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ABSTRACT 

Spectral  l i n e s  i n  t h e  10 keV t o  10 MeV r a n g e  c a r r y  
i n f o r m a t i o n  of fundamc:ntal  i m p o r t a n c e  o n  many of t h e  objects 
d i s c u s s e d  a t  t h i s  w r k s h o p .  S i n c e  t h e  l i n e s  are  d i r e c t l y  re- 
l a t e d  t o  s p e c i f i c  p h y s i c a l  processes t h i s  i n f o r m a t i o n  is model 
i n d e p e n d e n t  a n d  g i v e s  t h e  p h y s i c a l  c o n d i t i o n s  i n  t h e  ob jec ts .  
A t  t h e  s e n s i t i v i t i e s  a c h i e v e d  t o  da te ,  Fu t o  lo-' ph/cmL- 
sec f o r  s t e a d y  s o u r c c s  a n d  % 

s o u r c e s ,  l i n c s  have h e e n  detected f rorn t h e  ga lac t ic  c e n t e r ,  
gamma-ray b u r s t s  a n d  t r a f i s i e n t s ,  X - r a y  p u l s a t o r s ,  t h e  Crab 
p u l s a r  a n d  s o l a r  f l a r e s .  F u t u r e  i n s t r u m e n t s  w i t h  a f a c t o r  
of % 100 s e n s i t i v i t y  improvemen t  w i l l  allow d e t a i l e d  s p e c t r o -  
scopic  s t u d y  of thcsc.  classes of o b j e c t s  a s  well ah s u p e r n o v a  
r e m n a n t s ,  a c t i v e  g a l a s i e s  a n d  the in t e r s t e l l a r  medium. T h i s  
s e n s i t i v i  t.y i n p r o v e m c n t  c a n  be obta ined  t h r o u g h  t h e  u s e  of' 
detector technology already p r o v e n  i n  b a l l o o n  and s a t e l l i t e  
i n s t r u m e n t s .  

t o  1 p h / c m 2 - s e c  for t r a n s i e n t  

1. INTRODUCTION 

O b s e r v a t i o n s  of spec t r a l  l i n e s  i n  t h e  h i g h  .energy ranp ;e ,  
10 keV t o  10 M e V ,  a r c  direct ly  related t o  t h e  u n d e r s t - a n d i n g  of 
man!: of t h e  c lasses  oE ob jec t s  discusses a t  t h i s  w o r k s h o p .  
N e u t r o n  stars, black h o l e s ,  s u p e r n o v a  r e m n a n t s ,  t h e  i n t c r -  
s t e l l a r  n i e c i i u m ,  t h e  g a l a c t i c  n u c l e u s  a n d  a c t i v e  g a l a c t i c  
n u c l e i  are known o r  p l - e d i c t e d  t o  be s o u r c e s  o f  sy2c t ra l  l i n e s  
w h i c h  c a n  bc s t u d i e d  w i t h  h i g h - e n e r g y  s p e c t r o s c o p y .  L i n e  
f o r m i n g  processes w i t h  p h o t o n  e n e r g i e s  a b o v e  10 kcV are a 
n a t u r a l  c o n s e q u e n c e  of t h e  > 10'1: t e m p e r a t u r e s  a n d  > 10" 
g a u s s  f i e l d s  w h i c h  o c c u r  i n  o r  n e a r  these ob jec t s .  T h e  l i n c s  
are  d u e  t o  e l e c t r o n - p o s i t r o n  a n n i h i l a t i o n ,  c y c l o t r o n  p r o c c s s e s ,  
r ad ioac t ivc  d e c a y ,  a n d  n u c l e a r  d e e x c i t a t i o n  f o l l o w i n g  i n e l a s t i c  
c o l l i s o n  o r  n e u t r o n  c a p t g r e .  S i n c e  t h e  l i n e s  are d i r e c t l y  
r e l a t e d  t o  s p e c i f i c  p h y s i c a l  p r o c c s s e s ,  t h e y  ca r ry  niodel- 
i n d e p e n d e n t  i n f o r m a t j o n  o n  t h c  p h y s i c a l  c o n d i t i o n s  i n  t h e  
ob jec ts :  t u m p e r a t u r c ,  d e n s i t y ,  b u l k  m o t i o n ,  a b u n d a n c e  of 
i s o t o p i c  s p e c i e s ,  t h e  s ta t (?  of mat te r ,  thc e n e r g y  s p e c t r u m  
o f  p a r t i c l e s  and the inass of a c e n t r a l  object .  
t i o n  can be u s e d  t o  g u i d e  t h e o r c t i c a l  m o d e l i n g  a n d  p r o v i d e  
c r i t i ca l  tests of n iodc ls  i n  order t h a t  t h c  n a t u r e  of the 
objects  may be d e t e r m i n e d .  

T h i s  i n fo rmi l -  



550 
i)R\GINAL PAGE IS 
OF POOR QUALlW 

The major d i 1 f i c u l t . y  i n  t h e  d e v e l o p m e n t  of t h e  f i e l d  of 
h i g h  v n c r g y  s p c (  t r o s c o p y  b a s  b e e n  t h c  a t t a j  n m c n t  of s u f f  i c i c n t  
s e n s i t i v i t y .  T h c  ca r ly  p r e d i c t i o n s  by  h lo i* r i son  ( 1 9 5 8 )  i n d i c a t e d  
l i n e  f l u x e s  g rea te r  t h a n  
However t h e  s t r o n g e s t  s t e a d y  s o u r c e s  h a v e  now been ohscrved 
t o  h a v e  f l u x e s  of % 10“ p h / c m L - s a c  a n d  so t h e i r  d e t e c t i o n  h a s  
o n l y  been p o s s i b l e  w i t h  t h e  i m p r o v e d  i n s t r u m c n t s  ava i l ab le  i n  
t h e  l a s t  f e w  y e a r s .  L i n e s  h a v e  now b e e n  detcctec! i n  a t  l eas t  4 1  
d i f f e r e n t  ob jec t s  r e p r e s e n t i n g  6 c l a s ses  of a s t r o p h y s i c a l  phenomena .  
T h e s e  i n c l u d e  9 i m p u l s i v e  so l a r  f lares  (Chupp  1981) a n d  27 
gamma-ray b u r s t s  (Nazets e t  a l .  1981) where line f e a t u r e s  are 
c h a r a c t e r i s t i c  r a t h e r  t h a n  e x c e p t i o n a l .  

p h / c m * - s e c  from s t e a d y  sources.  

