 

detect ion plane and the electronics system. 

These H.T. 's are independently adjusted for the desired gains by a 

t e lecommand f rom the ground station. These units are equipped 

with digi ta l to analog conver tors employed to t rans la te the data 

words send by the ground station for controll ing their gains. 

The output signals f rom the tubes are passed via noise f i l ter to the 

preampl i f ie r line driver circuits. Then the preampl i f ied signals are 

passed to the Front End Electronics 

4.4.1.1 Front End Electronics (FEE). 

The signals provided by the preampli f iers will be t ransferred to the 

Front End Electronics. Here discrimination levels are supplied for 

the incoming pulses then val id events wil l be conver ted into a 

digital form. A block diagram of the Front End Electronics package 

is show in fig.(4.5) 

The two signals f rom each posit ion sensit ive detector are combined, 

a f t e r pass ing through ampl i f ie rs and shapers , to g ive the energy 

deposi ted in that particular bar using the formula : 

This output will pass through d iscr imina tor to check weather the 

energy deposited is within the energy range (0.2-10.0) MeV or not. 

Since each detector is operating as Compton ant icoincidence for the 
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a d j a c e n t b a r s , the p u l s e s a r e p a s s e d t h r o u g h ( 8 0 ) k e V 

discr iminators which set the lower threshold level for the Compton 

anticoincidence. These Compton discriminator outputs are fed to a 

logic mask to de t e rmine wea the r there is co inc idence with the 

neighboring detectors and the plastic scinti l lator. 

In the case of the anticoincidence bars, the output signals of the two 

p h o t o m u l t i p l i e r t ubes a re s u m m e d and f ed in to 80 keV 

discr iminators . The outputs are supplied to another logic mask 

w h i c h de t e rmines which set of de tec to r s is sh ie lded by each 

an t i co inc idence bar. 

The ou tpu ts of the two log ic masks and the (0 .2 -10 .0 ) MeV 

d i s c r imina to r s are ga ted to check for the overa l l va l id event 

cri ter ion given in section (4.3). The resul tant pulse is latched to 

g ive the bar number and to select the two cor respondent detector 

s ignals via an analog mul t ip lexer switch. Then the signals are 

s t re tched and subsequent ly are digi t ized by two indiv idual 12 bit 

analog to digital converters . The outputs are then passed to the 

Digital Processing Electronics package. 

4.4.1.2 Digital Processing Electronics (DPE). 

A block diagram of the Digital Processing Elect ronics is given in 

f ig(4.6). At this stage there will be enough information to calculate 

the energy and position of each event. Then the data is stored in a 

block of memory. Also the timing information is kept in some sort 

of memory . 

The digi ta l ized s ignals f r o m the Front End E lec t ron ics are f irst 

converted to ari thmetic values using a look-up table EPROM. Here 

the 16-bit m i c r o c o m p u t e r emp loy its f ac i l i t i e s to ca lcu la t e the 

energy and position of each event using the formulas : 

„ _ -JEi.,ER 
'' " (PlEo) ^ ^ 

For the non-l ineari ty of the posi t ion detectors , f ine correct ions are 

appl ied using look-up tables previously prepared for each detector. 
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The resul t ing data is stored in two memory banks , one for the 

t iming mode and the other for the image mode which are explained 

later on. 

4.4.1.3 Telecommand and Telemetry Data Handling (TTDH). 

The Te lecommand and Telemetry Data Handl ing unit organizes the 

accumula ted data to be te lemetry format ted and then t ransmit ted 

to the Ground Sta t ion . Also it a r ranges the d is t r ibut ion of 

te lecommands coming f rom the Ground Station. 

A telemetry format consist of a sub-frame with (64) f rames of (32) 

words of (16) bits each. The data stored in the memory banks are 

transmitted in (128) subframes which is one scientif ic record. 

All the commands coming f rom the Ground Station will be received 

by a decommula to r onboard that d is t r ibutes the t e l ecommands to 

the t e l e s c o p e e l e c t r o n i c s , the s tar s e n s o r and the s t ee r ing 

e l e c t r o n i c s . 

4.4.2 Operational modes. 

The te lescope is operat ing ei ther on the image mode or the t ime 

mode . In the case of the image mode, the energy data Ey , the 

posi t ion data x and the bar number are stored in a matr ix over an 

interval of 100 seconds. The telemetry bit ra te corresponding to 

this data is : 128(pixels) * 128(energy bins) * 9(bars) * 12(bits ADC 

resolution) or about 1.8 Mbits.s"^ . 

In the t iming mode, all the position data and most of the energy 

data is sacrif iced to de termine a presice t ime of the arrival of the 

gamma ray photons. The energy data is divided into (5) channels ; 

(0 .2-0.48)MeV , (0 .48-1.44)MeV , (1.44-4.0)MeV , (4.0-7.0)MeV 

and (7 .0-10.0)MeV. Every (1) mil l isecond, events are scaled into 

these energy bins. A (3) bit scaler is employed for each bin which 

a l lows the sys tem to hand le 10"̂  counts , s ' l . . There fo re the 

te lemetry rate is : 3(bit scaler)* 4(energy bins)* lOOO(milliseconds) 

or 12 kbits .s"l . . 
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4.4.3 In-f l ight calibration. 

In order to generate high quality images of the sky, the detection 

p lane must be kept in cal ibrat ion constant ly dur ing f l ight . To 

achieve this goal , a coll imated 241^^1 source is f ixed 3cm. f rom 

both ends of each position sensitive detector. The 60 keV x-rays 

are not seen by the detect ion e lec t ronics s ince they are bel low 

threshold but are seen by the calibration electronics system. The 

spectra of these sources are accumulated over the integrat ion t ime 

and then send via the telemetry format to the Ground Station along 

the image and timing data. The data will be analyzed continuously 

to monitor the reference posit ions. Any detected displacement will 

lead to the appl ica t ion of correct ion via te lecomand organized by 

the Ground Station. 

4.5 The steering platform. 

ZEBRA platform, as show in fig.(4.1) is designed by the collaboration 

of Sou thampton Univers i ty and Ru the r fo rd Apple ton Labora tor ies 

(RAL). It is based on a three axis gyro stabilized gimbal system 

capable of point ing in the direction of a given target with a real 

t ime accuracy of (0.5)arc min' .s The p la t form can be divided , for 

demonst ra t ion , into three sect ions. 

The first sect ion is the Aluminum honeycomb s t ructure that holds 

the coded mask and the detection plane. This section is about (4)m. 

long. The s t ruc ture is r igid enough to mainta in the arc minute 

angular resolu t ion dur ing f l ight under any c i r cums tances (al t i tude 

and tempera ture d i f fe ren t ia l ) . To moni tor any dis tor t ion of the 

p l a t f o r m , an o p t i c a l s y s t e m is e m p l o y e d to m o n i t o r the 

d i s p l a c e m e n t and if r equ i red , co r rec t ion can be m a d e to the 

recorded images . 

The second sect ion is the Aluminum structure based on the other 

side of the g imbal system. This section provides the necessary 

location for all the various subsystems associated with the telescope 

such as f l i g h t e l e c t r o n i c s , p l a t f o r m e l e c t r o n i c s , s tar sensor , 

telemetry package, batteries. .etc. The arrangement is made in such 
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away to have the centre of gravity set at the centroid of the gimbal 

s y s t e m . 

The third and last section is the three axis g imbal sys tem. The 

gimbal dr ive unit incorporates three torque motors and dr ive shafts 

to p rov ide the three axis movements , az imuth , e leva t ion and roll 

(Farman and Hardie 1986). 

A two axis magnetometer is used for the init ial s teer ing of the 

p la t form to sense position in azimuth and a three axis accelerometer 

to sense position in elevation and roll. When the telescope set in a 

part icular position, a 3 axis rate gyro is switched on for maintaining 

s t ab i l i z a t i on . 

To obtain the absolute pointing direction with a precision of 30 arc 

seconds , a second sensor is requi red . For this pu rpose a star 

sensor, based on a CCD array sensor, has been developed to f i l l ful 

this r e q u i r e m e n t . 

F ina l ly , a Ferrant i 3 axis iner t ia l gyro is swi tched on into the 

posi t ion control loop stabil izing the system to (1) arc minute per 

(30) minute period. 

4.6 The Ground Support Equipments . 

The Ground Support Equipments for the Z E B R A imaging telescope is 

a self conta ined system based on a P D F 11/23 compute r . Its 

p r imary task to fo rma t and record both l abora tory and inf l igh t 

data on magnetic tapes but also performing the fol lowing tasks : 

1. Recording the formatted data coming f rom the fl ight electronics. 

2. Performing "Quick-look" data analysis on the images taken and 

displaying them on the graphic terminals cont inuously during fl ight. 

3. Analyzing the calibration data and displaying them. 

4. Providing the "House-keeping" data on display. 

5. Continuous controlling of the photomult ipl ier gains. 

6. Straggling "Back-up" data during flight. 

7. A r r a n g i n g t e l e c o m a n d s to be sent to the o n b o a r d f l i gh t 

e l e c t r o n i c s . 
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Fig.(4.7) shows a typical presentation format of the Ground Support 

Equipments . The data is f rom a collimated source fixed above 

the centre of the central bar. Upper lef t is the counts distribution 

per bar pixel. Lower left is the top view of the c/r level curves of 

the whole detection plans. Upper right is the energy spectrum for 

that par t icular bar and f inal ly , the lower r ight is the count rate 

distr ibution across the (9) position bars. 

