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HARD X-.pAY IMAGING FROM EXPLORER 
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Harvard-Smithsonian Center  f o r  As t rophys ic s  

ABSTRACT 

Hard X-ray Astronomy (at  e n e r g i e s  210 keV) h a s  not y e t  enjoyed 
t h e  high s e n s i t i v i t y  and high r e s o l u t i o n  t h a t  imaging t echn iques  and 
t h e  E i n s t e i n  Observatory have allowed f o r  t h e  s o f t  X-ray band. Many 
fundamental problems i n  high energy a s t r o p h y s i c s  r e q u i r e  g r e a t l y  
inc reased  s e n s i t i v i t y  and observing t i m e  a t  hard X-ray e n e r g i e s .  It 
i s  p o s s i b l e  t o  o b t a i n  such l a r g e  i n c r e a s e s  i n  s e n s i t i v i t y  as  well as  
a n g u l a r  r e s o l u t i o n  w i t h  coded a p e r t u r e  imaging X-ray d e t e c t o r s .  A new 
hard X-ray coded a p e r t u r e  d e t e c t o r  concept i s  desc r ibed  which would 
enab le  very high s e n s i t i v i t y  s t u d i e s  of p e r s i s t e n t  hard X-ray 
(-15-300 KeV) sources  and gamma ray b u r s t s  ('50-550 K e V ) .  Coded 
a p e r t u r e  imaging i s  employed so t h a t  '2' source l o c a t i o n s  can be 
der ived  w i t h i n  a 3" f i e l d  of view. Gamma b u r s t s  could be l o c a t e d  
i n i t i a l l y  t o  w i t h i n  '2" and X-ray/hard X-ray s p e c t r a  and t iming,  as  
w e l l  as p r e c i s e  l o c a t i o n s  (-2'1, d e r i v e d  f o r  p o s s i b l e  b u r s t  a f t e r g l o w  
emission.  Hard X-ray imaging should be conducted from a n  Explorer  
mis s ion  where long exposure times are p o s s i b l e .  

1. INTRODUCTION 

With t h e  E i n s t e i n  Observatory,  s o f t  X-ray astronomy has become 
f u l l y  competi t ive w i t h  o p t i c a l  and r a d i o  astronomy i n  t h a t  v i r t u a l l y  
a l l  major c l a s s e s  of as t ronomica l  o b j e c t  have proven t o  be d e t e c t a b l e  
i n  t h i s  energy band. Such s p e c t a c u l a r  growth h a s  not y e t  occu r red  i n  
hard X-ray astronomy. However, t h e  r e s u l t s  which are a v a i l a b l e  
suggest  a r i c h  v a r i e t y  of a s t r o p h y s i c a l  problems. For example, 
a i though  E i n s t e i n  o b s e r v a t i o n s  have r evea led  t h a t  q u a s a r s  and a c t i v e  
g a l a c t i c  n u c l e i  (AGN) are almost always d e t e c t a b l e  i n  ( s o f t :  X-rays, 
t h e i r  s p e c t r a  and hence source r a d i a t i o n  mechanisms are  s t i l l  l a r g e l y  
unknown. I n  t h e  few b r i g h t e s t  q u a s a r s ,  and i n  a somewhat l a r g e r  
number of st i l l  b r i g h t e r  S e y f e r t  g a l a x i e s ,  hard X-ray emission 
ex tend ing  ou t  t o  A t  l e a s t  s e v e r a l  hundred keV i s  d e t e c t e d .  Most of 
t h e  r a d i a t i o n  and luminos i ty  from q u a s a r s  and AGNs may be i n  t h e  hard 
X-ray band, and t h u s  r ea l i s t i c  models w i l l  not be p o s s i b l e  u n t i l  many 
high q u a l i t y  X-ray o b s e r v a t i o n s  a t  e n e r g i e s  up through t h e  probable  
h i g h  energy s p e c t r a l  break ( a t  -200-300 keV) are a v a i l a b l e .  

I n  a d d i t i o n  t o  t h e  q u a s a r s ,  a number of o t h e r  fundamefital 
problems i n  high energy a s t r o p h y s i c s  may also be s t u d i e d ,  and i n  some 
c a s e s  u-  i e r s tood ,  b e s t  i n  t h e  hard X-ray band. The s c i e n t i f i c  need 
f o r  high s e n s i t i v i t y  and high angu la r  r e s o l u t i o n  a t  hard X-ray 
e n e r g i e s  (-10-500 keV), a s  d i scussed  i n  t h e  next s e c t i o n ,  could be m e t  
w i t h  a coded-aperture imaging d e t e c t o r .  An Explo re r - c l a s s  ha rd  X-ray 
imaging experiment would be t h e  i d e a l  compliment t o  f u t u r e  d i r e c t  
imaging X-ray t e l e s c o p e s  (e.g., EXDSAT, ROSAT, AXAF, and e v e n t u a l l y ,  
LAMAR) which w i l l ,  of cour se ,  be s e n s i t i v e  only below ' 5 - 8  k e V .  
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2. SCIENTIFIC NEED FOR HARD X-RAY OBSERVATIONS 

A wide range of fundamental problems i n  a s t r o p h y s i c s  can best be 
a t t a c k e d  wi th  s e n s i t i v e  new o b s e r v a t i o n s  a t  hard X-ray e n e r g i e s .  It 
i s  p o s s i b l e  t o  summarize these  i n  t h e  form of a t a b l e  of p a r t i c u l a r  
problems and t h e  approximate ranges of photon e n e r g i e s  r e q u i r e d  f o r  
t h e i r  s o l u t i o n .  Table  1 c o n t a i n s  such a summary, i n  which each e n t r y  
i s  a n  area of s tudy which r e q u i r e s  o b s e r v a t i o n s  in t h e  photon energy 
range shown. Ar row t i p s  mean t h a t  t h e  energy l i m i t  ( h igh  or low) is 
not determined, whereas v e r t i c a l  t i c k s  a t  t h e  energy range ends  
mean t h a t  t h e  range i s  more or less f i x e d .  