-- 

I n  t h i s  p a p e r  I r e v i e w  t h e  l i n e  f o r m i n g  p r o c e s s e s ,  t h e  
p h y s i c a l  i n f o r m a t i o n  c a r r i e d  by t h e  l i n c s  a n d  t h e i r  e n e r g y  
d i s t r i b u t i o n  a n d  c x p e c t e d  w i d t h s .  T h e n  t h e  o b s e r v e d  a n d  p re -  
d i c t e d  fluscs arc! u s e d  t o  d e r i v e  t h e  i n s t r u r n c n t a l  s e n s i t i v i t i e s  
recll : irctl  f o r  e f f e c t i v e  f u t u r e  o b s e r v a t i o n s .  F i n a l l y ,  i n s t r u -  
men t  c o n c e p t s  w h i c h  c a n  a c h i e v e  t h e s e  s e n s i t i v i  t ies  are p r e -  
s e n t e d .  

1 1 .  PHYSICAL PROCESSES OF 10 keV TO 10 MeV LINE FORMATION 

I n  s y s t e m s  w i t h  e f f e c t i v e  t e m p c r a t u r c s  greater t h a n  
r~ 1 0 R K  Lind/or rnngnctjc. fjelds g r e a t e r  t h a n  10” g a u s s  l i n e  
emission abo\ro 10 kcV w i l l  o c c u r  b y  s e v e r a l  processes. l’hcse 
h a v e  bccn rev iewcci  by Hamaty (1$I78), Rnrnaty a n d  L i n g e n f e l t e r  
(1979) ant1 R a m a t y  .-- et. - - a l .  (1981). 

a )  C y c l o t r o n  P r o c e s s e s  

C y c l o t r o n  3 i nc>s  r c s u l t  f r o m  t r a n s i t i o n s  k t w e e n  t h e  
Land:rii l e v e l s  of c l l e c t r o n s  i n  s t r o n g  magnetic f i e l d s .  T h e  
250 keV ! i n e  i n  t h e  b i n a r y  X-ray p u l s a t o r  Her X - 1  is i n t e r -  
p r e t e d  as d u e  t o  e i t h e r  c y c l o t r o n  a b s o r p t i o n  or  e m i s s i o n  a n d  
i n d i c a t e s  a f i c l d  o f  %5 x 1 0 l 2  g a u s s  ( T r u m p e r  -- et a l .  1978). 
T h e  s h i f t  of t h e  l i n e  c n c r g y  w i t h  p h a s e  of t h e  1.24 see 
p u l s a t i o ~ i  ( G r u b c r  ct. a. l 9 S O )  is n p p a r e n r l y  d u e  t o  beamed 
emission f r o m  d i f  fFi;t.nt f i e l d  r e g i o n s  b e i n g  r e s p o n s i b l e  f o r  
t h e  pulscid emissior.. C y c l o t r o n  a b s o r p t i o n  h a s  been o b s e r v e d  
a t  % 20 kcV i n  the t r a n s i e n t  b i n a r y  S-ray p u l s a t o r  4U0115+63,  
r e q u i r i n g  a f i e l d  of 2 x 10” g a u s s  (Whcaton  et  al. 1980). 
T h e  % 50 kcV a b s o r p t i o n  f e a t u r e s  obse rved  i n  gamma-ray b u r s t s  
h a v e  bevii i n t e r p r e t  c d  as  due t o  c y c l o t r o n  p r o c e s s e s  i n d i c a t i n g  
t h a t  h i g h l y  m a g n c t i z c d  nc i i t i*on  stars a r c  the site of t h e  b u r s t s  
( h l a z c t s  ct .- al. _- 19S1 ) .  S i n c c  the c y c l o t r o n  1i.tw w i d t h  is a 
s c n s i  t i v t .  f u n c t i o n  o f  the m a g n e t i c  f i e l d  g c o i n e t r y  (Hussard 
l 9 S O ) ,  future? high s c n s i  t i v i  l y  s p c c t r o s c o p i  c o b s c r v a t i o n s  will 
dctci.mir:c t h c  magnetic f i e l d  s t  r u c t u r c  i n  thc e m i s s i o n  regions 
of a11 tt :cDse 0bjc.ct.s and its tcniporal t x v o l u t i o n  i n  t h e  case of 

-- 
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gamma-rpy b u r s t s .  A s e n s i t i v e  s e a r c h  f o r  c y l o t r o n  l i n e s  i n  
X-ray b u r s t e r s  a n d  g a l a c t i c  b u l g e  s o u r c e s  c o u l d  e s t a b l i s h  
w h e t h e r  these objects  c o n t a i n  h j g h l y  m n g n c t i z e u  n e u t r o n  
stars a n d  d e t e r m i n e  t h e i r  r e l a t i o n s h i p  t o  X-ray p u l s a t o r s  
a n d  gamma-ray b u r s t s  (Lamb 1981). 

