
- 

SPECTROSCOPY FROM 2 t o  200 keV 

David J. Relfand, Gary A. Chanan, and Re Novick 

Columbia Astrophysics Laboratory, Columbia Universi ty  

Crawford J. MacCallum 

Sandia Laboratories 

aad 

Marvin Leventhal 

B e l l  Telephone Laborator ies  

ABSTRACT 

The as t rophys ica l  processes responsible  f o r  l i n e  and continuum emission 

i n  the  s p e c t r a l  range 2 keV t o  200 keV are examined from the  viewpoint of 

designing a spectrometer which would operate  i n  t h i s  regime. Phenomena consi- 

dered include f luorescent  l i n e  r ad ia t ion  i n  X-ray b ina r i e s ,  magnetically 

s h i f t e d  i ron  l i n e s  and cyclotron emission from neutron star su r faces ,  l i n e  

emission from cosmically abundant elements i n  thermal plasmas, and nuclear  

deexci ta t ion  l i n e s  i n  f r e s h  nucfeosynthet ical ly  produced matter. An i n s t ru -  

ment cons i s t ing  of a -100 c d  a r ray  of planar  germanium de tec to r s  surrounded 

by a large sodium-iodide ant icoincidence s h i e l d  is descr ibed and d e t a i l e d  

considerat ion of projected background rates and s e n s i t i v i t i e s  are presented. 

A sample observing program f o r  a two-day Shuttle-based mission is included as 

an example of the wide range of s c i e n t i f i c  quest ions which could be addressed 

by such an instrument. 
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I. INTRODUCTION 

From the serendip i tous  discovery of the  f i r s t  celestial X-ray source less 

than 20 years  ago, X-ray astronomy has ca tapul ted  t o  the  fo re f ron t  i n  many of 

the most e x c i t i n g  areas of cur ren t  a s t rophys ica l  research: 

black holes ,  supernovae and t h e i r  remnants, quasars  and o ther  ga lac t  i c  nuc le i ,  

t he  i n t e r s t e l l a r  medium, and cosmology. The de tec t ion  and i d e n t i f i c a t i o n  of 

numerous classes of X-ray epitters, along wtth the  recogni t ion and in t e rp re t a -  

t i o n  of the  wide va r i e ty  of temporal v a r i a b i l i t y  they exh ib i t ,  cons t i t u t ed  t h e  

d r iv ing  force  behind the  e a r l y  growth of the  f i e ld .  More recent ly ,  t he  launch 

of the Eins te in  Observatory extended s e n s i t i v i t e s  by a f a c t o r  of -lo3 and 

provided t h e  capab i l i t y  f o r  imaging X-ray emi t t e r s  with spatial r e so lu t ion  

comparable t o  that achievable  i n  the  rad io  and o p t i c a l  regimes. Major mis- 

s ions  planned f o r  t he  fu tu re  include a l a r g e r  s o f t  X-ray te lescope f a c i l i t y  

and a satell i te dedicated pr imari ly  t o  d e t a i l e d  t iming s t u d i e s  of br ight  

g a l a c t i c  sources. 

neutron stars, 

The development of cosmic X-ray spectroscopy has been slower than t h a t  of 

s p a t i r l  and teepora l  s tud ie s ,  al though recent  advances ind ica t e  t h a t  t h i s  

f i e l d  holds great p o t e n t i a l  for providing important new i n s i g h t s  i n t o  many 

areas of as t rophys ica l  research. Lines from s i l i c o n ,  s u l f u r ,  neon, oxygen, 

and o the r  cosmically abundant elements have been de tec ted  from t h e m 1  plasmas 

i n  a var i e ty  of s e t t i n g s  with the  epectrometers on Einstein.  Iron l i n e  emls- 

s ion  has been discovered i n  the spec t r a  of galaxy c l u s t e r s ,  confirming the  

hypothesis t ha t  these X-rays arise from p a r t i a l l y  processed material. A t  

h igher  energlee,  cyclotron f ea tu res  have been seen i n  t%e spec t r a  of Reveral 
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! g a l a c t i c  X-ray sources thought to  contain magnetized neutron stars including 

Her X-1 and other  b inar ies ,  the  Crab pulsar, pad y-ray bursters .  