w e l l  

I n  t h e  gene ra l  s tudy  of compact o b j e c t s  hard X-ray s p e c t r a  can 
provide a k e y  test f o r  t h e  n a t u r e  of t h e  o b j e c t .  White dwarfs  would 
not be expected t o  have thermal s p e c t r a  w i t h  t empera tu res  above t h e  
f r e e  f u l l  temperatures  of ‘200 keV whereas neu t ron  stars could have 
thermal components ex tend ing  t o  MeV e n e r g i e s .  X-ray b u r s t s  have shown 
t h a t  neutron star r a d i i  can be measured from t h e  blackbody s p e c t r a  a t  
low e n e r g i e s  whereas r e c e n t  gamma ray b u r s t  s t u d i e s  by t h e  S o v i e t s  a t  
‘30-500 keV suggest that  t h e  511 keV a n n i h i l a t i o n  l i n e  has been 
d e t e c t e d  a t  a g r a v i t a t i o n a l  r e d s h i f t  of ‘ 0 . 2 - 0 . 3 ,  or approximately 
t h a t  expected f o r  a neu t ron  stsr. Cyclotron l i n e s  have been d e t e c t e d  
a t  hard X-ray e n e r g i e s  (‘60 keV) and nebcron star magnetospheres m i g h t  
be s t u d i e d  a t  e i t h e r  hard (‘1OC-200 ‘ ) e n e r g i e s  corresponding t o  
l o c a l  f r e e  f u l l  t empera tu res  a t  t h e  A l i v r u  r a d i u s  or s o f t  (‘0.3 keV) 
e n e r g i e s  i f  t h e r e  i s  o p t i c a l l y  t h i c k  re-emission. 

Acc re t ion  f lows and t h e  d i s t r i b u t i o n  of coo l  gas and hot 
e l e c t r o n s  i n  a c c r e t i n g  sys tems r e q u i r e  hard X-ray obse rva t ions .  In 
p a r t i c u l a r ,  t h e  s tudy of Comptonization of a s o f t  s p e c t r a l  component 
by e n e r g e t i c  e l e c t r o n s  can lead t o  hard Compton-tails o u t  t o  s e v e r a l  
hundred kel’. The r e s u l t i n g  power law - t ype  s p e c t r a  and thermal  
c u t o f f s  might be expected i n  many m9re o b j e c t s  t han  j u s t  Cyg X-1 where 
they have been observed. S t u d i e s  of t h e  simultaneous v a r i a t i o n s  i n  
t h e  s o f t  vs .  hard X-ray s p e c t r a  a s  a f u n c t i o n  of b i n a r y  phase might 
a l low t h e  s p a t i a l  temperature  and d e n s i t y  s t r u c t u r e  of t h e  a c c r e t i o n  
flow t o  be s tud ied .  

Determination of t h e  r a d i a t i o n  mechanisms involved i n  g iven  X-ray 
sou rces  obviously r e q u i r e s  broad bend s p e c t r a  ex tend ing  t o  hard 
e n e r g i e s .  Thermal c u t o f f s  a t  high e n e r g i e s  can d i s t i n g u i s h  
Comptonization of thermal  s p e c t r a  from non-thermal p rocesses .  Sources  
wi th  predominantly ‘10 keV thermal bremsstrahlung s p e c t r a  (e.g. ,  most 
g a l a c t i c  bulge s o u r c e s )  may be expected t o  have unde r ly ing  ha rd  
components from thermal p rocesses  ( f ree  f a l l ,  Comptonization, e t c . )  or 
non-thermal p a t t i c l e  a c c e l e r a t i o n  as i n  SS433. 

F i n a l l y ,  and perhaps most important ,  t h e  b a s i c  unde r s t and ing  of 
any o b j e c t  r e q u i r e s  knowing i t s  luminosi ty  and o v e r a l l  e n e r g e t i c s .  
For q u a s a r s  and a c t i v e  g a l a c t i c  n u c l e i  (AGN) i n  g e n e r a l ,  t h i s  r e q u i r e s  
hard X-ray o b s e r v a t i o n s  s i n c e  t h e  s p e c t r a  a l r e a d y  observed from t h e  
f e w  b r i g h t e s t  sources  i n d i c a t e  t h a t  t h e  hard band (>lo0 keV) c o n t a i n s  
a l a r g e  f r a c t i o n  of t h e  t o t a l  energy r a d i a t e d .  It i s  not p o s s i b l e  t o  
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c o n s t r u c t  meaningful models f o r  q u a s a r s  without  knowing where (and 
why) t h e i r  s p e c t r a  f i n a l l y  cu to f f  a t  high ene rg ie s .  Galaxy c l u s t e r s  
must emit some l e v e l  of i nve r se  Compton r a d i a t i o n  from synchro t ron  
r a d i o  e l e c t r o n s  s c a t t e r i n g  on t h e  microwave background. T h i s  should 
extend t o  hard e o e r g i e s  and i t s  d e t e c t i o n  would c o n s t r a i n  t h e  
e n e r g e t i c s  of r e l a t i v i s t i c  gas  i n  galaxy c l u s t e r s .  A t  somewhat lower 
l u m i n o s i t i e s ,  emission from normal g a l a x i e s  and compact o b j e c t s  have 
hard X-ray components which are almost c e r t a i n l y  s i g n i f i c a n t  whereas 
SNR and stars probably have p e g l i g i b l e  l u m i n o s i t y  a t  hard X-ray 
e n e r g i e s .  

A t  t h e  bottom of Table 1, w e  g ive  t h e  approximate energy ranges 
of t h e  p r i n c i p a l  d e t e c t o r  systems used t o  a t t a c k  t h e  problems 
d i scussed  Pbove. It i s  c l e a r  t h a t  g r a z i n g  incidence imaging, as  used 
on E i n s t e i n ,  cannot d e a l  w i th  a s i g n i f i c a n t  number of t h e s e  major 
problem a r e a s ,  nor can co l l ima ted  p r o p z r t i o n a l  c o u n t e r s  of t h e  s o r t  
employed i n  a l l  X-ray astronomy missions t h u s  f a r .  Hard X-ray 
imaging, however, could a t t a c k  a l l  of th.. major problems. 