b )  E l e c L r c n - P o s i t r o n  A n n i h i l a t i o n  

P o s i t r o n s  are p r o d u c e d  by  pa i r  p r o d u c t i o n ,  i n e l a s t i c  
co l l i s ions  a n d  r a d i o a c t i v e  d e c a y  of n u c l e o s y n t h e s i s  products. 
Since t h e  511.003 keV a n n i h i l a t i o n  q u a n t a  h a v e  an e x a c t l y  
known e n e r g y  i n  t h e  rest f r a i n e ,  s p e c t r o s c o p i c  o b s e r v a t  j o n s  
c a n  pi*ovidc a g r e a t  d e a l  of i n f o r m - t i o r , .  L i n e  b r o a d e n i n g  
wou ld  i n d i c a t e  t h e  t e m p e r a t u r e  a n d / o r  K c p l c r i a n  or r a d i a l  
m o t i o n  of t h e  a n n i h i l a t i o n  s i t e .  When p o s i t r o n  lifetitlie 
i n f o r m a t . i o n  e x i s t s  t h e  l i n e  w id th  c o u l d  be u s e d  t o  d e t e r m i n e  
t h c  d e n s i t y  of t h e  p o s i t w o n  s l o w i n g  down r e g i o n  a s  u e l l  a s  
limit t h e  mass of a c e n t r a l  ob jec t .  A l i n e  c e n t r o i d  s h i i t  
wou ld  i n d i c a t e  a b r a v i t a t i o n a l  r e d s h i f t  o r  a Dopplcr red- or 
b l u c s h i f t .  F i g u r e  1 shows t h e  g a l a c t i c  c e n t e r  511 kcV l i n c  
m c a s u r e d  b y  PEAO-3 ( R i e g l c r  g .  1 9 S 1 ) .  T h e  2.5 keV l i m i t  
o n  t h e  l i n e  w i d t h  a n d  o b s e r v a t i o n  of v a r i a b i l i t y  i n  6 months 
r c q u i r c ,  ‘I’ < 7 x lo4 K and a c e n t r a l  m a s s  < 2 x 10’Mo. 
r e m a r k a b l e  fcatdre of t h e  g a l a c t i c  c e n t  _ r  a n n i h i l a t i o n  rad ia-  
t i o n  is t h a t .  i ts l u m i n o s i t y ,  5 x 35,’ erg/sec, is a factor.  
of % 200 g r e . x t e r  t h a n  t h a t  o f  t h e  ? , r i g h t e s t  1-4 kcV sourcc’ i n  
the GCX conip lox  ( \Sa t son  et  - -- al. 1981). F u r t 5 e r  t h c o r e t i c a l  and 
o b s e r v a t i o n a l  s t u d y  of the a n n i h i l a t j o n  r a i A ,  . i o n  wi 11 be 
c r u c i a l  t o  the u n d e r s t a n d i n g  of ‘he g a l a c t i c  n u c l e u s .  

A 

l h e  r e d s h i f t e d  a n n i h i l a t i o n  l i n e s  s e e n  i n  t h e  spectra of 
gamma-ray b u r s t s  a t  400 kcV can obta in  u p  t o  10 p e r c e n t  of 
t h e  b u r s t .  t’ne:.gy a n d  c a n  v a r y  o n  shorter t i m e  s c a l e s  t h a n  t h e  
t o t a l  I u r i i i n o s i t y  (hirtzets al. 1981) Ramnty c t  a l .  (1980) 
h a v c  i n t c . r p r c t c d  the> 400 kcV l i n e  i n  t h e  5 March 1..~79 burs t  
a s  d u e  a n n i h i l a t i o n  of p o s i t r o n s  p r o d u c e d  by  p a i l .  p r o d u c t i o n  
i n  t h e  rnd i  a t  ion d u i n i n a t e d ,  h i g h  t e m p e r a t u r e  a t n i o s p h c r c  of a 
n c u t r o n  s tar  w h i c h  is h e a t e d  t o  T % 109K and m a g n e t i c a l l y  
c0nf inc .d .  Conf i n c m c n t  is n e c c s s a r y  t o  p r o d u c e  g r a v i t a t i o n 3  I ly 
recishi f ted r a t h e r  than Doppler b l u e s h i f t e d  a n n i h i l a t i o n  rad] a- 
t i o n .  

P a i r  productjon s h o u l d  o c c u r  when a r a d i l l t i o n  f i e l d ’ s  
c h a r a c t e r i s t i c  t e m p e r a t u r e  e x c e e d s  % 109K. S i n c c  t h i s  is 
o b s e r v e d  t o  o c c u r  i n  a c c r e t i o n  f u e l e d  e m i s s i o n  n e a r  b l a c k  
h o l e s  s u c h  as Cyg X - 1  a n d  those t h o u g h t  t o  e x i s t  a t  t h e  
c e n t e r s  o i  act,ve g a l n s i e s ,  these objrcts s h o u l d  be s o u r c c s  
of 511 kcV p h o t o n s  (Lightn lnn  1981). O b s e r v a t i o n s  of t h i s  
r a d i a t i o n  wou ld  s i g n i f i o : a n t l y  a i d  modcls of thcse objects  
a n d  i m p r o v c  the u n t l c r s t a i i d i n g  of t h e i r  r e l a t i o n s h i p  t o  the 
g a l a c t  i c n u c l e u s .  

! 
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c )  Radioactive Decay 

Gamma- ray ines are predicted to be producec by the raaio- 
active decay of the products of explosive-nucleosynthesis 
events in supernovae and novae (Clayton 1980, Woosley and 
Axelrod 1980). Although none of these lines has been dis- 
covered, the predicted fluxes are within the sensitivity of 
future instruments based on today's techniques. Since the 
gamma-rays' flux directly indicates the abundance of the rele- 
vant isotope, the abundance of synthesized material may be 
measured in a model independent manner. In contrast, the inter- 
pretation of atomic lines in the few keV range to determine abun- 
dances in an expand-ng supernova remnant is a model dependent 
procedure made partizulary difficult since thermodynamic 
equilibrium docs nci occur. Earlier at this workshop Shull 
(1981) dcscribcd these difficulties and the resulting large 
unccrt::intics in elernmted abundances. 