A wide var ie ty  of rad ia t ion  processes are involved i n  producing the  high 

energy photons we detec t  from celestial ob jec t s  and X-ray spectroscopy ia an 

e s s e n t i a l  t oo l  in i den t i fy ing  these  techanisme and charac te r iz ing  the  physical  

environments in which they operate. Bot t h e m 1  and nontherael plasmas pro- 

duce the  in tense  continuum and l i n e  emission we observe from X-ray binary 

stars, supernova remnants, and c l u s t e r s  of galaxies.  Synchrotron r ad ia t ion  

and inverse Compton emlssion are thought to be responsible for the  energy 

output of ac t ive  g a l a c t i c  nuclei  (e.g., Seyfer t s ,  BL Lac objec ts ,  aad qua- 

sars), while cyclotron rad ia t ion  is dominant i n  the  reglon of in tense  magnetic 

f i e l d s  near the sur face  of a neutron star. 

nuclei  from novae and supernovae as well as exc i ted  nuclei  produced v i a  the  

in t e rac t ion  of cosmic rays with the  i n t e r s t e l l a r  medium are expected t o  emit 

c h a r a c t e r i s t i c  X- and gamma-ray l ines .  F ina l ly  the rad ia t ion  from a l l  of 

these processes is arodified by the material through which it passes, both in 

the  near source environment and along our l i n e  of s igh t  t o  the  source. 

Rxplosively produced rad ioac t ive  

The instrumental  l imi t a t ions  encountered thus f a r  I n  X-ray spectroscopy 

can be summarized as the need t o  make unsa t i s fac tory  t r adeof f s  among three  

hndamental  parameters: the reso lu t ion  of the instrument, its s e n s i t i v i t y  t o  

l i n e  and continuum e d s s i o n ,  and the t o t a l  range of energies  over which it can 

operate. Tradi t iona l  proport ional  counters (with which the i r o n  emission 

f ea tu res  in c l u s t e r s  have been detected)  have good s e n s i t i v i t y  and reasonable 

s p e c t r a l  range, but inherent ly  poor resolut ion.  On the o ther  hand, the high 

reso lu t ion  obtainable  vi t h  c r y s t a l  opecttometers requi res  severe s a c r i f i c e s  f n  

s e n s i t i v i t y  anti s p e c t r a l  range, while s c i n t i l l a t i o n  de tec tors  (such as the  one 



used t o  discover  the  Her X-1 cyclotron l i n e )  are l imi ted  i n  r e so lu t ion  and, 

thus,  i n  t h e i r  s e n s i t i v i t y  t o  narrow l ines .  F ina l ly ,  any spectrometer located 

a t  t h e  focus of a grazing incidence te lescope  is l imi ted  t o  the  spectral 

regime below-8 keV. 

keV . 
For inst ruments  flown t o  da te ,  t he  cutoff  has been -4 

We have designed a wide-band germanium X-ray spectrometer capable of 

obtaining high r e so lu t ion  spec t r a  over two decades of energy i n  the  region of 

t he  spectrum most crucial to our understanding of the  o r i g i n  of both the  l i n e  

and continuum emission from celestial X-ray sources. A t  the  lower end of t h e  

instrument 's  s p e c t r a l  range, i t  o f f e r s  an improvement i n  energy r e so lu t ion  of 

a f a c t o r  of 3 over t r a d i t i o n a l  propor t iona l  counter experiments, while i n  t h e  

hard X-ray region (50 keV to  200 keV) i t  provides a gain i n  s e n s i t i v i t y  and 

reso lu t ion  of more than an order  of magnitude over e x i s t i n g  instruments.  

is t h i s  unique combination of s e n s i t i v i t y ,  reso lu t ion ,  and s p e c t r a l  range 

which would allow one t o  carry out ,  i n  t he  br ie f  period ava i l ab le  on a S h u t t l e  

mission, an extensive,  var iegated observa t ioqa l  program addressing many impor- 

t an t  quest ions of current  as t rophys ica l  i n t e r e s t .  Below, we discuss  s e v e r a l  

of t he  sources  of X-ray l i n e  emission which would be detec tab le  with t h i s  

instrument (511) including a summary of previous work and estimates of t h e  

observing time required t o  meet var ious objec t ives .  

instrument design and develop d e t a i l e d  estimtes of the  backgrounds expected 

and the  s e n s i t i v i t i e s  achievable. In  the  f i n a l  s ec t ion ,  we comment b r i e f l y  on 

the  place such experiments might occupy i n  the  space science program of the  

fu tu re  . 