4.7 The per formance of the telescope. 

4.7.1 Spectral resolution. 

Energy and posi t ional resolution of the Z E B R A telescope have been 

eva lua ted us ing the cal ibrat ion data given in Chapter 5. The 

energy resolut ion was measured for each single bar in (5) d i f ferent 

pos i t ions a long the bar for (6) d i f fe ren t energy sources . The 

average energy resolut ion was calculated for each bar and then the 

overall resolution of the whole detection plane was evaluated. The 

result is f i t ted with a power law spectra as shown in f ig.(4.8) and 

can be presented by : 

In the same way the posi t ional resolut ion was evaluated as shown 

in fig.(4.9) and can be presented by : 

zijc ('F.iy.y/.M.; = CEj-o//; (E m /ray; 

4.7.2 Image quali ty. 

To evaluate the imaging quality of the ZEBRA telescope, a series of 

test images were taken including point and extended sources. A 

fu l ly assembled posi t ion sensi t ive detect ion p lane was operated in 
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Figure (4.8) The average energy resolution for the detection plane 

of ZEBRA as a function of energy. 
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Figure (4.9) The average position resolution for the detection 

plane of ZEBRA telescope as a function of energy. 
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conjunct ions with a C A M A C PDF 11/24 computer system in order to 

record spectral and posi t ional data f rom interact ing of gamma ray 

photons. A half size 9*7 pattern mask were used to create images 

f rom a series of gamma ray sources within the energy range (0.5-

2.6) MeV (Butler et al 1985, Dean et al 1987). 

The imaging conf igura t ion of the detection p lane and the mask is 

shown in fig.(4.10). Data f rom the detection plane was collected via 

the C A M A C system and then processed by the P D F 11/24 computer 

f ig.(4.11). The logic unit generates a gate only when the following 

criterion is satisfied : 

where (N) is the coincidence signal f rom the (N^h) bar and (N-1), 

(N+1) are the signals f rom the neighboring bars of the (N^^) bar. 

Two types of g a m m a ray sources were used for the evaluation of 

the imaging qual i ty;point sources and extended sources. For these 

imaging tests, the detect ion plane was calibrated using a collimated 

l^'^Cs source placed at three different posit ions along the bar. An 

energy look-up table was eva lua ted fo r each pos i t ion sensi t ive 

de tec tor to p rov ide a u n i f o r m spectral r e s p o n s e both down the 

length of the bars and between the entire set. 

In the case of point source imaging, a powerfu l 137(]g source with an 

intensity of lOOjici was employed for the objective of this test. The 

source was f ixed at more than 80 di f ferent posi t ions on the object 

p l a n e . 

I m a g e s w e r e a c c u m u l a t e d f o r 10^ even t s (wh ich is roughly 

equ iva l en t of 1 . 5 * 1 0 4 source counts). The data were binned in 

(128) energy bins. 112 of these bins are cor responding to the 

central (49) cm. active region of the detectors. A straight forward 

analysis of this 9*112 data set and the 9*7 mask pat tern allowed 

reconstruct ion of the source distributions; Fig(4.12) shows a typical 

image obtained f rom these tests. 

To simulate an extended source, a point source was rotated within 

the f ie ld of v iew of the detect ion p lane with d i f f e ren t radiuses. 

Many images were taken. Fig.(4.13) i l lustrates the quali ty of a 

rotated I37(]g sources with a radius of 20 cm. 
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Figure (4.11) The experiirental set-up of the nine bars imaging. 
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Figure (4.12) 

137Cs p o i n t sou rce Image : s imple deconvo lu t i on ffjj: ZEBRA 



Figure (4.13] 
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4.8 Comparison of ZEBRA telescope with current experiments . 

Z E B R A te l e scope is a very encourag ing e x p e r i m e n t . It has 

demonst ra ted its ability of generat ing high qual i ty images . This 

could lead to an enormous amount of da ta in this b ranch of 

a s t r o n o m y and hence a be t ter u n d e r s t a n d i n g of the un ive r se . 

Table (4.1) gives the comparison of ZEBRA telescope with some of 

the cu r ren t e x p e r i m e n t s such as; G R I P ( G a m m a R a y I m a g i n g 

Payload, Al thouse et al 1987) , D G T (Direct ional G a m m a Ray 

Te lescope , Dunphy et al 1987) and C O M P T E L ( Max-P lank 

Institute's Compton Telescope, Diehl 1988). 
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T a b l e ( 4 . 1 ) 
The Comparison of the ZEBRA telescope with some of the current 
e x p e r i m e n t s . 

ZEBRA GRIP D O T COMPTEL 

Energy Range(MeV) 0.2-10 

Angular Resolution 61' * 56' 

I%eld of "View 8° * 9° 

Energy Resolution at 9 
lA4eV. 

Point Source 
L o c a b i l i t y 

0.03-5 

0.6° 

20° 

7 

1 arc min 3 arc min 

0.16-9.3 0.1-30 

16 * 2 4 

1 5 ° * 23° 

13 

r 

1° 

10 
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Chapter 5 

5 The performance of ZEBRA detectors. 

5.1 Introduction. 

In this chapter the theoret ical cons idera t ion and the exper imenta l 

p e r f o r m a n c e of bo th p o s i t i o n s e n s i t i v e and a n t i c o i n c i d e n c e 

detectors are described and the pe r fo rmance of other units related 

to the detection of gamma ray photons are evaluated. Also factors 

that af fect resolution and system stabilization are discussed. A ful l 

detail of all of these is given bellow. 

5.2 The position sensitive detectors. 

5.2.1 Theoret ical consideration of posit ional location of gamma ray 

p h o t o n s . 

If a gamma ray photon of energy E y interacts in a posi t ion sensit ive 

detector at a distance of (x) f rom the midpoint of the bar as shown 

in fig (5.1), then the photomultiplier output signal at one end (Ei) 

can be described by : 

Similarly the signal at the other end (ER) can be described by 

Er = Ey.(-^ }. (5.2) 

w h e r e ; 

a , is the l ight a t tenuat ion coe f f i c i en t per uni t length in each 

d i r e c t i o n . 

L, is the length of the bar. 

P, is the probability of a light quanta produced at one end of the 

bar will generate a photoelectron in the nearby photomult ipl ier . 
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E o , is the energy required to emit a l ight quanta f rom the sodium 

iodide crystal per keV. 

Dividing (5.2) by (5.1), the position of interaction of an event can 

be determined and described by : 

To evaluate the error in the posit ion, it has been assumed that the 

error in (El and Er) are Poissonian and can be expressed by : 

To e v a l u a t e an op t imum a t t enua t ion c o e f f i c i e n t f o r each bar, 

equa t ion (5.3) must be in tegra ted with respec t to (L) and then 

dif ferent ia ted with respect to ( a ) . The result of this operation must 

be then equated to zero ant this leads to an optimum value of : 

aZ, = 2.9 

Z E B R A posi t ion sensi t ive de tec tors were ordered f r o m B I C R O N 

Corporat ion (U.S.A.) to match this attenuation specif icat ion. 

5.2.2 Theoretical consideration of spectral resolution. 

The energy deposited on a posit ion sensit ive detector as a result of 

the interaction of a photon at a distance of (x)cm. f rom the mid 

point can be obtained f rom the multiplication of equation (5.1) and 

(5.2). The result is given by : 
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and the standard error in the energy (Ey) can be expressed by : 

QaLM 
5 E y = ( j ^ ) . ^lEy.(P/Eo). (5.7) 

5.2.3 Depar ture f rom the ideal case. 

So far only the theoret ical calculat ions of the interact ion posi t ion of 

an e v e n t and the d e p o s i t e d e n e r g y h a v e b e e n c o n s i d e r e d . 

E x p e r i m e n t a l l y it has been f o u n d tha t the p o s i t i o n sens i t ive 

de t ec to r s do not have the s a m e a t t enua t ion c o e f f i c i e n t in both 

direct ions, which means two d i f fe ren t values of ( a ) mus t be used 

in all c a l cu l a t i ons . T h e r e f o r e the s igna l o u t p u t s f r o m both 

photomul t ip l ie r tubes must be descr ibed by : 

El= Ey.(-^) . e-o:L<i-'2+x) (S,8) 

ER = Ey.( ^). (J.9; 

w h e r e ( a i ) and (UR) are the a t tenuat ion coe f f i c i en t s f r o m lef t to 

r ight and right to lef t recept ively . 

This d i f fe rence in ( a ) values was found to be of the order of 2% over 

a sample of 10 bars. This d i f fe rence is p resumed to be due to the 

method of t rea tment of the crystal surfaces . 

A f t e r the r e -a r rangement of equat ion (5 .1)and(5 .2) to (5 .8)and(5 .9) , 

the posit ion of location of an event can be described by: 

r _ In (Er/El) -L/2(aL-aR) 
X (5.10) 

foL+oK; 
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and the F.W.H.M. position resolution can be described by : 

1 

The same correction is required to the calculation of the energy and 

the final version can be expressed by : 

Ey=(e^''^ . ^El.ER . ) ( ^ ) (5.12) 

and the error in the calculation of (By) can be described by : 

lLq 

5.2.4 Light attenuation along the detectors. 

The surface of the posit ion sensit ive detectors have been treated in 

such away that the l ight in tens i ty is a t t enua ted a long the bar. 

Accord ing to the ordering speci f ica t ion , the a t tenuat ion of the 

scintillation light must have a roll off funct ion within the range of a 

min imum 100:10, and a maximum 100:8 over the central 50cm. 

of the position sensitive detector. 

To evaluate the performance of these detectors, a 12 way analog to 

digi tal convenor control led by a PDP 11/24 C A M A C system was 

employed. The tests were performed using a coll imated 137Cs (662 

keV) source directly above the detectors. A typical experimental 

l ight at tenuation along a posi t ion sensit ive detector (serial no. DX-

508) is shown in fig(5.2). These experimental data points, for a 
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0 4 8 12 16 20 24 28 32 36 40 44 48" 

SOURCE POSITION (cm) 

Figure (5.2) The light attenuation curve along one ZEBRA 

position sensitive detector. 
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sample of 10 detectors, were fitted using a least square method. 