3 .  CODED APERTURE SYSTEMS FOR HARD X-RAY I U G I N G  

A t  e n e r g i e s  above t h e  g raz ing  inc idence  l i m i t  of ‘10 keV, X-ray 
imaging can be accomplished by a t  least two techniques.  Bragg 
d i f f r a c t i o n  f l u x  c o n c e n t r a t o r s  can be employed t o  ach ieve  l a r g e  
e f f e c t i v e  d e t e c t o r  a r e a s  w i t h  small d e t e c t i n g  elements  (and t h u s  
d e t e c t o r  backgrounds). Such a s y s t e m  i s  desc r ibed  by Ricker (1981) 
but i t  i s  l i m i t e d  t o  e n e r g i e s  5100 keV. For t h e  broad-band s t u d i e s  
desc r ibed  above, where good s e n s i t i v i t y  and a n g u l a r  r e s o l u t i o n  up t o  
‘500 keV is  d e s i r e d ,  i t  appea r s  t h a t  coded apert’ire imaging i s  t h e  
optimum technique.  Th i s  scheme employs a n  a p e r t u r e ,  w i th  a n  array of 
t r a n s m i t t i n g  h o l e s ,  followed by a p o s i t i o n - s e n s i t i v e  d e t e c t o r .  It i s  
t h u s  j u s t  t h e  m u l t i p l e  pinhole  camera proposed by Dicke (1968). 
Images a r e  r econs t ruc t ed  (un ique ly )  by, e s s e n t i a l l y ,  r e - p r o j e c t i n g  
each d e t e c t e d  photon back through each open mask ho le .  A 1 1  counts  
from a given source are d e t e c t e d  i n  t h e  t r u e  inage p i x e l  a l thcugh  ( i n  
c o n t r a s t  t o  t r u e  imaging) t h e  t o t a l  background ( i n c l d d i n g  sources )  i s  
a l s o  n e c e s s a r i l y  re-projected i n t o  each image p i x e l .  For imaging hard 
X-rays, t h e  requirement t h a t  t h e  d e t e c t o r  and mask p lanes  be p a r a l l e l  
and t h e  d e t e c t o r  be t h i n  ( f o r  minimum d e t e c t e d  p o s i t i o n  ambigui ty  and 
t h u s  image smearing) means t h a t  c r y s t a l  s c i n t i l l a t o r s  are p r e f e r r e d  
f o r  the d e t e c t o r .  P o s i t i o n - s e n s i t i v e  d e t e c t i o n  of t h e  o p t i c a l  l i , e h t  
produced by a hard x-ray i n  a c rys ta l  s c i n t i l l a t o r  i s  then  t h e  
t e c h n i c a l  requirement f o r  a coded a p e r t u r e  hard X-ray imaging 
d e t e c t o r .  We s h a l l  desc r ibe  i n  t h e  next s e c t i o n s  a proposed d e t e c t o r  
i n  some d e t a i l .  

F i r s t ,  we summarize the  main advantages of a coded a p e r t u r e  
s y s t e m  f o r  hard X-rays. The angu la r  r e s o l u t i o n  can be h igh ,  and i s  
j u s t  the angular  spacing u f  mask h o l e s  (which become image e l emen t s )  
a s  seen from t h e  d e t e c t o r .  Thus sau rce  confusion i n  crowded f i e l d s  
( e . g . ,  t h e  g a l a c t i c  c e n t e r  r e g i o n )  c i n  be e l imina ted .  The f i e l d  of 
view can be l a r g e  al though the  d i f l u s e  background i s  then  a l s o  l a r g e ,  
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but must be commensurate wi th  t h e  number of image elements  and t h e i r  
angu la r  s i z e  as governed by t h e  mask. F i n a l l y ,  and most important ,  
t h e  d e t e c t e d  background can be measured s imultaneously wi th  a source 
by simply comparing t h e  ra tes  i n  t h e  r e c o n s t r u c t e d  image i n  and ou t  of 
t h e  p i x e l ( s )  of i n t e r e s t  c o n t a i n i n g  t h e  sou rce ( s ) .  Th i s  means, of 
coureie, t h a t  cont inuous p o i n t i n g s  of long exposure can be c a r r i e d  o u t  
f o r  very l a r g e  i n c r e a s e s  i n  s e n s i t i v i t y  over previous scanning 
d e t e c t o r s  such as HEAO-A4. T h i s  i s  a l s o  a n  improvement over  d e t e c t o r s  
which chop on and o f f  source (e.g. ,  the NRL experiment on s i n c e  
chop t i m e s  must always be s h o r t e r  t han  t h e  ( u n c e r t a i n )  t i m e s c a l e s  f o r  
background v a r i a t i o n s  if t h e s e  are t o  be removed. 

GRO) 

I n  Figure 1 w e  compare 
t h e  approximate s e n s i t i v i t y  
t h a t  a p l a u s i b l e  coded 
a p e r t u r e  hard X-ray imaging 
d e t e c t o r  s y s t e m  might give 
r e l a t i v e  t o  the s e n s i t i v i t i e s  
achieved w i t h  HEAO-1 and 
HEAO-2. The hard X-ray 
imaging experiments  w i l l ,  i n  
g e n e r a l ,  not be designed t o  
o p e r a t e  belov ‘10 keV ( t h e  
domain of normal imaging X-ray 
t e l e s c o p e s )  and w i l l  not 
ptrform as wel l  above ‘500 
keV-1 MeV, where Compton 
s c a t t e r i n g  and p a i r  p roduc t ion  
i n  t h e  mask be come 
s i g n i f i c a n t  . S e n s i t i v i t i e s  
could be achieved (from a n  
Explorer  mission)  i n  t h e  
‘10-500 keV range which a r e  a t  
l e a s t  a f a c t o r  of 10-30 
g r e a t e r  t han  agai l a b l e  
p rev ious ly  above 10 keV even 
f o r  t h e  m o d e s t - s k d  hard 
X-ray imaging experiment 
desc r ibed  next.  

APPROXIMATE CURRENT SENSI FlVlTY LIMITS 

\ POSSIBLE \ 
\HaROX-RnY \ 

\IMAGING 

EINSTEIN 

-5 
01 I 10 1 0 0  lo00 

X-RAY ENERGY CheV) 

Figure 1: Approximate r e l a t i v e  
s e n s i t i v i t y  of X-ray experiments  
and the Crab spectrum f o r  
compari:-.oii. 

4. PROPOSED NARD X-RAY IMAGING EXPERIMENT 

‘de now d e s c r i b e  a p a r t i c u l a r  experiment c o n f i g u r a t i o n  f o r  hard 
X-ray imaging from a n  Explorer .  T h i s  i s  t h e  E n e r g e t i c  X-ray Imaging 
and Timing Experiment (EXITE)  which was proposed a s  a second 
experiment t o  XTE. E i t h e r  t h i s  experiment a s  proposed, o r  an en la rged  
v e r s i o n  (EXITE i s  modular) f o r  an e n t i r e  Explorer  mis s ion ,  would 
enable  t h e  major a s t r o p h y s i c a l  problems d i scussed  above ( c f .  Table 1) 
t o  be s t u d i e d  i n  d e t a i l .  