It 

In  5111, we descr ibe  the  
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11. SPECTROSCOPY FROM 2-200 KKV 

- a) t i n e s  from Thermal Plasmas 

Emission l i nes  from highly ionized spec ies  of i ron  i n  the  energy range 

from 6 t o  7 keV have been discovered i n  the  spec t r a  of a v ide  va r l e ty  of 

c e l e s t l a l  X-ray emi t t e r s  including supernova remnants (Charles et  al. 19781, 

c l u s t e r s  of galaxies  (Mushoteky et al. 19781, cataclysmic va r i ab le  stars 

(Swank et  el. 19781, and binary X-ray sources  (Pravdo 1978). The latter 

sources a r e  pa r t i cu la r ly  i n t e r e s t i n g  i n  t h a t  t h e i r  continua cannot be charac- 

t e r i z e d  simply as t h e m 1  emission from an o p t i c a l l y  t h i n  hot plasma; a super- 

posed source of f luoresc ing  material is required t o  account f o r  t he  l i n e  

emission. Po ten t i a l  loca t ions  f o r  t h i s  material include t h e  atmosphere of t h e  

companion star, a s h e l l  a t  the  Alfven sur face  of the  neutron s ta r ,  and an 

accre t ion  d isk  (Pravdo 1978). Evidence f o r  a dependence of l i n e  energy and 

i n t e n s i t y  on pulse and o r b i t a l  phases has been reported for seve ra l  sources  

including Her X - l  and Cyg X-3 (Becker e t  al. 1977; Becker -- et al .  1978). I n  

addi t ion ,  lron-abundance determinations f o r  the  binary sources ind ica t e  an 

enhancement of metal-rich material i n  these  systems over t h a t  found i n  the  

thermal sources (supernova remnants and c l u s t e r s  of galax ies ) .  This may, 

however, be more ind ica t ive  of our crude knowledge of the  e x c i t a t i o n  and 

emission mechanisms involved than of an overabundance of hfgh-Z mhtter. 

A wealth of Information can be obtained from the determination of prec i se  

The exact  l i n e  energies  and the meaclurememt of high-resolution l i n e  p ro f i l e s .  

spec ies  responsible  f o r  the  emission can be determined, with the  r e l a t i v e  

contr ibut ione of each y ie ld ing  informetion on the  ion iza t ion  balance of t he  

e l s i t t ing  region. In addi t ion ,  more r e l i a b l e  abundance determinations become 
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poss ib le ,  and kinematic condi t ions i n  the  source can be explored. Such 

information is c ruc ia l ,  f o r  example, i n  choosing among the  various models 

proposed for the  source of the  f luoresc ing  plasma i n  X-ray b inar ies .  

Most of the  e x i s t i n g  i ron-l ine measurements have been made with propor- 

t i c n a l  counters which have t y p i c a l  energy reso lu t ions  a t  6 keV of -1 keV. 

Thus, i n  mny cases, the  i n t r i n s i c  l i n e  widths are unknown and, even i n  t h e  

few sources where resolved f ea tu res  are seen, the  d e t a i l e d  s t r u c t u r e  of t h e  

l i n e  cannot be determined. The r e so lu t ion  of the  proposed spectrometer is 

-370 e V  a t  6 keV; t h i s  represents  near ly  a f ac to r  of 3 improvement over most 

proport ional  counter experiments and w i l l  allow one to  pursue many of the 

important quest ions out l ined  above. The s e n s i t i v i t y  of the  instrument is such 

that i n  less than three  hours' abserving time, we could obta in  high s ignal- to-  

no ise  (210 u i r o n  l i n e s ) ,  high-resolution spec t r a  fo r  a l l  of t he  e igh t  bmary  

X-ray sources known t o  exh ib i t  i ron  f ea tu res ,  e a s i l y  resolving emlssion due t o  

neu t r a l  i ron  (Ka a t  6.4 keV) from t ha t  of various highly ionized spec ies  

(e.g., Fe XXV a t  6.7 keV and Fe XXVI a t  6.93 keV). I n  12 hours, we could 

de t ec t  these same l i n e s  (at the  5 u l e v e l )  from a dozen thermal  source^ inclu-  

ding four supernova remnants, s i x  c l u s t e r s  of galax ies ,  and two cataclysmic 

va r i ab le  stars. Observations over one complete 4.8 hour binary o r b i t  of Cyg 

X-3 would y i e ld  high reso lu t ion  i ron-l ine p r o f i l e s  (at  the  20 u l e v e l )  i n  each 

of 30 o r b i t a l  phase in te rva ls .  A six-hour observation of any one of the  

' 

br igh te r  X-ray b ina r i e s  could lead t o  the f i r s t  de t ec t ion  of the  nucleosynthe- 

t i c a l l y  important n icke l  l i n e  a t  7.5 keV. 