Gamma-ray 1 ines csn provide additonal impoTtant informa- 
tion. Used as tracers they can idcntify the positioiis of the 
galactic supcrnovae which have occurred in the past 300 
years This does not appear to be possible in any other 
wavelcngth band.  l'he Doppler bro:idening of the lines 
give tile expansion velocity of the core oi the supernova 
remnant, not the velocit) of the shock-heated outer envelope 
which is measured optically. Ratios of gamma-ray lines give 
the density of the cnvc lope  which overlays the synthesized 
material (Clayton 1974). Long Jiv.:d isotopes indicate the 
total rate and sites of Kalactic nucleosynthesis over the 
last *u 10' years. These observations would provide detailed 

.tests of the highly developed models of supernova and nova 
explosions and make the study of young galactic supcrncva 
available to other wavelength ranges. 

d) Nuclear Decxcitation 

Gammn-ray line production by nuclear deexcitation is 
expected whenever the particle energies exceed the threshold 
for nuclear reactions, typically a fc * MeV. The expected 
nucl~ar ganma-ray emissivities for tet.iperal:ures in the 
10d-10'2€i range havt- been calculated by HiEdon and Lingen- 
felter (1977). Ramaty -- 2t al. (1979) and Ramaty -- et al. 
(1981). Since several huqdred MeV/nucleon must be released 
,n accretion onto a neutron star, it is espccted that nuclear 
reactions should be a si1:ni ficant process near theac objects. 
Neutrons would be produced by many cf t h e  I-c-actions and inter- 
act themselves by '-.:lastic scattering and neutron capture. 
Thc result nf a11 t;le.,e reactions would be excited nuclei 
vhich wol;ld produce characteristjc nuclear gamma-rays. Thcse 
indicate til:. composition of ; . -e  medium as well 3s the enerqy 
spectrutr of the fast  particles. Line widths indicate the 
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s t a t e  of matter  s i n c e  l a r g c  DoppI.?r broadening occur? J . I  lines 
from a n  ambictit gas w h i l c  small  broadc? l l ing  occurs i n  d o s t  and 
s o l i d s .  P a r t i c l e  bc;iiuing r e su l t s  i n  a D o p p l e r  s h i t t  of t h e  
l i n e  e n e r g y  due  t o  t h e  recoil of t h e  excited Iiirclci. 
g r a v i t a t i o n a l  r e d s h i f t  ’nd ica tes  t h e  M/R v a l u e  of the c e n t r a l  
object. S i n c e  the n c w t r o n  t h e r m a l i z a t i o n  t i m e  is d e n s i t y  
dcqwndcAnt , tht. t imc. :lt>lay d ncutron c:~ptui-c? g;inima-rays i n d i -  
c a t w  tht .  a r n b i c n t  d c ~ n s i  t p  . 

A 
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. I . LINE lII?;I;IJ,(;! ES ANL) WIDTHS 

Tht: tbnorgg d i s t r i b u t i o n  o f  t h e  1 i n c s  duc t o  t h e  pl-ocesscs 
d c s c r i b c v i  above arcB shown i n  F i g u r c  3. Cpclot run lines o c ~ g r  
i n  t h c  10 kt!\' to 100 heV ritngcD, b u t  could occul- a t  t l i ghcr  
cllergics i f  t h e  rn:l . n e t  i c  f i o l d  escethds 10' g:rusr; Flectron- 
pos i  t 1.011 ; ~ n n i h i  l a1  i o n  lirlcs o c c u r  i n  t hr? L 400 t o  511 LLtV 
rari,:c8 :ind r;ul iu;tc.t l v c  decay 1 i n e s  est tbnd f ror.1 - 10 ktbV tip 
to f e w  !.lev. h ' u c l c ~ i r  1inc .s  d u e  to  i ~ \ c x l ; ~ s t i c  c s c i t a t i o n  
occur i n  thtl 300 kc.\' t o  1 10 !.Ira\' r a n ~ r ~  :ind t~ i*ut l . i> t~  ca!;.!urc 
l i n e s  ocrur from .- 2 BlcV t o  '- 10 b l c V .  Also i n d i v : \ t ~ . d  i n  
Figur-c' 3 arc3 t h e  p~-orcss:>s ;\nd 1 i  n e  c!rrt.rr;;i cs t 11a~ lln\-cs beinn 
ob .s i~~-vct I  e b t -  p r c d i  c't chd i n  v a r i o u s  oh.ic.c-t 1;. T h c s c  1 i n c s s  s p a n  
the c l n t  i rth 10 k(1V t o  10 Jlt.1' rnnGc and i t  is c lear  t h a t  spcxc- 
t r o s c o p i  c. ol)s..t.rv:ll i o n s  o v e r  t .hc cn t i re r a r ~ g c  arc  rcqui  rca(l 
t o s t u d y  I 11chsc obj r\cxt s . 

The w i d t h s  of t hc v a r i o u s  I ~ n t s s  ;ilSc S ~ ~ O ~ V I I  I n  Figure 4 .  
'i'hc d i s t  i ni.1 inn bri\vt.cn r c s o l v c ~ c i  a n d  n o n - - l - c ~ ~ o l v c t l  l i n w  is 
n t  \ ihcn t i l t .  l i r c  i s  :-t.sc>lvcd. i .  i t s  profile i s  
ri:r~asurc~rl,  1nuc.11 acld i f icpnal ill 1 orm;tt i o n  is vkr ta i ' 'Sht. 
irldic.,ttt.ci ivicit ti of I ~ O I I - ,   sol \ . i d  1 i nc's is :111 upj)cir 1 i n i  t 
1~11izh r i ~ s r ~ l t s  fronl low s t s t  i s t  ic .al  s i g n l f  icrtnt.12 a n d / o r  thc. 
i n a l ~ i l i t y  t o  t ime, - rcso lv t .  : L  \ . ; i ~ - i a L l ( >  s.)icr-'*ex. Also \ h o c n  
i n  Pigu1-c. 4 ; r l -cx  l h t b  cnc.rgy ~ . c > s u l i l t i r ) ~  of Xnl act i  G r .  T h e b c  
indic -a  L i b  t i1;i t Sa I is i nc; t j \ .~L)lc~ 01 d(- t C ~ I . I : I ~ I ~  i IIG I t ~ t >  wi d t  11 ot' 
cost of  1inc.s \ \ h i  I t .  Grb . v u l d  dc-1 1 t : i s  for nc;it 'ly a l l  of 
t hc ; : I .  T1:us G c  di. t c*c*  t o!.s arts rc!clu i l.c.ci 1 or  sprc t r o s c o l > i  c 
nl ,~c.r \~; i t  i o n s  i n  tht.  10 ki%V t o  10 Mc?V ran::€ . Snxil 1 IlgI , 