T a b l e ( 5 . 1 ) shows the a t t enua t ion c o e f f i c i e n t o b t a i n e d . The 

m a x i m u m devia t ions f r o m the straight l ines were also calculated. 

The average value of a was found to be 0 .27-0.25 which is within 

the opt imum specif icat ion range. 

The light collection eff ic iency increase for events which occur close 

to the photomul t ip l ie r tubes. This is due to the fac t that the 

probabi l i ty of pho tons reach ing the nea rby p h o t o c a t h o d e wi thout 

at tenuating at the surface is grater. This leads to a large error in 

the position using the e '* relationship. The extent of this problem 

was, however , reduced by using a sl ightly degraded reflect ion 

compound on the crystal surface near the ends of the bar. 

5.2.5 Calibration of position sensitive detectors. 

T h e pos i t i on sens i t i ve de t ec to r have been ca l i b r a t ed us ing a 

computer control led data acquisi t ion system based on a P D P 11/23 

(Boella et al 1986). This system is able to posi t ion a collimated 

g a m m a ray source at any des i red po in t a b o v e the bar to an 

accuracy of 0.1 mm. 

The f i rs t s tage of the ca l ibra t ion employed a ^37(2s source to 

no rma l i ze the gain of the two pho tomul t ip l i e r tubes to a f ew 

percent of their f inal values. The energy and position of each event 

was calculated. Then the source was moved to the next position 

and the s ame p r o c e d u r e was r epea ted . Th i s da ta and the 

spec t rums of each tube was accumula ted in the m e m o r y of the 

computer and later dumped to magnet ic tapes. 

This data was analyzed to calculate the attenuation coeff ic ient along 

the bar in each d i rec t ion . Also the energy and the posi t ion 

resolution as a funct ion of position were calculated. The result of a 

typ ica l pos i t ion sens i t ive de tec to r is g iven in f i g . ( 5 . 3 ) which 

c o m p a r e s the theore t i ca l and expe r imen ta l ene rgy and posi t ion 

reso lu t ion versus pos i t ion . Table (5.2) shows the energy and 

posi t ion resolut ion for a sample of (9) posi t ion sensi t ive detectors. 

The average energy resolution for a source at the centre of the 

bar is 9.7% and the average position resolution is 1.93cm.. 
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Table (5.1) 
The attenuation coeff ic ients for 10 position sensi t ive detectors with 
the maximum deviation f rom the f rom the fit ted data. 

Bar Serial No. Attenuation Coefficient 
cm-l 

( aL)Value Maximum 

Deviation % 

DJ-292R a L = 0.04820 2 J 0 5.2 @ 52cm 

aR = (104715 2.64 4.7 @ 4 cm 

DJ-293R a L = 0.04472 2.50 5.5 @ 2 cm 

aR = (104364 2.44 2.8 @ 54cm 

DJ-294R a L = 0.04783 2.68 4.8 @ 2 cm 

a R = 0.04668 :L61 3.8 @ 54cm 

DJ-295R a L = 0.04803 2.69 2.3 @ 2 cm 

aR = (104862 : i 7 2 4.8 @ 54cm 

DJ-296R aL = (104744 2.66 2.1 @ 2 cm 

a R = 0.04833 2L7T 3.4@ 54cm 

DJ-297R a L = (105267 :195 2.4 @ 8 cm 

aR = 0.05177 2.90 4.7 @ 53cm 

DJ-289R aL = (104911 Z75 3.9 @ 52cm 

aR = 0.04931 2.76 5.5(g) 2 cm 

DI-587R a L = 0.04822 2.70 2.6 @ 2 cm 

aR = 0.04782 2.68 2.7 @ 32cm 

DI-588R aL = 0.04703 2.63 1.3 @ 52cm 

a R = 0.04868 2.73 4.2 @ 54cm 

DI-964R a L = (105038 2.82 3.5 @ 2 cm 

aR = 0.04936 2.76 2.3 @ 2 cm 
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Figure ( 5 . 3 a ) The energy resolution of a position sensitive 

detector as a function of position. 
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Table(5.2) 
The spectral resoultions of a sample of 9 position sensit ive detectors 

us ing the cal l ibra t ion data (col l imated ^37Cs source f ixed at the 

centre of the bars). 

Bar Serial No. Energy Resoluiton Positional Resoultion 

I)P-785 9.705 2.038 

DP-786 9.716 2.014 

DP-788 9.462 1.931 

DP-817 10.001 1.883 

DP-818 9.469 1.888 

DP-819 9.213 1.766 

DP-820 9.355 1.873 

DP-821 9.699 1.959 

I)P-8:54 1 l.Oryi 2.CW6 
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Fig . (5 .4) shows the at tenuat ion of l ight a long the bar in each 

direction. There is a systematic effect of the order of 1-2% in the 

central region of the bar and up to 5% in the last 5cm. of the ends. 

This is due to the deviation f rom the ideal case. These errors in 

ca lcu la t ing the energy and posi t ion of each event were measured 

and correc t ion look-up tables were appl ied to the resul ts of the 

calculations. However, to reduce these systematic errors, only 

the central 49cm. of the bar was taken in considerat ion of all 

c a l c u l a t i o n s . 

The rat io of the incident gamma ray energy (Ey) to the calcula ted 

( E c a l ) as a funct ion of posit ion is given in f ig . (5 .5) . Also the 

d i f f e r e n c e be tween the ca lcu la ted even t pos i t ion (xcal) and the 

actual event posi t ion (xact) versus actual event position is shown in 

5.3 The ant icoincidence detectors. 

5.3.1 Light attenuation along the detectors. 

N o a t tenuat ion along the detectors were required for this type of 

Na l crystals but the best that the manufac turers could produce was 

an at tenuation of 3:1. 

The expe r imen ta l evaluat ion of the l ight a t tenuat ion a long these 

detectors were achieved by using a col l imated I37(]g source. The 

signals were passed to a mul t ichannel analyzer through ampl i f iers . 

A typical light attenuation of an ant icoincidence bar (serial no. DJ-

566R) is shown in fig.(5.6). 

5.3.2 Calibration of the anticoincidence detectors. 

The an t ico inc idence detectors were cal ibrated in the same way of 

the posi t ion sensit ive detectors. First the computer controlled data 

acquisit ion system, mentioned earlier, was used to normalize the 

two photomul t ip l i e r tubes to a f ew percent of their f ina l values . 

Again the energy and position of each event was calculated. The 

only d i f f e r e n c e be tween cal ibra t ing an an t ico inc idence bar and a 
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Figure (5.4) The light attennation curves as a function of 

position in both directions down a position sensitive detector. 
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posi t ion sens i t ive one was that f ewer posi t ions a long the bar were 

u s e d . T h e da ta was ana lyzed and the e n e r g y and pos i t ion 

resolut ions were also calculated as a funct ion of posi t ion. 

5.4 Fac tors af fec t ing resolution. 

T h e r e are m a n y fac tors which e f f ec t the pu l se height spec t rum of 

sc in t i l l a to rs . These e f f ec t s have been s tudied theore t i ca l ly and 

exper imenta l ly by many authors(e .g. Wright 1954 , Presco t t and 

Takhar 1963 ..etc.). Briefly these factors are : 

(i) The emiss ion of photons by the scinti l lator: There is a statist ical 

var ia t ion in the number of photons per scinti l lat ion due to the non-

un i fo rm dis t r ibut ion of activator ions and the crystal defec ts . Also 

succes s ive par t ic les may lose d i f f e r en t amoun t s of ene rgy in the 

scint i l lator due to scattering and edge ef fec ts . All these e f fec t the 

n u m b e r of pho tons emitted by the scinti l lator. 

( i i ) T h e c o l l e c t i o n of p h o t o n s by the p h o t o c a t h o d e : S i n c e the 

scint i l la t ions occur in d i f ferent posi t ions along the crystal bar, the 

l ight col lect ion ef f ic iency depends on the posit ion of the scinti l lation. 

To r educe the spread of the spect rum dis t r ibut ion, l ight p ipes or 

op t ica l con tac t s have been e m p l o y e d to ach i eve this a im. In 

ZEBRA 'S ca se m a n y tests have been p e r f o r m e d to f ind the bes t 

op t ica l con t ac t which p r o d u c e an o p t i m u m spec t rum (de ta i l s are 

given in section 5.6). 

( i i i ) T h e e m i s s i o n of p h o t o e l e c t r o n s by the p h o t o c a t h o d e : T h e 

n u m b e r of p h o t o e l e c t r o n s emi t t ed f r o m the p h o t o c a t h o d e d u e to 

each sc in t i l la t ion s ta t is t ical ly var ies f r o m one ca thode to another 

and f r o m one point to another in the same cathode. Ca thodes also 

emi t t he rma l e lec t rons which p lay a ro le in the var ia t ion of the 

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

( iv) T h e col lect ion of photoelec t rons and the mul t ip l ica t ion process 

in the d y n o d e chain; The emi t ted photoe lec t rons f r o m the ca thode 

m u s t r e a c h the f i r s t s t age of the d y n o d e s t ruc tu re . T h e s e 

pho toe lec t rons can be easi ly def lec ted f r o m their path by magne t ic 

f ie lds . The Ear th 's magnet ic field is large enough to achieve this. 
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Therefore , it is necessary to have a high vo l tage between the 

ca thode and the f i rs t dynode without increas ing the tube 's noise. 