Similar  durat ion point ings would de tec t  the  s t rong  s u l f u r ,  s i l i c o n ,  and 

neon l i n e s  observed i n  seve ra l  g a l a c t i c  SNR with the Einste'.r. So i id  S t a t e  

Spectrometer (SSS), a l b e i t  with near ly  a f ac to r  of 2 worse reso lu t ion .  How- 
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ever ,  the  wider f i e l d  of view of t he  Germanium experiment -sill y i e l d  t o t s 1  

spec t r a  of the  l a rge r  remnants (e.g., Vela, Puppis A, and the  Cygnus Loop) f o r  

t he  f i r s t  time. I n  addi t ion ,  t h e  simultaneous determination of t he  l i n e  

s t r e a g t h s  f o r  i ron  and the  s i l i c o n  group elements w i l l  be invaluable  i n  s o r t -  

ing out some of the abundance anomalies found i n  the  SSS data. Such broad 

s p e c t r a l  coverage of both the  l i n e  and continuum rad ia t ion  is required f o r  

determinig the  run of temperatures and the  r e s u l t i n g  ion iza t ion  d i s t r i b u t i o n  

i n  these objects .  

- b) Line Emission from Magnetic Neutron S t a r s  

The exc i t i ng  p o s s i b i l i t y  of s tudying the  in tense  magnetic f i e l d s  t o  

1013 gauss) a t  the poles of a neutron star v i a  X-ray spectroscopy was f i r s t  

pointed out by Gnedin and :'.unvaev (1974) and Basko and Sunyaev (1975). Elec- 

t rons  i n  the ionized plasma acci*eting onto the  sur face  of X-ray pu l sa r s  w i l l  

undergo cyclotron motion i n  t he  magnetic f i e ld .  Trans i t ions  between d i s c r e t e  

Landau l e v e l s  can occur, giving rise t o  a series of X-ray l i n e s  a t  t he  funda- 

mental cyclotron frequency and i ts  harmonics. Observations of t!iese l i n e s  

c o n s t i t u t e  a d i r e c t  measurement of the  magnetic f i e l d  i n t e n s i t y ,  and a de ter -  

mination of the  l i n e  p r o f i l e s  could y i e l d  important new information about the  

s p a t i a l  d i s t r i b u i i o n  of the  f i e l d  and the  acc re t ing  matter. Recently, t h e  

observat ion of such a l i n e  from Her X-1 a t  55 keV was announced by Trumper - et 

- al. (1977) and Coe et a l .  (1977). The l i n e  emission is reportedly pulsed, 

with a f l u x  of 

of A12 keV. The implied magnetic f i e l d  i n  the line-forming region is 4.6 x 

10' 2 gauss. 

photons (cm2 SI-' and an iv.strumentally determined width 

The e x i s t i n g  observat ions a r e  i n s u f f i c i e n t  even t o  determine whether t he  

l i n e  is seen i n  emission a t  55 keV or i n  absorpt ion around 45 keV. High 
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s p e c 2 r a l  r e s o l u t i o n  d a t a  are t h e  only way to  choose between t h e s e  t w o  possi-  

b i l i t i e s  and t o  provide the  input  requi red  i n  modeling kinematic  and plasma 

c o n d i t i o n s  i n  and around t h e  source.  I f  t h e  repor ted  l i n e  from Her X-1 is 

i n t r i n s i c a l l y  narrow (-1 keV), it w i l l  appear  as a 40 a d e t e c r i o n  i n  a 12-hour , 
observa t ion  with t h e  proposed instrument ( a  10 keV wide l i n e  w i l l  y i e l d  a 30 

a r e s u l t ) .  The e n t i r e  40-70 keV continuum w i l l  be measured a t  a r e s o l u t i o n  of 

1 keV and both t h e  second ( repor ted  a t  110 keV) and t h i r d  c y c l o t r o n  harmonics 

should be d e t e c t a b l e .  