The s c i e n t  i f  i c  o b j e c t i v e s  ( i n  abbrev ia t ed  form) of EXITE a r e  : 
(1) t o  measure Comptonization t a i l s  and c y c l o t r o n  f e a t u r e s  i n  source 
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s p e c t r a  t o  determine physic31 c o n d i t i o n s  a t  t h e  source;  ( 2 )  t o  
measure spectral- temporal  v a r i a b i l i t y  a t  high e n e r g i e s  and s tudy  
a c c r e t i o n  f lows ;  ( 3 )  t o  l o c a t e  and i d e n t i f y  hard X-ray ! :wrces  i n  
complex f i e l d s ;  (4) t a  measure high energy s p e c t r a  of q u a s a r s  and 
l o c a t e  s e r e n d i p i t o u s  sou rces ;  and ( 5 )  t o  measure t h e  size spectrum 
( l o g  N - l o g  SI, energy spectrum ( i n c l u d i n g  l i n e  emis s ion )  and 
source l o c a t i o n s  f o r  gamma ray b u r s t s .  

brcad 

General D e s c r i p t i o n  of EXITE 

EXITE r e p r e s e n t  8 a f undamentally n e w  concept i n  hard X-ray 
astronomy. It a p p l i e s  coded a p e r t u r e  imaging t o  t h e  ha rd  X-ray band 
('15-30'3 KeV) and a t  once r e a l i z e s  s e v e r a l  key advantages mentioned 
above which were p rev ious ly  only p o s s i b l e  a t  l o v  X-ray e n e r g i e s :  
( 1 )  background i s  measured s imultaneously wi th  t h e  o b j e c t  f l u x ;  t h e r e  
i s  no need t o  scan o r  o f f - s e t  p o i n t ;  (2 )  a so\;rce can be r e so lved  i n  
complex f i e l d s ;  and ( 3 )  p r e c i s e  ('2-5 arcmin) p o s i t i o n s  can be 
de r ived  f o r  t h e  f irst  t i m e  a t  ha rd  X-ray e n e r g i e s  ('100 KeV) by 
c e n t r o i d i n g  between r e s o l u t i o n  elements  of t h e  r e c o n s t r u c t e d  image. 

Coded a p e r t u r e  imaging sys t ems  are based on t h e  m u l t i p l e  pinhole  
camera (Dicke 1968) where N ove r l app ing  images of a source 
d i s t r i b u t i o n  are formed on a d e t e c t o r  viewing t h e  source through N 
p inho les  i n  a n  a p e r t u r e  mask. Although Dicke suggested us ing  a random 
ho le  p a t t e r n ,  images r e c o n s t r u c t e d  u s i n g  a "random1' p a t t e r n  (never 
t r u l y  random) c o n t a i n  a n  a d d i t i o n a l  source of systematic no i se .  To 
overcome t h i s  w e  suggested ( i n  a 1976 Spacelab 2 proposa l )  u s ing  a 
"pseudo-noise" (PN) array s i n c e  t h e s e  have t h e  optimum prope r ty  
(Calabro and Wolf 1966, t h a t  t h e i r  a u t o c o r r e l a t i o n  f u n c t i o n  (ACF) i s  
i d e n t i c a l l y  cons t an t  o f f  a x i s  and a & f u n c t i o n  on a x i s .  PN arrays 
were independently pointed ou t  by Gunsen and Polychronopulos (1976) 
and have been d i scussed  e x t e n s i v e l y  by Fenimore (1980, and r e f e r e n c e s  
t h e r e i n )  who c a l l  them uniformly redundant arrays ( U R A ) .  The 
( s y s t e m a t i c )  no i se - f r ee  imaging p o s s i b l e  wi th  a URA mask i s  not 
compromised by a phys ica l  r e a l i z a t i o n  of such a p a t t e r n  where t h e  ho le  
s i z e  i s  smaller than  t h e  h o l e  spacing.  Furthermore,  t h e  URA i s  c y c l i c  
and h a s  t h e  very d e s i r a b l e  "window property"  t h a t  a complete p a t t e r n  
i s  a v a i l a b l e  t o  surround eve ry  element of a n  extended mask. 

The EXITE d e t e c t o r  makes optimum 
use of t h e s e  d e s i r a b l e  p r o p e r t i e s  of t h e  
URA i n  t h a t  each s i n g l e  d e t e c t o r  (a 
15 cm diameter  CsT s c i n t i l l a t o r  c r y s t a l )  
views t h e  sky through a URA mask 
composed of a number ( - 5 0 )  of cont iguous 
c y c l e s  of a b a s i c  URA p a t t e r n  (each of 
dimension 13 x 11; see Figure 2 ) .  A 
s i n g l e  d e t e c t o r ,  which is  read ou t  as 
one d e v i c e ,  then e f f e c t i v e l y  ( i n  t h e  
ana lys i s )  produces '50 independent and 
p a r a l l e l  13 x 11 p i x e l  images which a r e  
then co-added. T h i s  a l l o w s  a very much 

F i g u r e  2 :  A 2 x 2 Cvcle 
Port ion o f  t h e  E x t e n d e d  llRA 
Coded A p e r t u r e  Col l imator .  
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faster  analysis (by a f a c t o r  of 50) of t h e  t o t a l  image than  i f  t h e  
e n t i r e  d e t e c t o r  area vieved t h e  entire URA mask as  i n  a “convent ional“  
coded a p e r t u r e  camera. The mosaicing of t h e  d e t e c t o r  and mask a l s o  
allows t h e  optimum packing of the r e c t a n g u l a r  URA p a t t e r n  i n t o  t h e  
round d e t e c t o r  e lements  r equ i r ed  (because of t h e  need f o r  a diode 
image i n t e n s i f i e r  tube t o  a n p l i f y  the  s c i n t i l l a t o r  o p t i c a l  o u t p u t ) .  
F i n a l l y ,  t h e  URA mask i s  made se l f - suppor t ing  by p l a c i n g  t h e  (1.5 mm 
squa re )  h o l e s  on a 1.7 mn g r i d .  Th i s  i s  tu rned  t o  a d d i t i o n a l  
advantage by us ing  t h e  1.5 mm h o l e s  as  t h e  d e t e c t o r  c o l l i m a t o r .  
Co l l ima t ion  (2.9’ FWHM) i s  achieved by making t h e  mask e f f e c t i v e l y  
very t h i c k  ( 3  cm) u s i n g  spaced t u n g s t e n  laminates (see Figure 3 ) .  