T h i s v o l t a g e wi l l no t on ly r e d u c e the d e f l e c t i o n of the 

photoelect rons but also increases the number of secondary emission 

and this will improve the resolution automatical ly. In the case of 

the Z E B R A e x p e r i m e n t , the pho tomul t i p l i e r t ubes moun t ing 

countainers are made of jj.-metal to reduce the e f fec t of extraneous 

magnet ic f ie lds . 

5.5 The photomult ipl ier tubes and their pe r formance . 

The spectral reso lu t ion of a detector is h ighly dependan t on the 

spectral sensit ivi ty of the photomult ipl ier tubes . The re fo re it is 

essent ia l to employ tubes with high quantum e f f i c i ency and whose 

ou tpu t r emain l inear over the dynamic r a n g e of the scint i l la tor 

c r y s t a l . 

The pulse height spec t rum of a pho tomul t ip l i e r tube depends on 

f e w fac tors . Fi rs t of all the initial n u m b e r of pho toe lec t rons 

emit ted by the photocathode af ter the occurrence of the scintillation 

in the crystal. Secondly, the electron gain, which depends on 

the geometry, number and eff iciency of dynodes. 

T h e p h o t o m u l t i p l i e r s c o u p l e d with the Z E B R A d e t e c t o r s are 

H A M A M T S U R 8 7 8 - 0 1 tubes . These tubes have very high 

resolut ion due to the =100% collection e f f i c iency of photoelectrons 

f r o m the cathode by the f irst dynode. It was also found that the 

l ight output of these tubes remain linear over the dynamic range of 

the te lescope. These results and more of the character is t ics of 

these tubes are given by (Gil 1987). 

5.6 The selection of opt imum optical contact. 

It is highly essen t i a l that the emit ted l ight f r o m the crysta l 

scinti l lator must not be absorbed by the crystal i tself . Although 

the de tec tors are coupled opt ical ly with the po tomul t i p l i e r tube 

window, a large quantity of light will be critically ref lected. This 

l ight must be returned to the crystal and directed to the exit once 
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again. This aim can be achieved by grinding the crystal surface so 

the light can be returned to the window at a suitable angle within 

the crit ical angle (Siegbahn 1955). 

The method of jo in ing the crystal with the pho tomul t ip l i e r tube 

window using an optical interface is a successful method. In this 

way the cr i t ical angle can be increased which leads to a reduced 

amount of light that needs to be recirculated in the crystal. 

In the fo l lowing sections a ful l description of the test fo r selecting 

an op t imum optical for ZEBRA is given with a discussion of the 

r e s u l t s . 

5.6.1 Test configurat ion and results. 

A series of tests were pe r fo rmed on a N a l posi t ion detector and 

p h o t o m u l t i p l i e r t ubes to e v a l u a t e the o p t i m u m p u l s e h e i g h t 

resolu t ion . Several types of material were used as the in ter face 

be tween the N a l crystal and the tube. The in te r face mater ia l 

tested were Eccosi l 2cn, Sil icone f luid, RTV-2 si l icone rubber 

VP7612 and Air gap. 

The f i r s t par t of the tests carr ied out us ing both s ides of the 

detector . Analyzing each event in coincidence and looking at the 

pu l se he igh t d i s t r ibu t ion through a P D F 11/24 C A M A C system 

computer as show in fig.(5.7). A collimated ^37(]g source was used 

as a standard reference. The optical in terface material which was 

used were : 

(i) Silicone fluid, refractive index 1.403 at 25°C.. 

(ii) Eccosil 2cn, refractive index 1.408 at 25°C.. 

(i i i)Air gap 2.35 mm thickness. 

The data obtained shows that the energy and posit ion resolut ions in 

the centre of the bar are as fol low : 
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Figure(5.7) A block diagram of the system used for the optical 

contac t tests 
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Optical joint Energy resolution Position resolution 

% F.W.H.M. cm. RW.H.M 

(i) Silicone fluid 11.60 2.1 

(ii) Eccosil 2cn 12.93 2.4 

(iii) Air gap 14.31 2.8 

F ig . (5 .8 ) and (5 .9) i l lus t ra te the c o m p a r i s o n of the pos i t ion and 

energy resolut ions along the bar for the source fo r the three 

in t e r f aces use . 

F ig . (5 .10) shows the energy and posi t ion spec t rum fo r a col l imated 

13 7C s source (28cm. ) f r o m the le f t . T h e ene rgy spec t rum is 

w i n d o w e d a round the pho topeak . 

The second part of the tests used one tube of an ant icoincidence bar 

(serial no. DJ-580R) . The signal being analyzed in a mul t ichannel 

ana lyzer as shown in f ig . (5 .11) . Once again a co l l imated 

source was used as a reference source and placed 20cm. f rom the 

end of the bar. The interface materials used and the data obtained 

f r o m the tests are listed in table (5.3). 

5.6.2 Discussion of results. 

T h e resu l t s of these tests ind ica te that the second bes t mater ia l 

af ter the sil icone f luid, which is not usable for a f l ight , is RTV-2 

s i l icone rubbe r V P 7 6 1 2 . 
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Figure ( S 8). 
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Figure ( 5.9). 
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source in the center of ZEBRA bar. 
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Table (5.3) 
The interface materials used for the optical contact tests and their 
co re sponden t enrgy reso lu t ion 

Optical Joint Energy Resolution 

FWHM % 

1. Silicone fluid. 10.68 

2. RTV-2scilicpne rubber VP7612. 1CL71 

3. Eccosil 2cn pouring in a ring mould. 11.20 

4. Eccisil 2cn disk. 12.04 

5. Air gap white wishers of 2.35 mm thickness. 13.83 

6. Air gap black washers of 3.70 mmthickness. 14.25 

7. Air gap with a grinded crystal surface using 15.70 

emery cloth P360. 

8. Air gap with a grinded crystal surface using 16.68 

emery cloth P320. 

9. Air gao with a grinded crystal surface using 17.04 

emery cloth P280. 

10. Air gap with a grinded crystal surface using 16.36 

glass paper M2 (grit no.70). 

11. Air gap with a grinded crystal surface using 14.59 

glass papaer S2 (grit no.40). 

12. Using Eccosil 2cn disk with a grinded crystal 13.31 

surface using glass papar S2 (grit no.40). 

13. Using Eccosil 2cn disk with a grinded crystal 11.75 

surface using glass paper S2 (grit no.40). 
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5.7 Factors a f fec t ing the stabilization of photon interact ion on a 

posi t ion sensi t ive detector . 

A ser ies of tes ts have been pe r fo rmed on a pos i t ion sens i t ive 

detec tor to evaluate system stabil ization parameters . These were 

operat ional stabil ization parameters for the tubes, ampl i f iers and 

the crysta l . 

5.7.1 Test configurat ion and results. 

The f i rs t test was to de te rmine weather the photopeak posi t ion of 

the energy spec t rum of a gamma ray interact ion in a detector is 

t ime var iable f r o m the momen t the units are switched on. The 

output signal of the tubes were treated as i l lustrated in f ig . (5 .12) . 

Table (5.4) shows a change of up to 5% in the photopeak position in 

roughly three hours period (fig.5.13 a and b). 

The second part of the tests was to determine weather the tubes are 

responsible to this shift or the amplif iers . Therefore , in this 

part icular test, the tubes and the mult ichannel analyzer were lef t 

r unn ing over n igh t whi le the ampl i f i e r s w e r e swi t ched on the 

fo l lowing day. This enabled us to de te rmine the e f f ec t s in th 

pho topeak posi t ion due to the running of the ampl i f ie rs . Table 

(5.5) shows a change of 1 % in 3 hours (fig.5.14 a and b). 

The f inal part of the tests were to investigate the ef fec t on changing 

the temperature of the crystal on the photopeak posi t ion. Table 

(5 .6) c lea r i f i e no s ign i f ican t shi f t of the peak with tempera ture . 

The change is neg l ig ib le wi th in the r ange of -3 °C . of r o o m 

t e m p e r a t u r e ( 2 5 ° C . ) ( f i g . 5 . 1 5 ) . 

5.7.2 Discussion of results. 

The results of these tests shows that for a telescope f l ight , any 

cal ibrat ion tests or imaging tests, the detection plane should be 

run for at least 3 hours before taking data so stabilization can occur. 

It was also found that temperature differential has no e f fec t on the 

photopeack posi t ion of an energy spectrum. 
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Table (5.4) 
The variation of photopeak posit ion with t ime. 

Tube Side Moniter Voltage Time Photopeak Position 
(h) ch.no. 

Left 2.5 0.00 488 
Right 2.5 0.00 618 

Left 2.5 0 3 0 478 
Right 2.5 0.30 615 

Left 2.5 2 1 5 470 
Right 2.5 Z15 599 

Left 2.5 2 3 0 464 
Right 2.5 2.30 598 

Left 2.5 3.00 464 
Right 2.5 3.00 599 

Left 2.5 3.30 464 
Right 2.5 3.30 600 

Left 2.5 4.00 464 

Right 2.5 4.00 600 



Figure (5.13a) 
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Table 5.5 

The var ia t ion of phpo topeak posi t ion with t iome due to running 

a m p l i f i e r s . 

Tube Side Moniter Voltage Time Photopeak Position 

(h) ch.no. 

Left 2.5 0.00 604 

Right 2.5 0.00 466 

Left 2.5 O J ^ 604 

Right 2.5 &15 466 

Left 2.5 0.45 603 

Right 2.5 0.45 465 

Left 2.5 L15 603 

Right 2.5 L15 462 

Left 2.5 2.00 601 

Right 2.5 2.00 461 

Left 2.5 2T5 600 

Right 2.5 2 1 5 460 

Left 2.5 2.45 600 

Right 2.5 2.45 460 

Left 2.5 3.15 600 

Right 2.5 3 ^ 5 460 
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Figure (5.14a). 
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Figure (5.14b). 
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Table (5.6) 
T h e v a r i a t i o n of the p h o t o p e a k pos i t i on wi th t ime d u e to 
t e m p r e t u r e d i f f e r e n t i o a l . 