dc . t cc to l - s  ;)I-(.  ] low ; ~ v : l i  1 a b l t .  ;and i n  t hv  lut urcb thcg may a l so  
ho s l i i t ; t l ) l ( .  (f?icht-1- 3981). 

1V. HEQbJ RED INSrI'RI1l1ENT SEXSITIVITY FOR FUTURE OHSEHVP'TIOKS 

The* r t 'q \~ircxd 1 i n c  sc.nsj I i v i t  y f o r  i.f f r ~ t  i v c  spcc t  l-r,scop i c  
s t u d i e s  c-:in bc d i ~ t t ~ r m i n c d  f r o m  a c o ~ l s i d c r a t i o n  of t h e  l i n e  f1uz;c.s 
of t llC ol).icxcts dc.tc.ctt:d t o  d a t t - .  T h t , s t ~  a r c  j11djc: l tcd i n  Fig- 
U I - ~ ;  5. Bckcausc uf t h c  s h o r t  clurat  i o n  of t h C  K;~rrmln-ray b u l - s t s  
o n l y  v e r y  i n  L(:IISC f l u s c s ,  1 ph/cm2-sr-c . ha\:(. been ubscar\red 
f rorn t l l thln.  Somoi\l~:t t wi-akcar f l.usc-s , ,\, . 01- 1 ph/crn2-scc , havr 
\ w e n  ol>sr>l*\.rd f rot11 s o l  ;lr f 1 nrc..-i and t hc> 2 0 - m i  ntrt r? t r a n s i c - n t  
d c t c c t c d  f rotn ;I ha1 l o o n .  'I't~r. galactic cc-ntcl'. X-ray p ~ r  l s a -  
t o r s ,  and : hc  Cr;ll) ) n ~ l s a r  p:-odu<:r q u a s i - s t o a t . ,  1 i n c s  i n  the 
1 t o  4 x 10- ' ph/c.m'-set. rall;:c.. A1 1 tlwse f luscs h a v e  t)c.cn 
near tllc jnetruncnt a1  s - . c n s i t . i v i t y  1 i t n i t s  so detections have 
t y p i c a l l y  bt-en i n  t h c  3 to  1017 rango. A l t h o u g h  t h e s e  h a v e  
indic .at  c d  1 1 . 1 ~  c*s i s t  cancc and f 11)s of  t lw 1 incrs ,  t11cy have 
u s u a l  I!: n o t  ~ i v c n  d4.t :ti 1s o n  t h e  lincs' t cmporal b e l ~ a v i o r ,  
w i d t h  a n d  cs:~c.t c \n tbrpy .  
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Also s h o w n  i n  Figurc: 5 a re  t h o  i n s t r u m e n t  s e n s i t i v i t i e s  
a c h i c v c d  t o  (late iind t h o s v  r e q u i r e d  for f u t u r e  i n s t r u m e n t s .  
The lfE:AO-- 3 i n s t  rurnctn t ( hl:ihoncxy ct a 1 . 1980 j used 4 l a rge  
c o a x i a l  G ( b  d e t c ~ c - t o r s  i n  an i n s t r u m e n t  o p t i m i z e d  a t  od 1 MeV.  
Below "L GO kuV t h c  i n s t r u m e n t  was c u t  o f f  duc to d e t e c t o r  
dead laycbt-s. The  s c . n s i t i v i t y  v a r i e d  from 'L t o  lo-' 
ph/cm'-: .c~c,  dcpt3nJii:g o n  e n e r g y .  S i n c e  HEAO-3 was a s c a n n i n g  
syaccc!-a f t , '-<, 30 d:::.-s wrc? I-cqui rcd t o  observt. a source d u r -  
i ng  which ''< 100 h o u r s  of e f f e c t i v a  t i m e  o n  a p o i n t  sourcc  
occ-urrctl. l'he s e n s i  t i \ ? i t y  that  p r c s e t i t  b a l l c o n  ins t i -umcxnts  
w h i c h  arch o p t i m i z c d  : iL 1- 1 X1.V c a n  o b t a i n  i n  a s i n g l e  b a l l o o n  
f l i g h t  ( n o t  shown i n  F i ~ u r c l  5 )  is a f;ictor of ' L  2 wrsc  t h a n  
t h a t  of l l l~ l \O-S.  Thcb s c l i - s i  t i v i  t y  of prc-scr;t ba l loon  i n s t  1-u- 

m t h n t s  w h i c h  ;in' o p t i m i z t ~ d  at  r ' .  GO kc>!', also s h o w n  i n  F i g u r c ~  5. 
is 2 s IO-* phjcm'-scc: a t  60 1;cV.  B a l l o o n  i n s t r u r w n t s  p1: inned  
for thcx t i c t s t .  5 ycai -s  \ v i  11  hnvcx n ictor of % 4 impro\vemcnt  
ovcr t h i s  stwsit ; \ . i t ? - .  