Design P r i n c i p l e s  and Opera t ion  of EXITE 

The p r i n c i p l e s  of o p e r a t i o n  of t h e  
EXITE d e t e c t o r  are i l l u s t r a t e d  i n  
Figure 4. The LRA mask p r o j e c t s  a 
co l l ima ted  image of t h e  sky on to  a CsI 
s c i n t i l l a t o r .  The l i g h t  produced i n  t h e  
CsI s c i n t i l l a t o r  by a n  i n c i d e n t  X-ray is  
ampl i f i ed  by t h e  i n t e n s i f i e r  while  
p re se rv ing  t h e  s p a t i a l  d i s t r i b u t i o n  of 
b r igh tness .  The i n t e n s i f i e d  image is  
decreased i n  s c a l e  t o  match t h e  input  of 
t h e  MAMA d e t e c t o r  through a reducing 
f i b e r - o p t i c  ( 1 2 : l ) .  The l i g h t  l o s s e s  i n  
t h i s  r e d u c t i o n  are compensated by the  
g a i n  of t he  i n t e n s i f i e r  so t h a t  t h e  
t o t a l  number of photons i n c i d e n t  on t h e  
pho towcoun t ing  imaging d e t e c t o r  i s  t h e  
same a s  i n i t i a l l y  c o l l e c t e d  from the  
s c i n t i l l a t o r .  T h i s  p r e s e r v e s  t h e  energy 
r e s o l u t i o n  c a p a b i l i t y  of t h e  system which 

Figure 3: Laminated Tungsten 
Coded Aperture Coll imator .  

i s  b a s i c a l l y  l i m i t e d  by t h e  
count ing s t a t i s t i c s -  of t h e  l i g h t  f rvm t h e  CsI. The imaging o p t i c a l  
d e t e c t o r  r equ i r ed  could be a r e s i s t i v e  anode (Mart in  e t  a l .  1981) 
c ros sed  g r i d  (Kellogg, Murray, and Bardas 1979) o r  multi-anode 
(Timothy, Mount, and Bybee 1979) t y p e  s y s t e m .  The 
Multi-Anode-Microchannel-Array (MAMA) d e t e c t o r  (Timothy, Mount, and 
Bybee 1979) is  e s p e c i a l l y  w e l l  s u i t e d  f o r  EXITE and, t h e r e f o r e ,  
included i n  t h e  des ign  here .  

The anodes of t he  MAMA d e t e c t o r  are 140 p a  x 140 urn which 
corresponds t o  t h e  ho le  spacing i n  t h e  URA mask (1 .7  rsn) when t h e  
r e d u c t i o n  f a c t o r  of A2:l i s  considered.  Light r each ing  t h e  MAMA from 
a s i n g l e  X-ray r e s u l t s  Ln t h e  product ion of a few t e n s  t o  s e v e r a l  
hundreds of pho toe lec t rons  depending on i n c i d e n t  energy. These w i l l  
be spread ou t  over s e v e r a l  of t h e  140 pm p i x e l s  due t o  t h e  t h i c k n e s s  
of t h e  CsI c r y s t a l  and t h e  f r o n t  window of t h e  image i n t e n s i f i e r .  
Thus, s e v e r a l  of t h e  anode l i n e s  a long  each a x i s  w i l l  d e t e c t  t h e  
event .  A c e n t r o i d  e s t i m a t e  of t h e  event p o s i t i o n  i s  then  determined 
f o r  each a x i s  by t h e  p rocess ing  e l e c t r o n i c s .  Since t h e  pho toe lec t rons  
a r e  spread ou t  on a Large s c a l e  r e l a t i v e  t o  t h e  MCP channel s i ze  
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(-15 Pm),  each e l ec t ron  w i l l  be ind2pendcntly amplified i n  the 
microchannel p l a t e  (MCP) array (with gain - ' i t  and the  t o t a l  charge 
coming out of the  p l a t e  w i l l  be proportions; t o  the  incident  number of 
photoelectrons and thus  the primary X-ray energy. This w i l l  be 
measured using a separate  ampl i f ie r  a t  the outout of the  MCP t o  
provide enei, j  information (64 channel PHA). Single e l ec t ron  events  
due t o  thermal generat ion e i t h e r  i n  the MAMA or the image i n t e n s i f i e r  
can easily be discr iminated aga ins t  using the  t o t a l  charge output from 
the MCP s ince a 20 KeV X-ray i s  expected t o  produce a t  l e a s t  
20 photoelectrons.  

EXITE is a modular de tec tor  concept. As proposed f o r  XTE, two 
independent MAMA de t ec to r s  (each viewing th ree  15 c m  diameter 
s c i n t i l l a t o r  X-ray de t ec to r s )  a r e  included f o r  maximum area and the  
desired redundancy against  s ing le  point f a i l u r e s .  Each de tec to r ,  
however, i s  a c t u a l l y  composed of th ree  independent and parallel  
s c i n t i l l a t o r s  ( f o r  maximum usage of the 25 llpll c i r c u l a r  photocathode 
area  of the  MAMAS), and each s ingle  15 cm diameter s c i n t i l l a t o r  
operates  the  coded ape r tu re  imaging) a s  a mosaic of adjacent  but 
independent image-f orming subde t ec to r  element 8 .  A1 1 detec tor  
subelements (each i s  2.2 cm x 1.9 cm) view the  same 2.9' (FUJELM) f i e l d  
of view on the  sky. Thus, each of the two WMA detec tor  systems i e  
i t se l f  ac tua l ly  multiredundant while a t  the same time easy t o  t e s t ,  
c a l i b r a t e ,  and read out a s  a s ing le  device. 

( i n  

The EXITE dksign f o r  XTE has a t o t a l  a c t i v e  de t ec t ion  area of 
A,ff 438 cm2 (a geometric area times 0.4 transmission of the 
col l imat ing coded aper ture  mask). The de tec tor  employs both a c t i v e  
and The s y s t e m  i s  
shown i n  Figure 5 above and occupies an  a rea  of 81 cm x 54 cm and 
height It weighs 237.9 kg 
and requi res  3.3 Kbps (max.) of telemetry and 39 watts of power. 

passive sh ie ld ing  t o  r e j e c t  and reduce background. 