The amount of l i n e  broadening due t o  Doppler (1978) and s e l f - a b s o r p t i m  

e f f e c t s  (Mesearos 1978) he lps  t o  determine t h e  angle  between t h e  magneeic 

f i e l d  and t h e  observer ' s  l i n e  of s i g h t .  The proposed instrument w i l l  be a b l e  

t o  s p e c i f y  t h i s  angle  unambiguously, and its v a r i a t i o n  as a f u n c t i o n  of p u l s e  

phase could provide an important c l u e  t o  t h e  geometry of t h e  e m i t t i n g  region 

and t h e  r e l a t i v e  o r i e n t a t i o n  of t h e  star 's  magnetic and r o t a t i o n  &xes. The 

r e l a t i v i s t i c  f i n e  s t r u c t u r e  (Daugherty 1978) of t h e  proposed l i n e  emiss.'on 

provides  another  estimate of the  viewing angle.  More important ly ,  k x e v e r ,  

t h e  s p l i t t i n g  of t h e  f i n e  s t r u c t u r e  l e v e l s  (w, , o ,  wz , 1 ,  w3 ,*, e t c . )  i s  r e l a t e d  

t o  t h e  f i e l d  s t r e n g t h ;  thus ,  a measurement of t h i s  s p l i t t i n g  provides  a d e t ' t -  

minat ion of t h e  f i e l d  s t r e n g t h  which is independent of t h e  l i n e  energy. 

i n  t u r n  al lows one t o  c a l c u l a t e  t h e  g r a v i t a t i o n a l  r e d s h i f t  at  t h e  e m i t t i n g  

reg ion ,  l o c a t i n g  i t  p r e c i s e l y  above t h e  s u r f a c e  of t h e  neutron star (whose 

mass is known from observa t ions  of its binary companion). Such a r e s u l t  is 

w e l l  w i t h i n  t h e  c a p a b i l i t i e s  of t h e  proposed spectrometer  and would y i e l d  t h e  

f i r s t  f i r m  upper l i m i t  on t h e  r a d i u s  of a neutron star (an extremely important 

input  for  c a l c u l a t i o n s  of t h e  equat ion  of s ta te  f o r  matter at u l t ra -h igh  

d e n s i t i e s )  as well as prov?ding a weal th  of information on t h e  magnetospheric 

T t d a  



s t r u c t u r e  a t  the  base of t he  acc re t ion  column (Mesearos 1978). 

The r a d i a t i v e  t r a n s f e r  ca l cu la t ions  of Weaver (1978) and o the r s  i n d i c a t e  

t h a t  a la rge  f r a c t i o n  of t h e  cyclotron-l ine r ad ia t ion  should be s c a t t e r e d  t o  

lover energies.  

i n  which the  l i n e  photons escape through holes  i n  the  c i rcumste l la r  s h e l l  

above the a g n a t i c  poles of the  s tar  and those i n  which the  r ad ia t ion  passes  

d i r e c t l y  through the  she l l .  Thus, the  l i n e  can a l s o  be used as a probe of 

p l a s m  condi t ions a t  the  Alfven rad ius  of the  star, y i e ld ing  da ta  re levant  t o  

the  problems ef the  s o f t  component of the  X-ray emission from Her X-1 and the 

ove ra l l  accre t ion  process. 

Detailed l i n e  and continuum shapes can choose between models 

Observations of o ther  pu lsa t ing  X-ray b ina r i e s  such as Cen X-3, Vela X-1, 

and the  t r a n s i e n t  source 4U0115+63 ( i n  which evidence f o r  a 25 keV l i n e  has 

been reported)  as w e l l  as of i s o l a t e d  neutron stars such as the  Crab pulssh 

( i n  which a t r ans i en t  77 keV emission f e a t u r e  was seen [Strickman, Kurtess,  

and Johnson 19811 could extend the usefulness  of t h i s  s e n s i t i v e  probe t o  o the r  

objects .  A f e a t u r e  ten  times weaker than the  reported Her X-1 l i n e  would be 

e a s i l y  detected i n  Vela X-1 i n  ha l f  a day'& t i m e .  These observat ions would, 

of course, a l l  be simultaneous wlth those examining p l a s m  condi t ions i n  these  

systems f a r t h e r  from the  neutron star v i a  high-resolution spectroscopy of the  

fron lines as discussed above. 

Recently, i t  has been suggested t h a t  atomic l i n e s  of i ron ,  s t rongly  

s h i f t e d  by the  in tense  magnetic f i e l d ,  might a l s o  be detec tab le  from neutron 

s ta r  sur face  regions. 

ca lcu la ted  by Ruder e t  el. (1981) f o r  a va r i e ty  of sur face  temperatures,  

abundances, and f i e l d  s t rengths .  

f i rs t  d i r e c t  observation of neutron s ta r  sur face  material, and would add 

Energies and s t r eng ths  of the  Lyman l i n e s  have been 

The de tec t ion  of these l i n e s  would y i e l d  the  
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s u b s t a n t i a l l y  t o  our knowledge of plasma condi t ions i n  the  region where the  

accreting material impacts the s ta r  and the primary r ad ia t ion  is produced. 