2. 0 b s t : r v a t i o n s  are conducted f w i i i  spacc and  i n  m i s s i o n s  
w i t h  y e ; i r s  (11 d u r ~ t  i o n .  T h i s  wi 1 1  n s s u r c  t h a t  ;i 1ai-g~.  number 

a s  wcll a s  discovcxr  1 i nc exission f r o i n  u n s u s p c c t c d  sources. 
t objects ;ire s t u d i e d  i n  o r d c r  t o  1cDnrn tlicir c1;tss p r o p e l - t i c s  
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The following cxamplcs indicated illustrate these 
requirements. The gamma-ray burst in which Tcegarden and 
Cline (l9SOj dctected redshifted line emission from '"Fe at 
3.50 signjficznce had a total energy flux of 3 x lo'' erg/ 
sec. Since bursts of this intensity occur only Q once/year 
(Jennings and White 1980) b6th greater sensitivity and years 
of observation arc required to obtain high quality spectro- 
scopic data on a larfze nunibcr of garmaa-ray bursts. A t  100 times 
better sensitivity > 205 detections of the 847 keV Fe line 
would be expected in 10 t o  20 bursts per year and detailed 
analysis could be performed on the class of gmn-ray burst 
sources. Similar considerations a p p l y  to steady sourc's. 
For example, the pulse-phase rcsolvcd study of the Her X - 1  
cyclotron line requires 10 times the present sensitivity 
and t h e  opportunity to observe the entire 35-day cycle of 
Her X-1. 
brighter than a few UFU requires an additional factor of 
Q 10 sensitivity improvement. 

A similar study of the % 100 galactjc objects 

V. CONCEPTS FOR FUTURE SPECTROSCOPY INSTRUMENTS 

Thc scnsit ivity requirements dcvcloped ab0L.e can be 
fulfilled by a combination of thrce instruments which are 
based on tcchnology u s e d  in tuday' . s  balloon and satelli tc 
instruinen:s. E i I C h  instruInCrit is optirnizcd fcr 2 specific 
energy range and f icld of v i e w .  A l l  the dctc.ctors ir-ould 
be germanium sinc-c it is capable ol resolvinz ncarly all 
the expc .ctcd  linc>s and is available t o d a y  in large volume 
gcometries, 2. 150 cm' .  T h c  o b j c h c t s  for  which the instru- 
m e n t s  arc: suited, their physical Imi-;imcters and sensitivities 
:? 1 gjv(bn in Tahl(. 1 .  The. scBnsitivit i p s  c l f  the instruments 

Instrument (1) is for the s tudy  of (quasi-) steady 
sourc"s of lines in the 10 keV to % 000 keV rar-ge. Optimum 
sensitivity would occur at 2, 60 keV. A field of view of a 
few degrees would be proviaed by a passive collimatJr in 
order to reduce background and source confusion. ilanar 
detectors would providz 4 0  times the collecting area of 
present instruments, an energy resolution of 1 keV and 
minimum background. 

a l s o  indicatzd in Figure 5. 

Instrument ( 2 )  : s  for the study of transient sources. 
I t  would i = ~ l * . : ~ * ~ -  the 10 keV t o  10 MeV energy band and abservc 
tht- t-r.'. ire sky. 
above a few hunL'ed keV, the volume would be 6C times that 
of tne Tecgarden and Cline (1980) detector. Unshielded c3- 
axial detectors would be used in order to have good sensi-tiv- 
ity abovc a few hundred keV. 

Since detector volutnc determines sensitrvity 
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I n s t r u m e n t  (3) is for  t h e  s t u d y  of (quas i - )  s t e a d y  s o u r c e s  
of l i n e s  i n  t h e  100 keV t o  10 M e V  r a n g e .  Optimum s e n s i t i v i t y  
would o c c u r  a t  a few MeV. The detector volume is 25 times t h a t  
of HEAO-3 a n d  v e r y  l o n g  o b s e r v i n g  times, % 200 d a y s ,  w o u l d  be 
required t o  r e a c h  t h e  des i red  s e n s i t i v i t y .  B e c a u s e  of t h i s ,  
a wide f i e l d  of v iew,  % 40°, w i t h  a coded a p e r t u r e  would be 
required t o  o b s e r v e  a n  acceptable number  of objects d u r i n g  
a several y e a r  m i s s i o n .  H e a v i l y  s h i e l d e d  coaxial  detectors 
w o u l d  be u s e d  i n  order t o  h a v e  minimum b a c k g r o u n d  a n d  good 
s e n s i t i v i t y  a t  t h e  h i g h e s t  e n e r g i e s .  

A l l  t h e  i n s t r u m e n t s  w o u l d  r e q u i r e  c o o l i n g  of t h e  detectors 
t o  % 90K. On HEAO-3 t h i s  was done w i t h  a s o l i d  c r y o g e n  r e f r i g -  
erator  w i t h  l ifetime of o n l y  Q 6 m o n t h s .  M e c h a n i c a l  r e f r i g -  
erators h a v e  also b e e n  u s e d  f o r  ge rman ium de tec tor  c o o l i n g  i n  
space (Nakano  a n d  Inihoff  1978), b u t  h a v e  h a d  prol:,lems w i t h  
r e d u c e d  e f f i c i e n c ;  ir, e x t e n d e d  l i f e  a l s o  c a u s e d  m i c r o p h o n i c  
n o i s e  i n  t h e  detector s i g n a l .  The problems w i t h  mechafiical 
refrigerators c a n  be s o l v e d  w i t h  a mw..iiBst d e v e l o p m e n t  program 
a n d  i n  the 1990's they  t r i l l  be t h e  preferred m e t h o d  of a c h i e v i n g  
t b n  r c q u i  r e d  detector temperatures .  