(above the spacecraf t  i n t e r f ace )  of 40 cm. 

Anticipated EXITE Performance 

A f u l l  s imulation of the EXITE de tec tor  and o p t i c a l  imaging 
c h a r a c t e r i s t i c e  has been ca r r i ed  out .  Comparison of the EXITE 
de tec tor  system w i t h  t h a t  (Matteson 1978) flown on W - A 4  ind ica t e s  
the t o t a l  background count r a t e  i n  the '15-300 KeV band should be 
'35 counts sec-! ou ts ide  the  SAA. %del source spec t ra  were allowed 
t o  be incident  (on a x i s )  on the  f u l l  system f o r  a given in t eg ra t ion  
t i m e  and were "detected" with the complete s y s t e m  e f f i c i e n c i e s  and a 
gaussian b lur r ing  ( u  * 0.5 Fixe l )  i n  the  centroid determination. 

Images of Cyg X-1 f o r  a short  (lt sec)  and long (500 sec)  
exposure and of 3C273 f o r  a long ( 5  x 10 eec) exposure a r e  shown i u  
Figure 6 as they should appear from EXITE. These images contain the 
f u l l  15-300 K e V  bandwith of the  instrument; similar images could be 
shown fo r  any band. The f u l l  13 x 11 pixe l  (2.9") image is shown; 
each p ixe l  i s  15 arcmin. The sources a r e  de tec tab le  i n  a '1 p ixe l  
rad ius  about the center  due t o  b lur r ing  i n  the  MAMA de t ec to r  readout;  
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Figure 6: Images (15-300 keV) from Simulated EXITE Data 

c e n t r o i d i n g  i s  t h e n  p o s s i b l e  and ( f o r  t h e  long  exposures )  would y i e l d  
p o s i t i o n s  with 2 arcmin accuracy. Add i t iona l  sou rces  i n  t h e  f i e l d  
which were up t o  86 times f a i n t e r  t h a n  Cyg X-1 and '42 times f a i n t e r  
t h a n  36273 would be d e t e c t a b l e  (and l o c a t e d  t o  -5 arcmid i n  t h e  two 
"long'@ exposure images, r e s p e c t i v e l y .  The t o t a l  d e t e c t e d  count rate 
of Cyg X-1 by EXITE is 110 coun t s  sec-' while  3C273 is 
2.8 counts  sec'l. Since Cyg X-1 is t h e  b r i g h t e s t  known ( s t e a d y )  
source i n  t h e  -20-300 KeV energy band, t h e  100 coun t s  sec'l a l lowed 
f o r  i n  t h e  t e l eme t ry  has  been s e l e c t c d .  

The s p e c t r a  of coun t s  d e t e c t e d  i n  both long expo tu res  are shown 
i n  Figure 7 as  t h e  p l o t t e d  p o i n t s  (wi th  a c t u a l l y  "observed" la error 
b a r s ) .  Also p l o t t e d  as  l i n e s  are t h e  assumed inpu t  (power law) 
spectra f o r  both sources .  The s p e c t r a l  i n d i c e s  could be d e r i v e d  ?rom 
t h e  d a t a  f o r  e i t h e r  source wi th  u n c e r t a i n t i e s  Aa/a of onLy a few 
pe rcen t .  

CYC X-1 
600 seconds : 

p * 6xlO'seconds 

m m 

Figure 7: Spec t r a  Derived from 
Simulated Images. 

C 
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The ove ra l l  s e n s i t i v i t y  which EXITE should achieve i s  shown i n  
Figure 8 f o r  both s ingle  o r b i t  (‘3OOC sec )  and - 1 week (‘3 x l o 5  sec )  
exposure times. The s e n s i t i v i t y  i s  about a f a c t o r  of 3-30 times 
grea te r  than BEAO-A4, a l s o  p lo t t ed ,  and i s  s u f f i c i e n t  t o  meet the  
science object ives .  Approximately 50 new quasars  could be de tec ted  as  
serendipi tous sources i n  XTE point ings and located t o  55 arcmin. 
Spectra could thus be measured on a l a rge  number of AGYs. 

5. GAM RAY BURST STUDIES WITH EXITE ON ME 

The proposed EYITE de tec tor  on XTE would a l s o  enable d e t a i l e d  
s tud ie s  of gamma ray birsts t o  be made. For the  f i r s t  ti=, both high 
s e o s i t i v i t y  X-ray (‘1-30 KPV) as well as hard X-ray (‘12-500 KeV) 
spec t ra  and timing of gantma bur s t s  could be obtained by the  la rge  are8 
proport ional  counter (LAPC) assumed present on XTE and EXITE 
instruments,  respect ively.  Since recent  (Sovie t )  experiaiental 
evidence (Hazets e t  a l .  19/91 fo r  cyc lo t ron  and pos i t ron  a n n i h i l a t i o n  
l i n e s  from bur s t s  a, w e l l  as the  ‘8 sec pu!sations from the  
spectacular  March 5 ,  1979, burst  (Cline e t  a l .  1980) point  toward a 
neutron star o r ig in ,  gamma bur s t s  are more than ever  appropr ia te  f o r  
study frcm =E. Nuclear f l a s h  models f o r  gamma b u r s t s  can account f o r  
many of the  e s s e n t i a l  f ea tu re s  iWoosley e? a l .  1981) of b u r s t s  
an4- because of the  requireaent  f o r  s t rong magnetic f ields-would 
predic t  a c  X-ray (‘20 KeV)  af terglow f o r  perhaps - i o 3  sec. This  
af:erglw emission may have already been detec ted  by the  Vela 
s a t e l l i t e  X-ray de t ec to r s  ( T e r r e l l  1980) but more s e n s i t i v e  X-ray and 
hard X-ray observations a r e  very m c h  needed. This  could be conducted 
on XTE with the EXITE de t ec to r ,  which would both i n i t i a l l y  de t ec t  
g a m  bur s t s  and measure t h e i r  spectrum (‘50-500 KeV) and approximste 
source Location (‘2”) a s  w e l l  as prec ise ly  l o c a i ~  (-2.1 and study the  
afterglow emission. No o ther  gamma burst  de tec tor  sys t ems  m u  being 
considered could accomplish such broad band (X-ray th-ough gamma ray)  
s tud ie s  ( spec t ra  and 
gamma bur s t 8 .  