Wunner e t  a1 ( t h i s  volume), have ca lcu la ted  the requirements of a spectrometer 

necessary t o  observe such l i nes :  10 keV 6 E 

and l i n e  s e n s i t i v i t y  of 2 ph em-* s‘l . A l l  of these  s p e c i f i c a t i o n s  are 

exceeded by t h i s  proposed instrument. 

20 keV; E/AB - 10 t o  100 ; 

Explosive Nucleosynthesis in Supernovae 

The modern e r a  of t h e o r e t i c a l  nucleosynthesis may be dated from 1957 with 

the  publ ica t ion  of the  classic paper Burbidge et al. (1957) (B2PH). 

t h e r e i n  is t he  basis f o r  t he  cu r ren t ly  held be l ie f  t h a t  t he  elemental  abun- 

dances as we know them derive from stellar evolut ionary processes r a t h e r  than 

being a primordial  arrangement of matter. These workers gave, f o r  t he  f i r s t  

t i m e ,  a charac te r iza t ion  of the s p e c i f i c  physical  processes (r-, s-process ,  

etc.) which lead t o  the  formation rlrf d i f f e r e n t  classes of isotopes.  In  a 

sense,  most of the research i n  t h i s  f i e l d  f o r  the  p a s t  25 years  represents  a 

search f o r  the  as t rophys ica l  sites of these processes,  o r i g i n a l l y  de l inea ted  

by B’PH. 

t h e s i s  (Baadc e t  al. 1956) t o  explain t h e i r  l i g h t  curves,  aupernovae were he- 

1ieve.l t o  play an  important r o l e  ir. nucleosynthesis.  During the  la t ter  p a r t  

of the  1960s and e a r l y  19708, la rge ,  f a s t  computers became ava i l ab le  f o r  

general  use. This made it possible  t o  follow phenomenologically the  complex 

nuclear  reac t ion  matrix t h a t  takes  place when a highly evolved star explodes 

and hydrodynamically expands. The ca l cu la t ions  of Arnet t ,  Cameron, Clayton, 

Colgate, Fowler, Schramm, Tinsley,  Truran, Woosley, and o the r s  (Schramm and 

Arnett  1973) led t o  the  remarkable r e s u l t  t ha t  many of the elements can be 

produce6 explosively i n  the  co r rec t  cosmic abundance. 

Set down 

From the teginning, with the  advocation of the  cal i fornium hypo- 

This conclusion l e n t  
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grea t  credence t o  the  theo r i e s  of explosive nucleosynthesis.  An important 

ob jec t ive  of a germanium spectrometer would be t o  provide an observa t iona l  

bas i s  f o r  these  theor ies .  Many of the  s t a b l e  spec ies  are f i r s t  produced as 

unstable  rad ioac t ive  elements which then decay, o f t en  with the  emission of 

c h a r a c t e r i s t i c  X-ray and gamma-ray l i n e s  (Clayton 1973). The unequivocal 

de t ec t ion  of even a s i n g l e  l i n e  from explosively produced rad ioac t ive  matter 

would represent  a fundamental breakthrough i n  t h i s  area of research. 

Predic t ions  of l i n e  f luxes  t o  be expected from radioac t ive  spec ie s  pro- 

duced I n  the  various s h e l l s  of a presupernova s ta r  have been pursued most 

a c t i v e l y  by Clayton, Colgate, and Pishman (19691, Clayton (1973, 1974, 19751, 

and Ramaty and Lingenfe l te r  (1977). Several  l i n e s  of p a r t i c u l a r  iaterest f a l l  

within the  s p e c t r a l  range of our proposed icstrument:  t h ree  l i n e s  from t h e  

"Co -+ 5 / P e  decay a t  14 keV, 122 keV, and 136 keV, the  59 keV l i n e  from the 

60Fe -* 6oCo + 6 o N i  chain,  and a doublet a t  68 keV and 78 keV from the  r eac t ion  

44Tl + 44Sc + 44Ca. 

years, 4.3 x lo5 years, and 68 years ,  respect ively.  

These decay schemes have average l i f e t i m e s  tav of 1.1 

(See Table 1 f o r  a sum- 

mary of p o t e n t i a l  sources and required observing times.) A t  a t i m e  t follow- 

ing  the  supernova explosic- ,  t he  f l u x  F observable i n  l i n e s  such as these is 

given by 

where N is the  number of nuc le i  produced i n  the  explosion, q ts the  number of 

photons produced per d i s in t eg ra t ion ,  and D is the  d is tance  t o  the  source. 