R a d i a t i o n  d a m g e  was 8 problem w i t h  t h e  p - t y p e  IIEAO-3 
d e t e c t o r s  (Xahoney ~t _ _  a l .  - lOY1). I iowever ,  t h e  n - t y p e  d e t e c t o r s  
w h i c h  are y '  'w c o m m e r c i a l l y  a v a i l a b l e  a r e  u n a f f e c t e d  by  r a d i a t i o n  
damage i n  a l o w  e a r t h  o r b i t .  T h e s e  detectors a l s o  have a n c g l i -  
g i b l c  dead  l a y e r ,  so t h e y  o y n r a t e  f rom < 10 keV t o  > 10 MeV. 

V I .  CONCLUSION 

F r : + n ~ - ~ ~  o b s e r v a t i Q n s  of spc- t r a l  l i n e s  i n  t h e  10 keV t o  
10 hlcV rallde h i l l  be of f u n d a m e n t a l  i m p o r t a n c e  i n  o u r  u n d c r -  
s t a n d i n g  of a wide v a r i e t y  of objects  a n d  phenomena  which h a v e  
b e e n  d i s c u s s e d  a t  t h i s  w o r k s h o p .  T h e s e  i n c l u d e  n e u t r o n  s t a r s  
&nd b lack  hi  les a n d  p r o c e s s e s  n e a r  t h e m ,  e x p l o s i v e  n u c l e o s y n -  
t h e s i s  a n d  s u p e r n o v a  r e m n a n t s ,  so l a r  f l a r e s ,  t h e  i n t e r s t e l l z r  
medi 'I, t h e  g a l a c t i c  c e n t e r  and a c t i v e  ga lac t ic  n u c l e i .  S p e c t r a l  
l i n e s  have a l r e a d y  b e e n  detected from many of t h c s e  by  t h c  mod- 
est i n s t r u m e n t s  t h a t  h a v e  b e e n  u s e d  t o  d a t e .  T h e s e  h a v e  a c h i e v e d  
a s e n s i t i v i t y  of lo-' t o  lo-' p h / c m 2 - s e c  f o r  s t e a d y  s o u r c e s  a n d  
lo-' t o  1 ph/cm2-scc for t r a n s i e n t  s o u r c e s .  T h c  i n s t r u m e n t  
c c n c e p t s  p r e s e n t e d  here w o u l a  .?chieve a fac tor  of 100 s e n s i t i v -  
i t y  i m p r a v e m e n t ,  a l l o w i n g  d e t a i l  s t u d y  of many ob jec ts .  S i n c e  
t h e  1ir.es are d i r e c t l y  r e l a t e d  t o  specific p h y s i c a l  p r o c e s s e s ,  
model i n d e p e n d e n t  i n f o r m a t i o n  o n  t h e  p h y s i c a l  c o n d i t i o n s  i n  the 
ol1,ject.s r e s u l t s  a n d  t h e  c lass  properties a n d  n a t u r e  c f  t h e  ob jec t s  
c a n  be d c t c r m i n e d .  
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The instrument concepts are based on dctectcr technology 
that has already been developed for balloon and sztellite instru- 
ments. lnstrunents using these concepts would easily be accom- 
modated by a Shuttle-launched Explorer mission in the 1990's. 
Since thc scientific return from such a mission would be both 
large and relevant to a wide variety of problrms in high energy 
astrophysics it should be given t h e  highest priority in the  
planning of future space missions. 
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TABLE 1 
IIIGH-LKCRCY SPECTROSCOPY I NSTI'\V[IMTS FOR T l l C  1990's 

~ ~ 

~JCCT/PIiEHD:.!Cl:O:.1 DETECTOR SENSITIVITY 

1. X-RAY PULSATOR 
PULSAR 
SUPERNOYA 

ACTIVE GALACTIC iiucLEus 
BLACK HOLE 

GALACTIC CEt:TER 

2000 LM2 X 1.5 Chl lHlCK 
PLANAR CE ARRAY 
Fcw FOV 
UP TO 30 DAY ~X.ERVATION 
10 T O  600 KEV 

2003 cn' GE COAX ALRAY 

3,  Sl 'P tRNOVA 1O,C)c10 ut3 GE cokx ARRAY 

l H r E R S T E L L A R  1;CDIUM 1.40~ rov 

3Xlo-G PH/CM2-SEC 3 60 KEV, 
c 3x1W5 PH/CM -SEC 2 511 KEV, 

SPECTRA OF 1 UFU SOURCE, 

PtlASE RESOLVED SPECTRA FOR 
> 10 UFU SOURCES. 

DISCOVER YOUNG GALACTIC 
SUPERNOVA V I A  7 -RAY L INES 
< 600 KEV.  

D ~ S C O V E R  511 Y.EV ~ . Y I S S I O I I  
F ROM ACT I VE GALACT 1 C NUCLE 1 

LINCS FRCM G!\Lt.CTIC AND SEARCK FOR UhSUSpFCTED 1.1' POSIT I O N  DLTI:K;?i NAT I O N  
SOURCES OF G,v.m- RAY S T N S l T I ' ; i  TO P O I N T  AND E X I R A t A L A C T ! C  SUPERNOVAE. 