Burst Detect or Sv st e m  

The burst  s y s t e m  

s-:ngle-station burs t  l oca t ion  capab i l i t y )  of 

cons i s t s  of s i x  i d e c t i c a l  CsIiNa) s c i n t i l l a t i o n  
de tec to r s  (aee Piglire 9) mounted ex te rna l ly  t o  the  BXITE instrument 
(or even elsewhere on t k . e  spacecraf t )  i n  such a way as t o  provide a 
constant complete sky sJrJey of X-ray/ga--ray r a d i a t i o n  i n  the  
‘40-550 KeV energy range. Each de tec tor  assembly is composed of a 
15.2 cm square hy  0.64 cm th i ck  CsIiNa) s c i n t i l l a t o r ,  an ad iaba t i c  
twisted l i g h t  p i p e ,  a shor t  38 O~BI diameter photomult ipl ier  tube (Pm), 
and associated eloL*;onics. Approximately half  of ;he sky 18 v i s -o l e  
t o  groups of t h r a t  mdjacent de tec tors .  Burst a r r i v a l  d i i e c t i o n  
cosinea may be computed from the  r e l a t i v e  r a t e s  i n  these  var ious 
groups of th ree  ,etecro. . Moderately intense bu r s t s  
(?l x lo-‘ e rg  ~ n ’ ~ )  can thus be located t o  wi th in  - 2 O  and a 
real-time spacecraf t  slew performed ( f o r  events  s u f f i c i e n t l y  Close t o  
the XTE pcint ing d i r ec t ion )  t o  o b t a i t  a prec ise  (-2 arcmin) loca t ion  
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with the  pr imary  E X I l o  imaging d e t e c t w  system. 

For t he  de t ec to r s  mounted a t  45" t o  the  EXITE sh i e lds ,  a graded 
sh ie ld  of lead/cop;er has been placed on t he  back s ide  of each 
s c i n t i l l a t o r  t o  l i m i t  t he  s c i n t i l l a t o r s  t o  forward viewing only i n  the  
gamma-ray energy range below 500 KeV.  The window over the  f ron t  s ide  
of a l l  s i x  s c i n t i l l a t o r s  is about  1.6 ~ l l l  t h i ck  aluminum. This 
tnicbness  provides e l e c t r o n  sh ie ld ing  t o  900 K e V  but a t  t he  s a m e  time 
only a t t snua te s  the  X-ray/---ray i n t e n s i t y  a t  50 K e V  by 15 percent 
(but the  high background from lower energy d i s c r e t e  sources and 
d i f fuse  background is  a t tenuated) .  Al te rna t ive ly ,  a p l a s t i c  
s c i n t i l l a t o r  ('1 cm NE-102) could be mounted on top  of t he  CsI 
crystals and viewed by the same l i g h t  p i p e  and Pm. Particle events  
could be easi ly  discr iminated aga ins t  by a pulse decay-time 
discr iminator  c i r c u i t  on each de tec tor .  Particle-induced burst  events  
are otherwise r e j ec t ed  ( i n  the  ana lys i s )  by the  1qrge area 
ant  i-coincidence sh ie lds  ( lead-doped p l a s t i c  s c i n t  ii l a t o r )  on which 
the burst  de tec tor  s c i n t i l l a t o r s  are mounted. (see Figure 8 ) .  Bate 
data from these sh i e lds  during a burst  should a l s o  -l low the  burs t  
r a d i a t i o n  sca t te red  from the  spacecraf t  and E a r t h ' s  scumsphere ( thus  
producing incident  p a r t i c l e s )  t a  be i s o l a t e d  and the  systematic e r r o r s  
i n  gamma burst  a r r i v a l  d i r ec t ions  t o  be corrected.  

B u s t  Detector Data Handling System 

The burst  data cons i s t s  of both high t i m e  r e so lu t ion  (0.1 sec )  
count rates i n  a f ixed  band (nominally '50-300 KeV,  but commandable 
and with a ve to  for phosphorescence events )  and lower time re so lu t ion  
(2  sec)  energy spectra (32 channel P€iA--'50-550 KeV and 16 b i t s  per 
channel, o r  s u f f i c i e n t  f o r  even a e r g  cm burst ;  f o r  each 
de tec tor .  Each de tec tor  event r a t e  contained i n  the  50 t o  300 KeV 
window is counted i n t o  16 b i t  counters  once every 0.1 seconds. Each 
counter's content i s  s tored sequent ia l ly  i n  memory which has the  
capab i l i t y  (-0.5 H b i t )  t o  hold three  minutes worth of .lata. The 
counter data a r e  a l s o  routed t o  a Up subsystem where they are 
reformatted i n t o  0.3-second samples f o r  the continuous on-going normal 
telemetry data stream. In addi t ion ,  the up cont inua l ly  w n i t o r s  
these  s i x  rates v i a  a burst  mode algori thm t o  de tec t  bu r s t s  ( requi red  
i n  2 detec tors ) .  If a burst  is  detected,  a burst  f l a g  i s  set. The 
f l a g  has 0.1 second t i rue  reso lu t ion .  A s ix teen  l eve l  command buffer  
i s  provided f o r  i n f l i g h t  cont ro l  of the burst  l eve l  c r i t e r i o n .  A s  an  
opt ion,  the pp can a l s o  use  the  r a t e  data  t o  ca l cu la t e  t h e  d i r e c t i o n  
cosines  of the  burst  locat ion.  These d i r e c t i o n  cosiDe values  are 
routed through a special spacecraf t  i n t e r f ace  port  f o r  possible use i n  
automatical ly  slewing the  space aEt t o  point a t  the  burst  source. 