Using some t y p i c a l  values f o r  these  q u a n t i t i e s ,  equat ion (1) becomes: 
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To observe a gama-rap l ine  from the short-lived process "Co .+ 57Pe, a very 

young (t < 10 years) supernova reanant is required. 

ga lac t ic  supernova rates range from one per f ive  years t o  one per f i f t y  years 

( T a r m n  1977; Clark and Stephenson 1977; Manchester and Taylor 1 Y i 3 ) ,  wfth 

s a  recent r e su l t s  (Jones 1975; Taylor 1978) tending t o  favor the higher 

rate. Thus, i t  is not a t  a l l  unlikely that  a remnant less than 5 to  10 years 

old e x i s t s  soaewhere t n  the  Galaxy; such an object would prode a 122 keV l i n e  

f lux  of 4 x 10- photons (cn? s1-l at 20 kpc. 

pointed along the ga l ac t i c  plane, we could search over 75% of the  e n t i r e  

volume of the Galaxy i n  which supernova remnants are known t o  e x i s t  (R < 12 

kpc; l e !  C 150 pc) \ > t h i s  l eve l  of s e n s i t i v i t y  i n  less than two days. The 

only excladed regions would be within a few kiloparsecs of the ea r th  within 

which we are qui te  ce r t a in  no such recent event has occurred. 

Current es t imates  of 

With our 1O.S f i e l d  of view 

While the prospect of detect ing such a young remaat is an exc i t ing  one 

Indeed, the i n i t i a l  program fo r  such a spectrometer would probably concentrate 

on the other t w o  d i s in tegra t ion  chains noted above, s ince t h e i r  longer half-  

l i ves  allcw us t o  search fo r  these l i nes  in  known objects. The 44Ca doublet 

wil l  be detectable with our instrument i n  a three-hour in tegra t ion  i f  i t  is 

present i n  the Cas A remnant a t  the expected level.  These searches fo r  nu- 

c lear  l l nes  from the explosively produced matter can, of course, be car r ied  

out simultaneously with the de ta i led  study of the atomic spectra of both the 

ejected and swept-up yiterial v ia  the 6-7 keic' t ron and nickel  l ines .  

Although less energet ic  by several  orders of magrrizude, ga lac t i c  novae 

a re  a l so  thought t o  be the  s i te  of s ign i f ichnt  nucleoepnthesis, and t h e i r  
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f requent  occurrence 0 2 5  per year  i n  t h e  Galaxy) makes them an  impcrtant  

p o t e n t i a l  t a r g e t .  Aseuging a y i e l d  of u n s t a b l e  nuc le i  of 10 times t h a t  

for supernovae ( L i a g e n f e l t e r  and Ramaty 19781, we could e a s i l y  d e t e c t  both t h e  

"Co and bbTl  l i n e s  from a nova 3 kpc away for t h e  first year  or two af te r  i t s  

outburs t .  In a d d i t i o n ,  t h e  p o t e n t i a l l y  quick response time of t h e  S h u t t l e  

sugges ts  t h e  e x c i t i n g  p o s s i b i l i t y  of observing one of t h e  most abundant of t h e  

i r o n  peak i s o t o p e s  ("Ni, 163 keV) d e s p i t e  its s h o r t  l i f e t i m e  of -10 days (a 

launch wi th in  3-4 months of t h e  o u t b u r s t  of a nearby 1-2 kpcl nova would be 

requi red) .  In conclusion,  then,  our spectrotneter o f f e r s  t h e  f i r s t  oppor tuni ty  

to  put t h e  so-far  b r i l l i a n t l y  s u c c e s s f u l  theory of explosive nucleosynthes is  

t o  a d i r e c t  test a t  t h e  sources  of t h e  c r e a t e d  mater ia l .  

- d )  Continuum Spect ra  

No instrument has every bee- flown which covers  t h e  e n t i r e  energy range 

from s o f t  X-rays to s o f t  gaaum-rays. Consequently, a i l  of t h e  c u r r e n t l y  

a v a i l a b l e  X-ray source s p e c t r a  are composites of d a t a  taken wi th  d i f f e r e n t  

instruments  and, more important ly  for t h e s e  v a r i a b l e  sources ,  a t  d i f f e r e n t  

times. Deta i led  continuum s p e c t r a  are a va luable  d iscr iminant  among var ious  

emission and r a d i a t i v e  t r a n s f e r  models, and with the cur ren t  o b s e r v a t i o n a l  

s i t u a t i o n ,  progress  i n  understanding t h e s e  sources  has been slow. 