LINES D I F F U S E  SOJRCES MEASURE AND NAP Tti; INTERSTELLAR 

200 - D A Y  0% E RVA T 1 ON GAHtNA-RAY LINES. 
100 KEV TO 10 K t V  DISCOVER UNSUS~TCTEI) SOCRCES 01: 

CAWl4-RAY LIKES I 



562 

0.016 

0.014 

0.012 = 
0 
t 

s 
c 0 0.010 

$ 0.031) 
Q, s c 0.035 
3 
0 
3 0.004 
‘A c. q 0,032 

0.000 
e 

-0 .om 

ORlGlNAL PAOE IS 
OF POOR QVALITY 

ENERGY (keV) 

490 500 510 520 530 

-0.034 
4 09 41 0 420 430 440 

CHARNEL NUMBER 

Figure 1. Tile spcctruin o f  t h e  g a l a c t i c  center r eg ion  m c a s u r c d  
by 1113l0-3 i n  Scpt/Oct lLI’i9 (Hic::lcNr -- e t  a l .  19Sl). ‘l’he 5 1 1 3 k c V  
eIcr : t~c~n-posi t : i~on a n n i . h i l ; i t . i o n  l i n c ?  f l u x ,  (1 . . 8  2 . 2 )  x 10- 
ph/c.m’ - w c ,  was f o u n d  io bc a f a c t o r  of 3 lower wl~cn HSAO-:3 
r c w l ~ s ~ r v c ~ d  t h c  g a l a c t i c  cc’ntcr 6 months Inter .  The observed 
litw w i d t h  is due. t o  thr 2 . 7  keV I’KIiJ.1 eiicrgy resoliltion of thc 
dctcict o r s .  Tlicsc d;it:i c . o n s t r : i i n  t h e  g,ralnc.t,ic center I i n c  wid th  
10 less thLit1 2.5 l < e V  ( l o )  and 3.4 I i c V  (20). 
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ORIGINAL PAGE IS 
OF POOR QUALITY 

16' 

X 

2 
16' 

IO' 

F: guul'e 2. Thv prcdicl c d  spcctrr im of gamma-ray l i nes  a n d  
bwr t i ss t rah lung  fi-om t h c  J i r c c t i o n  of t h c  g a l a c t i c  center 
(Harnatp -- ot a ] .  1979,  Izigui-c  30). 
t h e  c sc i  t a t  ion of  n u c ' l ~ i  i n  g r a i n s  a n d  w i d e  l i n c s  a r e  due t o  
th( .  c i x c i t a t i o n  of nyslei i n  gas - 1 4  T h e  shor t  lifetime of t h e  
r l . 4 : ~  S I ~ V  i c ~ \ i  or c ,  5 x s e c ,  results in a broad line. 
a t  t 1 ) i s  cn('r4:y i n  b o t h  cases. 
2 1 0 - ' ' p l i / c r n ~ - s r ~ , - r n d ,  LL f a c t o r  of q.20 below t h e  b c s t  s e n s i t i v i t y  
azh icv t .d  t o  d ; i t c ,  but  w i t h i n  t h o  cbnpab i l i t i e s  of t!ie f u t u r e  
i n s t r u i n c t n  t:; discussed i n  t h i s  papc.r. 

Narrow ljnes a r e  due t o  

The f l u x e s  a re  t y p i c a l l y  
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Figure  3 .  T h e  energy d i s t r i b u t i o n  of l’ncs produced by t h e  
procesws d i s c u s s e d  i n  t h e  t e x t .  
and c n c r g i e s  of l i n e s  observcd and p r e d i c t e d  in a v a r i e t y  of 
astronomical o b j x t s .  

Also shown are t h e  p r o c e s s e s  
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F j g u r c  I .  The w i d t . h s  of l i n e s  p r o d u c c d  by t h c  processc's 
tlisc:issc.rl i n  t h e  t c *x t .  The p l o t t c d  w i d t h  of a d c t c * c t c d ,  b u t  
n o t  ~ * ~ s o l v c ? t l  1 1 1 1 ~ ~  i s  a n  upper l i m i t  to t h c  l i n e ' s  t r u e  w i d t h .  
Thc  cnei-gh-  r c s o l u t i c B n  of C c  and  K;iI d c t e c t o i - s  a r e  a l s o  p l o t t e d .  
I t  is o b v i o u s  t h a t  Gc is rcquircd  for d c t a i  1t.d atut l ics  which 
measur(' the w i d t h s  and profiles of I i n c s .  T h c  proct'sscs  and 
SOUI-ccs o f  thc l i i i r - 3  31-c i n d j c a t c d  by thc not : \ t i o : i  X,Y, w h e r e  
X = process and  Y = source, !is g i v e n  b e l o w .  

S o u r c e  -- P l - 0  c: C? s s 

c C y c l o t l * o n  GC G a l a c t i c  center 
A E l c t c t  ron-posi  Lron GHR Gmina-ray burs t  

R Rad i uac- t i v c  d c r a y  obs(-rved from n b a l l o o n  
E I n e l n s t  i c  c s c i t n t i o n  SY Sula1. 11;11*c 

of n: , . l c . i  ISM J n t  crstc-21;ii' m c d i u a  
N N C ~ I  i'on <.itPtUrc. SNR Supc3riiov:t remnant , i . c. 

: inn ih i  l a t i m  GRT 20-min ganmxi-ray t r a n s i e n t  

e s p l o s i  VP nuc I c o s y n t h c l s i s  
X I V  X- r i a )  pii 1hrlt or  
CP C1*ilt) p t ~ l s i ~ r  
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Figure 5 .  The i n t c n s i t i c s  of high-energy l i n e s .  The most 
i n t e n s e  l ines  of e a c h  class of objcct are p l o t t e d .  Also p l o t t e d  
are t h c  s c n s i t i v i t i  s of s c t v c r a l  i n s t r u m e n t s .  

(a )  KEAO-3: 400 c m  coaxial G c  d e t e c t o r  array, 30-days of 
s c a n i i i  ng  o b w r v a t  i o n .  

!b) Present b a l l o o n  instrument: 50 c m  G e  detector array, 
6 h o u r  poi n t c d  olsei'v;~ t i on. 

( c )  Future q p a c c  i m t r u n i c n t :  I n s t r u m c n t  ( 1 )  from t h e  t e x t ,  
2000 c m  p l a n a r  CP array ,  30-d:iy p o i n t e d  o b s e r v a t i o n .  

( d )  Future spqcc. i n s t r u m c u t  :. 1nstr:imtwt ( 3 )  from the t e x t ,  
10,000 cni coaxial Ce array,  200-day o b s c r v a t  i o n .  
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