- 2  

When a burst  i e  detected,  the burst  f l a g  i s  s e t  but the memory 
continues t o  a c c a p t l s p i l l  &at-. f o r  an  add i t iona l  two minutes. A t  t h e  
end of :his 2-minute period, the  memory contents  a r e  f rozen and remair. 
f rozen u n t i l  the burst  f l a g  i s  cleared by command. Thus, t h ree  
minutes of Zimelenergy spectrum burst  da ta ,  one minute before the  f l a g  
and two minutes a f t e r  the  f l a g ,  a r e  preserved. A t  the  end of the 
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2-minute period, these memory data are automatiss l ly  sent t o  the  data 
stream by usurping the telemetry space normally taken by the  prime 
science (imaging) da ta  and housekeeping data. Approximately 
164 seconds are required t o  t r a n s f e r  a l l  the data t o  the  ground. 
After  the  i n i t i a l  dump, addi t iona l  memory data  dumps can  be 2ade as 
desired (by command) u n t i l  the  burst  f l a g  i s  r e se t .  

The t o t a l  EXiTE telemetry i s  organized i n  two formats. The 
normal format contains  0*3 second rate data, coded ape r tu re  prime 
science data, and housekeeping data. In the  event of a burst  (or  i f  
the  burst  f l a g  i s  set by command) a burst  abode format i s  set. In  t h i s  
format,  the  ra te  data continues as before with 0.3 second rampleo of 
the  s i x  burst  de t ec to r s  aDd f i v e  CPDs, but the  memory dump usurps the  
3.398 KS/sec prime data plus  housekeeping da ta  rate long enough t o  be 
automatical ly  t ransmit ted a t  the  end of f l a g  plus  two minutes, o r  upon 
command. When no niemory dump is ieeded, the  system r e v e r t s  back t o  
sending prime imaging data .d housek2ooing da ta  as  i n  the  normal 
mode. 

The weight add i t ion  f o r  t he  B u r s t  Detection System ( including 
added e l ec t ron ic s  and MIPSs) is  estimated a t  33.4 kg. The power 
est imate  f o r  the  burst  de tec tor  s y s t e m  e l ec t ron ic s  i s  12 watts. 

Burst Detector S e n s i t i v i t y  and Performance 

The background detected by the burst  s y s t e m  is  due t o  Far th  
albedo gamma rays and neutrons,  spacecraf t  albedo, a c t i v a t i o n  of the 
s c i n t i l l a t o r s ,  d i f fuse  and d i s c r e t e  source background and 
?hosphorescence f r o i  charged p a r t i c l e  i n t e r a c t i o n s  i n  the 
s c i n t i l l a t o r s .  Above the  -50 K e V  threshold,  phosphorescence i s  
negl ig ib le  and the  l a rges t  background cont r ibu t ion  f o r  these 
wide-angle de t ec to r s  i s  from atmospheric and spacecraf t  albedo. Using 
r e s u l t s  from Ling (1975) and Trombka e t  al .  (1973) f o r  these 
componeuts, respect ively,  and allowing f o r  a f ac to r  of '2 uncer ta in ty ,  
we est imate  a t o t a l  background spectrum 
dN!dE = 2.6 E-'.' cts/cm2 sec KeV i n  t he  '50-300 K e V  band. This  gives  
a t o t a l  average background count rate B = 1700 c t s / s e c  i n  each of the 
s i x  de tec tors .  For o r b i t 8  t r a n s i t i n g  the  S M  (approximately one-third 
of the  o r b i t s ) ,  t h i s  average rate w i l l  increase s u b s t a n t i a l l y  ( f ac to r  
of '2-3) due t o  long-lit?.ed (-0.5 hour) a c t i v a t i o n  decays. P.n 
increased e f f e c t i v e  background r a t e ,  incorporat ing the  S M  du:y cycle ,  
has been used i n  der iv ing  the  s e n s i t i v i t i e s  below. 

Using the typ ica l  gamma burst  spe:tra derived by Cline and Desai 
(1975) the  t o t a l  s igna l  count rate expected i n  each de tec tor  i s  
S 5 3.7 x lo' c t s l s e c  f o r  a burst  with t o t a l  energy lo-' e r g  cm-* and 
assumed '1 sec (peak) duration. Thus, t h e  threshold f o r  ( 5 ~ )  burst  
de t ec t ion  ( i n  th ree  de tec tors )  should be f o r  e u r g i e s  
>4 x lo-' e rg  cm-2. This is the  approximate threshold f o r  coarse 
'20" pos i t ions  and log N - log S s tudies .  To achieve '2"  burst  
pos i t ions  (and high S/N spectra t o  search f o r  l i n e  f e a t u r e s ) ,  a 
dignal-to-noise r a t i o  of >30 is required i n  each of t h ree  detectore .  



365 

-c 

This  occur  f o r  b u r s t s  l a r g e r  t han  '1.0 x 10'' e r g  cm -, which 
are expected (from presen t  log N-log S r e s u l t s )  a t  a ra te  of per 
year w i t h i n  t h e  '277 s t e r a d i a n s  f o r  which a c c u r a t e  l o c a t i o n s  can be 
derived.  (Note t h a t  a l though  b u r s t s  are d e t e c t a b l e  w i t h  approxrlllateiy 
a l l - sky  coverage, a c c u r a t e  l o c a t i o n s  are p o s s i b l e  f o r  about h a l f  t h e  
sky.) Thus, even i f  XTE slews could on ly  be c a r r i e d  o u t  w i t h i n  a 
'1000 s e c  a f t e r g l o w  period f o r  b u r s t  d i r e c t i o n s  w i t h i n  '45" of t h e  
p o i n t i n g  p o s i t i o n ,  '10 b u r s t s  per year would be a c c u r a t e l y  l o c a t e d  by 
EXITE and observed wi th  high s e n s i t i v i t y  by EXITE and t h e  LAPC. We 
no te  t h a t  estimates by Wopsley e t  a l .  (1981) ior  t h e  a f t e r g l o w  
spectrum (Ly l G 3 *  e r g  s- , kT = 20 KeV) would p r e d i c t  EXITE 
s e n s i t i v i t i e s  of ' 2 5 G  per  second f o r  a t y p i c a l  b u r s t  source a t  
'500 pc d i s t a n c e .  Thus, high siqnal-to-noise s p e c t r a  and t iming  
o b s e r v a t i o n s  should be poss ib l e .  

should 
-40 

F i n a l l y ,  t h e  EXITE b u r s t  d e t e c t i o n  s y s t e m  could d e t e c t  ( 5 0 )  
p e r s i s t e n t  hard X-ray sou rces  with s t r e n g t h s  '113 Crab and a Crab-like 
spectrum i n  '300 sec.  Thus, hard sou rces  can be monitored 
cont inuously and a n  a l l - s k y  monitor c a p a b i l i t y  provided f o r  XTE. 
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