Tube Side Tempreture Time Photopeak 
(°C) (h) ch.no. 

Left 26.7 0.00 456 
Right 26/7 0.00 601 

Left 26.3 0.30 456 
Right 26 j 0.30 602 

Left 25.8 L20 456 
Right 2 5 ^ L20 602 

Left 25.4 1.45 456 
Right 2 5 ^ 1.45 602 

Left 24.9 2.45 457 
Right 24.9 2.45 602 

Left 2 4 ^ 3.00 457 
Right 24.4 3.00 603 

Left 24^ 1 1 5 457 
Right 2 4 ^ 3 ^ 5 603 

Left 23.7 3.45 457 
Right 2 3 J 3.45 603 

Left 23.6 4 ^ 5 457 
Right 2 3 ^ 4 ^ 5 602 

Left 2 2 ^ 7.00 455 
Right 2 2 ^ 7.00 602 



F i g u r e ( 5 . 1 5 ) 
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5.8 Conclusion. 

The r emarkab le pe r fo rmance of Z E B R A detect ion p lane has been 

s h o w n to be very c lose to the expec t ed f r o m the theo re t i ca l 

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

The resu l t s of the optical test led to the choice of an op t imum 

in ter face which gives an exceptionally good energy resolut ion. It is 

a l so c lear f r o m section (5.7) that the s tabi l i ty of the pos i t ion 

sensi t ive detectors is essential and to have a stable detect ion plane, 

the system must be run for not less than 3 hours. 

Also it was shown that small systematic errors arise f r o m assuming 

the ideal case for the exponential attenuation along the bars. These 

errors can be reduced by calculat ing them f rom the cal ibra t ion of 

the detect ion p lane and by the use of look-up tables operat ing on 

the data a f te r the calculat ion of the energy and posi t ion and the 

energy of each event. It has been decided to implement the look-

up tables on-board in flight electronics. 
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Chapter 6 

6 The p red ic t ion and measurements of the Z E B R A te l e scope 

s e n s i t i v i t y . 

6.1 Introduct ion. 

The sensit ivity of a telescope is limited by the number of photons 

de tec ted f r o m an as t ronomica l objec t and the background level 

f rom the vicinity of that particular object. In the case of gamma 

ray as t ronomy, the photon f lux is quite low compared with the 

intensity of photons f rom sources in the rest of the e lect romagnet ic 

s p e c t r u m . 

The nature of gamma ray photons, par t icular ly their penetra t ion 

power , make observat ion in the desired energy range , (0.2-

10.0)MeV, a bit awkward. 

T h e sens i t iv i ty of a g a m m a ray te lescope is dependen t upon a 

number of paramete rs such as , large sensi t ive detect ion area, 

long in tegra t ion per iod , high detect ion e f f i c i ency , e f f ec t ive 

shielding system and low background level. 

T h e f i r s t two p a r a m e t e r s are d e p e n d e n t upon the m e c h a n i c a l 

ar rangement of the telescope. The rest of the parameters for the 

case of Z E B R A telescope have been discussed in this chapter in 

detai l . In addi t ion to that the expected sensi t ivi t ies of the 

te lescope for cont inuum and line emission have been evaluated. 

6.2 Background noise level. 

On ly the c o n t r i b u t i o n to the de t ec to r b a c k g r o u n d has been 

cons ide red as the background noise level fo r Z E B R A te lescope . 

The contribution to the background due to the existence of the mask 

has been ignored since it is f ixed (4m.) away f rom the detect ion 

p l a n e . 

The main contributions to the background noise level in the ZEBRA 

imaging te lescope are: 
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1. Gamma ray induced background. 

2. Neutron induced background. 

3. Cosmic ray effects . 

All these contr ibut ions have been calculated by (Chara lambous et al 

1984). The evaluated background takes the fol lowing form : 

dN 
2^ = 200 E'^ ph cmr^ s'^ keV'^ (6.1) 

6.3 The ant icoincidence system. 

The mos t e f f e c t i v e way to reduce the in tens i ty of C o m p t o n 

sca t te r ing and the photon escape p rocess in an observed pu l se 

height spect rum is to surround the main detector with an e f f ic ien t 

ant icoincidence shield. The function of the shield is to detect all 

the e s c a p e d p h o t o n s . At the same t ime it works in 

ant icoincidence with the main detector. The system also funct ion 

to reduce external background radiation such as cosmic rays. 

In the case of ZEBRA telescope, each position sensitive detector is 

shielded by the two adjacent detectors and by the ant icoincidence 

bars f rom below. 

To evaluate the per formance of the ZEBRA shielding, a series of 

tests were per formed. The results of these tests are discused in 

the fo l lowing sections. 

6.3.1 Laboratory assessment of ZEBRA shielding. 

6.3.1.1 Test configurat ion. 

A block of six detectors were assembled, three posi t ion sensit ive 

detectors on top and three anticoincidence detectors below. The 

ob j ec t i ve of the test was to eva lua te the p e r f o r m a n c e of the 

ant icoincidence system for the top central detector. Data f rom 

these detectors were acquired via a C A M A C system and af terward 

processed in a P D F 11/24 computer (fig.6.1). 
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A number of gamma ray sources such as, ^^Na, ^^Co, 

and an 241 A m / B e were set above the centre of the central detector 

to achieve the aim of the test. 

A col l imated 137cs source was used to calibrate the system. Three 

d i f fe ren t posi t ions were chosen (centre of the detector, + and -

15cm. f rom the centre). The data was analyzed and the system 

was ca l ib ra ted . 

T h e main test was carr ied out using the ment ioned g a m m a ray 

sources fixed at ( Im. ) above the central detector. A typical s 

source spectrum is shown in f ig.(6.2a). 

The test of the 241 A m / B e neut ron source is an in te res t ing case . 

Neutrons are absorbed in Nal crystals by the fol lowing two process : 

> (6.2) 

> ^28/ 

The two products and ^25/ which are produced by the neutron 

cap ture shown above, have two d i f fe rent half - l ives of 15 hours 

and 25 minutes respectively. This leads to an easy separation of 

the two process . The cross-section of the for the neutron 

cap tu re is inverse ly propor t iona l to the veloci ty of the neu t rons 

therefore , the neutron f lux can be determined f r o m the '^'^N a 

a c t i v i t y . 

Fig.(6.2 b) shows the gamma ray spectrum of the 241 A m / B e neu t ron 

source . This spectrum features two peaks. Their calculated 

energy are (1374t37)keV and (1736#2)keV. These are 

co r r e spond ing to the energy peaks of (1368)keV and (1732)keV 

acccHding to(3AhIMA PLAIT (lA/TAJLCHJCiE. 

6.3.1.2 Shielding quality. 

The compar i son between the shielded and unshielded spectra is of 

very high interest. This comparison will show the quali ty of the 

shielding system for the imaging telescope. 

T h e e f f e c t of this shielding is highly dependent on the system 

re jec t ion for Compton scattering photons. The answer to this 
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query was g iven when the sh ie lded and unsh ie lded da ta of a 

col l imated source fixed at 46cm. above the desirable detector 

was subtracted. The resul t is given in f ig . (6 .3) . This curve 

represent the number of re jec ted Compton scattered photons versus 

energy. It is clear that the rejection is substantial at low energies 

and decreases when it get closer to the photopeak region. The 

qual i ty of the shielding was fur ther expressed when the shie lded 

and unshilded spectra of the source were compared as shown 

in fig.(6.4). The same method was applied to the 2 2 f f a source . 

The results are given in f ig.(6.5) and (6.6). 

6 .3.2 Peak-to- total ratio. 

The photofract ion, or the peak-to-total ratio, is a key parameter 

in describing the response of a gamma ray detector. This quantity 

is def ined as the ratio of interactions in which the incident gamma 

ray p h o t o n s are tota l ly absorbed to the inc iden t p h o t o n s that 

interact and do not lose their entire energy. This parameter was 

evaluated for a ZEBRA detector at three different posit ions along the 

bar (-15cm., 0cm., +15cm.). The result is given in fig.(6.7). 

6.3.3 Energy resolution characterist ics. 

The energy resolut ion of the instrument is a funct ion of energy of 

the incident photons. This parameter was determined and given 

in section (4.7.1). Here we investigate the variation of the energy 

resolut ion of the inst rument according to source posi t ion. The 

energy resolut ions of a coll imated I37(]g source, f ixed at different 

pos i t ions away f r o m a pos i t ion sensi t ive detector was eva lua ted . 

The result is given in fig.(6.8). This curve shows that the energy 

reso lu t ion r eaches sa tura t ion and is not e f f ec t ed by the source 

posit ion after about (50cm.) away f rom the detector. 
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6.3.4 Test for the escape photons result ing f rom pair production. 

If a gamma ray photon with energy ( E y > 2moC^) interacts within a 

detector , the pair product ion probabi l i ty increases s trongly with 

energy. Under such circumstances, a posi tron-electron pair is 

created f rom which the positron will annihilate with an electron and 

emit two photons of (511) keV. One or both of these photons can 

leave the detec tor and interact in the ad jacen t detector . The 

performance of the ZEBRA detectors were evaluated for this . 

A test was pe r fo rmed on the conf igura t ion of f ig . (6 .1) using a 

co l l ima ted 2 2 8 % source (Ey = 2.6 MeV). An energy window of 

(1.022 MeV) was set for the detector and one of (0.511 MeV) 

for the rest of the detectors. Fig.(6.9 a) shows the position peak of 

the detector . There is no indicat ion for the exis tence of 

posi t ion peaks for the (N-1) and ( N + i y ^ detectors ( f ig .6 .9 b,c). 

This conf i rm that each detector is t r iggering in ant icoincidence to 

the adjacent detector. Fig.(6.9 d,e) shows the position peaks for 

the ( C - i y ^ and ( C + l)^f^ detectors. It indicates that photons with 

energies more than 0.511 MeV have been detected by these two 

part icular bars. This demonstrates that the produced positrons by 

the pa i r -p roduc t ion have annihi lated and g a m m a rays of 51 I k e V 

are l iberated. Some of these photons f r o m the ,(C-1 and 

( C + 1 )^^ de tec to r s escaped and in te rac ted in the d e t e c t o r 

therefore, a pseudo position peak appear as shown in f ig.(6.9 f). 

The conclus ion of this test is that there is the possibi l i ty of the 

te lescope to be operat ing in the pai r -product ion mode which is an 

addi t ional to the imaging and t iming modes descr ibed in sect ion 

(4 .4 .2) . 

6.4 The ZEBRA gamma ray detection efficiency. 

The de tec t ion e f f i c i ency can be expres sed as the ra t io of the 

de tec ted g a m m a ray pho tons to the to ta l n u m b e r of inc iden t 

photons . A Monte-Car lo calcula t ions of the response of the 

detection plane of ZEBRA telescope to gamma ray photons as well as 

exper imental evaluat ions are given below. The two results are 

c o m p a r e d and d i s cus sed here . T h e e x p e r i m e n t a l tes ts were 
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Figure (6.9) The peak positions fbr all the six bars used in the 

shielding experiment. 
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achieved as a part of the final assembly and integration tests of the 

experiment in its last stage before f lying. 

6.4.1 Simulation studies of the detection ef f ic iency. 

The Monte-Car lo simulation code employed to evaluate the expected 

detect ion e f f ic ienc ies of Z E B R A is given by (Nataluci et al 1986). 

The detection module is given in fig.(6.10). The threshold of the 

posi t ion detectors were set to (180 keV) whi le the ant icoincidence 

detectors were set to (80 keV). 

The Monte-Car lo simulation has taken three interact ion process into 

account; the photoelectr ic ef fec t , the Compton scat ter ing and the 

pa i r -p roduc t ion . It has also assumed that a monochroma t i c 

paral lel beam of (2*105) photons are perpendicu la r ly incident onto 

the upper surface of the detection plane. 

The eff ic iencies of the detection plane as a funct ion of energy were 

calculated. Also the peak-to-total ra t io values were calculated. 

These results are compared with the exper imenta l da ta here. 

6.4.2 Exper imental evaluation of the detection ef f ic iency . 

A series of tests were carried out to evaluate the response of the 

Z E B R A detec t ion p lane such as the de tec t ion e f f i c i e n c y and the 

pho to f rac t ion . The method of the tests and the resul ts are 

demons t r a t ed be l low. 

6.4.2.1 Measurements Method. 

In order to minimize the room scattering problem and calculate the 

response of the detect ion p lane properly, the fo l lowing method 

was used. A block of lead was employed as an anticoll imator 

f ixed at a dis tance of (1.5m.) away f rom the centre of the detection 

plane ( A beam of laser was used for the alignment ). A schematic 

diagram of the test is shown in fig.(6.11). The idea was to block 

the field of view of the detection plane f rom any direct gamma ray 
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Figure(6.10) A schematic view of the ZEBRA detection plane model 

used for the Monte-Carlo simulation of the detection eff iciencies 

( f rom Nataluci et al 1986) 
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Figure (6.11) A schematic diagram of the detection efficiency 

evaluation test. 
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photons so the amount of scattered photons by the sur rounding of 

the detect ion plane can be evaluated. 

The fu l l detection plane was i l luminated using four d i f fe ren t gamma 

ray sources; 137cs , 22jsfa,54]vin and 203Hg. Four sets of data were 

taken : 

1. Background measurement without the presence of the lead block 

2. Background measurement with the presence of the lead block 

3. Source measurement with the presence of the lead block (B+L+X). 

4. Source measu remen t wi thou t the p resence of the lead block 

The combinat ion of these data sets def ine the, background level, 

the amount of scattered photons and the net f lux of photons that 

incident into the detection plane ; 

* 2-1 = The difference in the background level due to the existence 

of the lead block. 

* 3-2 = The scattering f rom the surrounding. 

* 4-3 = The net photons that incident into the detection plane. 

6 .4.2.2 Envi ronment background level 

To calculate the total detection eff iciency, it is essential to measure 

the background level of the environment . This measurement was 

checked with and without the presence of the ant icol l imator block. 

It was found that the d i f fe rence between the two data sets has no 

statistical s ignif icance as shown in (fig.6.13). 

6.4.2.3 Scattering level. 

The level of scattering f rom the surrounding such as the structure 

of the r o o m etc. can not be ignored and must be taken into 

considerat ion. As it was expected, many gamma ray photons 

scat tered back into the detect ion p lane af ter undergo ing Compton 
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Figure (6.13) The enviromental background level with and without the 

presence of the anticollimator. 



161 

scat ter ing process . A typical scattering spectrum f o r a 13 7 c s 

source is given in fig.(6.14). Table (6.1) indicates how signif icant 

is the scattering level. 

Tatde (6.1) 

Source Scattering level % 

137c;s 7 

22Nb 8 

54Mn 18 

0.2 

• T a b l e (6.1) The scattering level of the gamma ray sources used in 

the e f f ic iency tests. 

6.4.3 Total detection eff iciency. 

The total detect ion eff ic iency {£t) of a detector for gamma rays of 

e n e r g y Ey can be expressed as : 

where ; 

nt is the total number of photons detected by the detector per sec.. 

Ho is the total number of photons emitted by the source per sec.. 

4 n Q is the solid angle subtended by the detector at the source. 

The calculated solid angle for the given configurat ion was calculated 

to be 8 .674*10-3 Sr.. The detection ef f ic iency was evaluated and 

given in Table (6.2). This result is compared with the Monte-Carlo 

s imulat ion and depicted in f ig.(6.15). 



162 

2600 

2 4 0 0 

2200 

2000 

1800 

1600 -

1400 -

3 1200 
a 

1 0 0 0 -

8 0 0 -

27-AUG-87 PDET2 

1 I I I I I I I r 

FAY 200 - 10400 k 

600 

400 -

200 

Q — 

- 2 0 0 
0 1 0 0 0 2 0 0 0 3 0 0 0 4 0 0 0 6 0 0 0 QOOO 7 0 0 0 8 0 0 0 9 0 0 0 1 0 0 0 0 1 1 0 0 0 

E n e r g y ( k e V ) 

137 
Figure (6.14) A typical scattering spectrum for a Cs source 



163 

1 0 0 

5 0 

. Experiitental^^-wV. 
Simulation 

g 

• 

QJ 

# 2 0 
-

w 

0,1 
Energy (MeV) 

10 
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Table (6.2) 

Source Efficiency % 

l37Cs(662 keV) 49^2 

22Na(511 keV) 63^2 

(1275 k e \ 0 42t2 

51^2 

:%)3]3ig(:>79 ke\r) jkZf/Z 

Table (6.2) The detection eff ic iencies of the Z E B R A telescope for 

d i f fe ren t g a m m a ray sources. 

The results of this test, with the exception of the ^OSfjg source, is 

fa i r ly compat ib le with the Monte-Car lo s imulat ion data . The 

errors are in the order of less than 10% and this is understandable . 

The case of the 203Hg source has given unexpected results f rom the 

beg inn ing . The d i f f e r ence be tween the s imula t ion and the 

experimental data was large (roughly 30% worse). This was found 

to be due to a combination of few factors. First, the background 

of all the nine posit ion sensitive detectors was searched and it was 

found that at least f ive of them were set to about (235 keV) energy 

threshold instead of (200 keV) (fig.6.16). This obviously has a 

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

relatively lower energy gamma ray source such as 2 0 3 f j g ( 2 7 9 keV) . 

It is clear f r o m table (6.2) that this factor did not contribute a great 

deal in decreas ing the ef f ic iency of higher energy sources. A 

second fac tor that could have contr ibuted to this decrease is the 

destabi l ized dead t ime of the experiment . The dead t ime could 

have changed dur ing taking data without notice, and hence 

reduced the amount of detected photons. Final ly , the over 

es t imat ion of the photon f lux emitted by the source due to the 

uncer ta inty of its f lux (-3 .7% as declared by the suppliers) could 

have also contr ibuted to this problem. 
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Figure (6.16) The threshold set-up of all nine position sensitive 

detectors . 
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6.5 The sensitivity of the ZEBRA telescope. 

The sensi t ivi ty of the te lescope to cont inuum and d iscre te gamma 

ray l ine emi s s ion was ca l cu l a t ed at the ( l a ) l eve l wi th an 

integrat ion period of (2*104)sec. . The continuum sensitivity curve 

was compared to some galact ic and extragalactic sources . The 

t ime for detect ing ( 3 a ) f r o m some of these objects was calculated. 

Also the line sensitivity was compared to some of the gamma ray 

lines previously detected f rom some cosmic sources. All these are 

given next . 

6.5.1 The cont inuum sensitivity. 

The cont inuum sensitivity of the ZEBRA telescope at the ( l a ) level 

co r respond ing to an in tegra t ion period of 2*10^ sec. is shown in 

fig.(6.17). The expression used for calculating this curve is : 

where : 

B(E) is the background level in counts .cm^^.s ' l .keV"! . 

AE is the energy band 

A is the detection area 

T is the integration period 

£ is the eff ic iency 

o is the statistical s ignif icance 

The background counting rate was taken f rom the calcula t ions of 

(Charalambous 1983) which assume that it takes the fo rum : 

200 counts cmr^ s'^ keV'^ (6.6) 
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Figure (6.17) The sensitivity of ZEBRA telescope to the continuum 

emission of gamma ray point sources. 
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The de tec t ion e f f i c i ency used for the ca lcu la t ions based on the 

Monte-Car lo results given earlier. 

The predic ted number of ( a ) f rom some wel l -known galact ic and 

ex t raga lac t ic sources , are ca lcula ted and given in table (6.3). 

Also the required time for the (3 a) level was calculated and given in 

the same table. Meanwhile table(6.4) shows the single power law 

used for the calculat ions and the re fe rences f rom which they were 

t a k e n . 

A special ca lcula t ion was made for the C R A B pulsar due to its 

unique fea tures . It is the only pulsar that has been observed 

throughout almost the entire electromagnetic spectrum. The light 

curve of this pulsar in the gamma ray region consists of two t ime 

p e a k s of e q u a l i n t ens i t i e s j o i n e d by an i n t e r p e a k e m i s s i o n 

(Mahoney et al 1984). The sensitivity calculat ions, both with 

and without the presence of the Mask are given in table(6.5). 

6.5.2 The line sensitivity. 

Z E B R A line emission sensit ivity for the same integrat ion t ime and 

sigma level is shown in fig.(6.18). This curve has been derived 

using the expression : 

fmin = ( ^ l (6-7) 

where : 

AE is the energy resolut ion of the detect ion p lane in keV at the 

emission line energy. 

Gamma ray lines were first observed f rom Solar f lares (Chupp et al 

1973). Since then, lines have been reported f rom the galactic 

centre, transient events and some extragalact ic sources. Table 

(6.6) shows the line sensitivity of ZEBRA experiment for some of the 

detected gamma ray lines such as, the (511 keV) annihilation line 

and the (1.8MeV) of the 26^1 f rom the galactic centre. 
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Figure ( 6.18) The sensitivity of ZEBRA telescope to gamma ray 

emission from discret lind (Ic , 2 x 10^ s). 
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6.6 Conclusion. 

The re su l t s of the sh ie ld ing e x p e r i m e n t are very e n c o u r a g i n g . 

M a n y pho tons that con t r ibu te to the in tens i ty of the Compton 

d i s t r ibu t ion in the pulse he igh t spec t rum were r e j ec t ed by the 

ant icoincidence system. The conclusion of the shielding quality is 

shown in fig.(6.4) and (6.6). 

The photon detect ion e f f ic iency resul ts were also qui te promis ing . 

The compar i son of these resul ts with the s imulat ion data did not 

show a great deal of difference. 

Final ly, all these have contr ibuted to the predict ion of a very 

sens i t ive t e l e scope which could de tec t a la rge n u m b e r of very 

interest ing galactic and extragalact ic gamma ray sources. 
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Chapter 7 

7 A satellite development of the ZEBRA telescope : GRASP. 

7.1 Introduction. 

The G R A S P te lescope ( G a m m a Ray As t ronomy with Spect rometry 

and Posit ioning) is a proposed fu ture astronomy mission designed to 

opera te as a high reso lu t ion spectral image r in the g a m m a ray 

energy range of the electromagnetic spectrum. The design cover 

the photon energy range f rom 15 keV to more than 100 MeV with a 

spatial resolution of about (1 arc min.) and a f ine spectral analysis 

(X/Al = 1000) of any gamma ray line features in the spectra. This 

exper iment with its long miss ion l i fe t ime is capable to study as 

much as 1000 of astronomical objects. 

Th i s des ign compr i s e s a coded mask and a pos i t ion sens i t ive 

detector plane. The detection plane is a combination of Caesium 

l o d i d e ( T l ) s c i n t i l l a t o r s and G e r m a n i u m so l id s t a t e d e t e c t o r s 

arranged into an overall position sensitive matrix array. The Csl 

elements , which are a major part of the position sensitive detector, 

p rov ide a high e f f ic ien t act ive shield for the solid state detectors 

(Bignami et al 1987). 

A schematic view of the G R A S P telescope is shown in fig.(7.1) and 

the pe r fo rmance parameters are given in table(7.1) . The Csl 

ar ray is capable to genera te high qual i ty images of g a m m a ray 

con t inuum emiss ion . 

As the sensitivity of the Csl array to gamma ray line emission is 

very good (better than 10-5 ph.cm-2.s- l . ) , it is capable to locate line 

sources quite accurately with a spectral resolut ion of (E/AE = 10). 

The quali ty of the images generated by the Germanium is not so 

good but have an excel lent spectral resolution. The combined 

data can provide a percise origin and a f ine spectral structure. 

To reduce the photon induced background in the Csl, a 3cm. thick 

Cs l veto counter is sur rounding the Cs l imager plane. The 

shielding system is completed by an active coll imator placed on top 



4l meters 

Plastic Csl bars 

BGO Veto Ant ico inc idence \ BOO Collimator 

1 
Ge Detector Multi layer insulatio 

Stirling cycle 
coolers (4) 

Figure(7.1) A s c h e m a t i c diagram of the GRASP telescope 
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Performance parameter Ge array Csl array 

Energy range 15 keV-10 MeV 300 kc\^-100 MeV 

Detection area' 550 cm- 2500 cm-

Spectral resolution 10-' 20 

( ^ / J E at 1 McV) 
Field of view 6 ' F W H M 6 ' F W H M 

Typical point source 

location capability 3' r 

Temporal resolution 0 1 s 0.1 ms 

Line detection sensitivity at 

I N k V 

(a) 3cr in 1 0 ' s 2 X 1 0 " ' photons c m " - s " ' 3 X 10"3 photons c m " - s " I 

(b) ha in 10° s 6 X 1 0 " ° photons c m " - s " ' 1 0 " - p h o t o n s c m " - s " ' 

(narrow line, width < 1 keV) (broad line, width 20 keV) 

Continuum sensitivity 

(a) 3cr in 1 0 ' s 3 X iO"^ photons c m " - s~ ' keV~ ' 2 X 10"^ photons c m " - s " ' ' k e V - ' 

(b) la in 10* s 1 0 " ' photons cm " - s " ' keV ~ ' 6 x 10" photons c m " - s " ' k e V " ' 
(at 100 keV, bandwidth 100 keV) (at 10 MeV, bandwidth 5 MeV) 

Table (7.1) Summary of GRASP detector characteristics. 
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of the Ge detector and a thick scintillator veto arrangement on the 

b o t t o m . 

7.2 The Germanium spectrometer. 

This part of the detection plane comprises two di f ferent kinds of 

detector elements. The first part is a planar type hyperpure Ge 

detectors constructed to detect photons with energy< 100 keV and 

to localize their interaction position. 

T h e second par t is a coaxia l hyperpure Ge de tec tors for the 

detect ion of photons with a medium energy (lOOkeV-lOMeV). 

7.2.1 The planar array. 

E a c h of the p l a n a r a r ray d e t e c t o r s has a d i m e n s i o n of 

( 5 . 5 * 5 . 5 * l ) c m 3 , with strips ruled on the top and the bottom 1cm. 

apart as shown in fig.(7.2). There are 10 preamplifiers, 5 on the 

top and 5 on the bottom which operate to localize the interaction 

within 1cm.. There will be no difference whether a p-type or n-

type Ge is employed since electrons and holes are travelling roughly 

the same distance in both cases. 

7.2.2 The coaxial array. 

The major contribution to the background in the energy level of few 

hundred keV to few MeV is due to the radioact ivi ty generated 

inside the detector. Gehrls 1985, came to a conclusion that the 

main source of background noise is related to the decays inside the 

de tec to r which is due to the act ivat ion of the e lements that 

const i tu te the crystal . 

In the Ge detectors, at energies above 200 keV, gamma ray photons 

can be absorbed by multiple spatially separated interact ions which 

c o n s i s t of one or more Compton sca t te r ing f o l l o w e d by a 

photoelectr ic absorption. Meanwhile the P" decay of proton and 

neutron induced radionucleids in the Ge has a short path of few 

mm.. The first interaction has been considered as a multiple-site 

and the second interaction as a single-site. 
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Figure(7.2) The operation principle of a planar strip detector. 
The liberated electron - hole pairs resulting from the 
interactions of gamma ray photons which are collected at the 
upper and lower electrodes ; therby localizing the position 
of interaction 
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Fig.(7.3) shows the type of gamma ray photon interactions which 

possibly occur in the Ge array. Interaction type-1 is a single-site 

event leaving its entire energy in the upper part detector. Case-2 

is a multiple-site event with loosing some energy in the upper 

detector and the rest in the lower detector. While in case-4 the 

photons traverse the upper detector without suffer ing any energy 

lose and stops in the lower layer suffer a single Compton scattering 

followed by a photoelectric absorption. Finally, in case-3, the 

photon has left some of its energy in one Ge detector and the 

remaining in another detector and this type of events are rejected. 

The background level can be reduced by about an order of 

magnitude if a technique can be used to distinguish between single 

and multiple-sites. This eventually improve the sensitivity of the 

exper iment s ignif icantly. 

The GRASP team are trying to achieve this aim by one of the 

following three techniques : 

1. Detector segmentation. 

2. Multi-layer planar. 

3. Pulse shape discrimination. 

Any of these techniques will reject about 95% of the single-site 

events and accept more than 80% of the multiple-site interactions. 

Meanwhile the p" decay will be eliminated in any cases. 

7.3 Caseium Iodide imaging detectors. 

This part of the detection plane is constructed from a 3-dimensional 

array of gamma ray detectors which are capable to locate and 

measure the energy deposited by the photon interactions in the Csl 

detectors. The overall Csl position sensitive detectors comprise a 

stack of bars (approximate dimensions are 13.5*13.5*150 mm^.). 

These bars (about 100 of them) are based around the central Ge 

array and are acting as an active shield of (15cm.) thickness for the 

Ge array. 

The cross section of these bars matches the sensitive central area of 

the photodiodes and has a maximum light collection eff ic iency. 

The length of these bars has been chosen to be 15cm. to provide the 
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required thickness of the veto shielding for the Ge array. At the 

same time the width of the bars has been chosen to be 13.5mm. to 

provide a resonable pixel size which matches the Ge element and 

the employment of coded mask to generate images of the sky at 

(arc min.) level. 

The Csl bars are viewed by pin photodiodes and these diodes are 

connected to low level noise ampl i f iers built special ly for this 

purpose. Each bar is optically isolated f rom the adjacent units. 

In this expe r imen t , pho tod iodes have been chosen ins tead of 

photomultipliers for many reasons : 

1. They do not present any significant attenuation of gamma rays. 

2. They are uneffected by magnetic field changes. 

3. They do not require a high voltage power supply to run. 

4. They are small and light. 

The surface of the Csl crystals has been treated in such away to 

give an attenuation light signal as a funct ion of distance along the 

b a r . 

The attenuation of light signals along the bars can be given by : 

el = (^)- p • (7.1) 

E 2 = f ( 7 . 2 ) 

where : 

l is the length of the bar. 

% is the distance f rom the midpoint of the bar. 
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Ey is the energy deposited at the bar. 

E o is the required energy to emit a light quantum in the detector 

per keV energy deposited. 

p is the total possibilities that a light quantum produced at one 

end generate a photoelectron in the nearby photocathode. 

Thus the position of interaction can be given as 

and the error as 

paLI4 -4 pax+p-ax 
ax = , (7.4) 

2a.^ey.(pie„) 

The energy deposited is ; 

and the error is : 

z i E y 
A c ( 7 . 6 ; 

ty 

7.3.1 The performance of the Csl detection units. 

The exper imenta l arrangement of the evaluat ion of the Cs l bar 

performance is shown in fig.(7.4). The signals from the amplifiers 

are processed by a C A M A C system in conjunc t ion with a Vax 

computer. A typical roll-off curve of one of the bars is shown in 

fig.(7.5)(Dean et al 1987). The gamma ray photons derived from a 

co l l ima ted source. The attenuation coeff ic ien t of this 

par t icu lar bar is (a = 0.1). A wide range of ( a ) values are 

obtainable experimentally which is very helpful to design detectors 

with opt imum positional resolution. 

The estimated spectral values which can be supplied by the GRASP 
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Figure (7.5) The light attenuation curve for Csl bar. 
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geometry are : 

zlc = O.g-y.J cm. 

" Y = 7 - ^ 0 % 

at gamma ray energy of (1 MeV) and ( a ) values of (0.05-0.1). 

The spectrum taken f rom this ar rangement is shown in 

fig.(7.6). The performance of the Csl/photodiode combination will 

not degrade in the radiation environment. Fig.(7.7) shows this 

performance over the range of (-40°C.) to (+40°C.) with a near 

constant per formance . 

The detection efficiency of the telescope over the working energy 

range is close to unity as shown in fig.(7.8). Also the absorption 

efficiency is given in the same diagram. 

7.4 The veto system. 

This system is designed to reduce the background noise level 

produced by the undesired gamma ray photons, also to 

suppress the effect of the interaction of charged particles on the 

s y s t e m . 

The Ge solid state spectrometer is shielded mainly by the Csl 

detectors and partially by the arrays of the Csl counters. The 

collimator's aperture has been chosen in some way to reduce the 

contr ibut ion of cosmic gamma ray d i f f u s e componen t of the 

background at energies up to 100 keV. 

Since the Csl imager supply continuum and broad line sensitivity at 

energies above few hundred keV, it does not require a thick veto 

system. At this level, the major contribution of the background is 

the neutron induced events (Charalambous et al 1985). Therefore 

the 3cm. thick Csl veto counters that surround the Csl imager has 

been optimized to reduce the background level. 

The last part of the veto system is the plastic anticoincidence 

counter which designed to el iminate the e f fec t of the charged 

particle specially low energy electrons. 
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7.5 The coded mask. 

Coded aperture mask technique has an enormous role in producing 

high quality images of gamma ray sources at the present time. 

This technique has increased the possibility of designing gamma 

ray telescopes with a large detection plane, wide field of view, 

f ine angular imaging capacity and the ability of simultaneous 

monitoring of source flux and background counts. The latter 

aspect is extremely important in gamma ray astronomy due to the 

existence of many desirable weak sources to be detected. 

The GRASP telescope will employ the latest technique in coded 

aperture mask which is a rotating hexagonal uniformly redundant 

arrays mask. 

The introduction of rotating masks which periodically replace mask 

pattern by anti-mask pattern, will improve the endurance to 

spatial and time variation in the detector background noise (Coock 

et 1984X 

Some possible patters for the GRASP mask is shown in fig.(7.9). 

The basic mask pattern elements size is related to the Csl element 

size which is matched to the size/positional resolution of the Ge 

de tec to r . 

The substance of the mask elements will be a high-Z material such 

as Tungsten with a thickness of about 2cm.. The mask will be 

mechanically supported by a honeycomb structure which is >80% 

transparent for photons with energy more than 15 keV. The 

rotation time of the mask will be about 1-10 minutes. 

Good quality images can be produced by the Ge and Csl detectors. 

The quality of the images can be improved by the combination of 

the two data sets. 

7.6 The electronics system. 

This system consists of two sets of (Front End Electronics-FEE) and 

(Digital Processing Electronics-DPE) units. One for the Csl 

detectors and one for the Ge detectors. Both units transfer their 

information to one (Data and Telecomand Interface Electronics-

DTIE) which is consequently transfer the data to the (Data and 

Telecommand Bus) as shown in fig.(7.10). 

The FEE contains the preamplifiers, amplifiers, analog thresholds, 



188 

I 

I 
I 
8 

I 

S 
>1 

(8 
'H 

CO 



189 

C s l d e t e c t . 

\ 7 
F.E.E. 

\ 7 
D.F '.E. 

V 

Ge de tec t . 

\ 7 
F.E.E. 

\ / 
D.F '.E. 

Da ta e n d T e l e c c r n m c n d 
I n t e r f a c e E lec t ron ics 

to 

Doto end 
T e l e c c m m a n J 

bus 

Figure (7.10) The electronics system of the GRASP telescope. 
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basic coincidence circuits and analog to digital conversion circuits. 

The FEE is divided into sub-divisions,each division is responsible for 

receiving data f rom a stack of bars typically 100 of them (this only 

in the case of the FEE of the Csl detectors) and then transfer the 

data to the DPE. A similar arrangement has been employed for 

the FEE of the Ge detectors. 

The DPEs have several funct ions such as; receiving data f rom the 

F E E s a n d s e l e c t t h e d e s i r a b l e e v e n t s , c o n t r o l l i n g 

thresholds,recognit ion of mode of interaction, timing and generating 

House-keeping data (e.g. event-rate meters,dead t ime counters. .etc) . 

The DTIE rece ive data f rom the two DPEs , organize and then 

t r a n s f e r t h e m to the ( O n - B o a r d Da ta H a n d l i n g E l e c t r o n i c s 

E lec t ron ics -OBDHE ) via the command and the data bus. A 

detailed description of the GRASP telescope is given by (Bignami et 

al 1988). 

7.7 Background and sensitivity calculations. 

7.7.1 Background level. 

The background estimation for the Csl detectors is based on the 

results of the Monte-Carlo studies and exper imental tests done at 

Southampton Universi ty to evaluate the background of the ZEBRA 

and SIGMA projects. Charalambous et al 1985 have determined 

the var ious background componen t s in low energy g a m m a ray 

telescopes. While the estimation for the background level in the 

Ge detectors is based on both balloon and satel l i te exper iments 

(Geherls 1985, Pasciesas et al 1983, Mahoney et al 1980). 

The fol lowing components are contributing to the background level 

of the Csl detectors : 

1. Cosmic d i f fuse photons that enter the forward aperture. 

2. Gamma rays which locally produced by the interaction of gamma 

ray photons with the material of the space-craft . 

3. Events generated f rom the neutrons produced throughout the 

body of the experiment and the space-craft . 

4. Spallation generated within the detectors. 

Meanwhi le , the components that dominate the background level in 
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the Ge detectors are : 

1. Cosmic diffuse photons which enter the front aperture. 

2. Cosmic diffuse photons which pass through the Csl detectors and 

coun te r s . 

3. Events genera ted f rom neutrons , such as e las t ic neutron 

scattering and p - d e c a y . 

4. Spallation products and inelastic neutron scattering within the Ge 

detectors which consequent ly generate radioact ive isotopes and 

hence gamma ray lines. 

7.7.2 Sensitivity calculations. 

The GRASP continuum sensitivities as shown in f ig . (7.11) are 

corresponding a (3a) significance of 10^ and 10^ seconds integration 

times. The calculations are based on the formula given in section 

(6.5.1). 
Up to 500 keV, the Ge detectors are used to supply the main 

continuum sensitivity while the Csl arrays provide the rest of it. 

The line sensitivities of the telescope for the same integration times 

are given in fig.(7.12 a,b) and the formula used for the calculations 

is given in section (6.5.2). 
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Figure (7.11) The continuum sensitivity of the GRASP tele scope. 
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Figure (7.12b) The narrowline sensitivity of the GRASP telescope. 
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