An obvious by-product of t h e  s p e c t r a l  l i n e  observa t ions  proposed above is 

t h e  determinat ion of source continuum s p e c t r a  over t h e  spec t rometer ' s  range of 

2 t o  2 0 0  keV. The high r e s o l u t i o n  a v a i l a b l e  over the e n t i r e  band w i l l  enable  

u s  t o  pinpoint  s p e c t r a l  breaks and absorp t ion  edges,  and or i l l  provide d a t a  

which w i l l  be most u s e f u l  i n  s tudying  d e t a i l e d  models f o r  aource emission 

componenta. Assuming a Crab-like spectrum and a I keV * s o l u t i o n  element ,  we 

can d e t e c t  i n  t h r e e  hours a l l  sources  b r i g h t e r  than 15 Uhum counts  out t o  50 



580 

keV and all sources brighter than 300 Uhuru counts (-23 sources) out to 200 

beV. 

- 

e) Solar Physics - - 
High resolution solar spectra have never been obtained in the energy 

range from 50 to 200 keV and standard, free-flying spacecraft constraints 

oc:en preclude solar observations entirely. Thus, the closest object in the 

universe of interest to high energy astrophysicists remains an enigma. The 

relationship of radio noise storms and bursts to the energetic particles 

evident in X-ray flares is not well understood, and detailed continuum shapes 

are required to aake progress in the theories of particle acceleration and 

storage mechanisms. Lines from the hot thermal plasm of the corona will be 

easily observable. 

line which may have originated in the quiet SV.I, and although theoretical 

estimates of their strengths are quite low, lines from the deexcitation of 

nuclei produced in surface nuclear reactions and in the spallation of the 

thermal nuclei of the photosphere by the high energy flare particles Grlght 

well be detected. Detailed line shapes can yield kinematic and poeitional 

information about the emitting particles. By following the time development 

of the spectrum through a solar flare, densities and temperatures in the 

emitting volume can be obtained (see, for example, Parkineon 1975). Although 

solar astronomy would probably iIOt be the primary objective of the initial 

flight of the proposed instrument, its spectral range and resolution meke it 

an obvious candidate for use in studying the Sun. We have included a solar 

observation of a few hours in our sample observing plan to obtain the first 

high reeolution spectrum of the quiet Sun available in this energy regime. If 

an active region is present at launch time, we could specify a more extended 

Jacobsen (1977)  has reported the detection of a 73 keV 
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pointing in an attempt to obtain a flare spectrum which would contribute 

substantially to our knowledge of the energetic phenomena taking place on our 

closest star. 

- f) Sample Observing Program 

In Table 2 we present a sample c '  .erving program that could be carried 

out with this instrument in two days of pointed observations on a Shuttle 

mission. 

40% of our observing time and have based our integration time requirements on 

the sensitivity calculations found in 5III . f .  - 
possible in this short time, and there are manifest advantages in being able 

to combine search program (e.g., for cyclotron and nuclear deexcitation lines) 

with observations which we are confident will yield positive, important 

results (the high-resolution spectroscopy of the 6 keV iron lines and the 

detailed continuum spectra). 

We have assumed that on-source data prill be collected during only 

A wide range of targets is 

111. EXPERIMENT DESCRIPlION 

- a) Overall Design 

The Wide-Band Germanium X-Ray Spectrometer is illustrated in Figure 1. 

The detector package, consisting of 19 planar germanium crystals and their 

associated lowlroise preamplifiers in a vacuum cryostat, ic surrounded by a 

massive active Polyscin (NaI) ehield/collimator and Its associated complement 

of phototubes. 

FWBl field of view, and includes two movablo shutters used in acquiring back- 

ground data, along with an aluminum filter to allow solar observations. 

solid Argon refrigerator sits at the base of the unit, providing sufficient 

The two-section collimator provides each detector with a 1?5 

A 



cool ing capaci ty  t o  maintain the  de t ec to r  c ryos t a t  at T ,$ 90 K f o r  a per iod of 

up t o  f i v e  weeks. This experiment w i l l  provide the  f i r s t  single-instrument 

coverage of t h i s  e n t i r e  energy range, a f a c t o r  of 3 improvement over t he  

reso lu t ion  of proport ional  counters i n  the  6-7 keV iron-l ine region, and more 

than an order  of magnitude increment i n  both r e so lu t ion  and l i n e  s e n s i t i v i t y  

i n  t h e  30 t o  200 keV region. 

components, along with quest ions of s e n s i t i v i t y  and background rates, are d is -  

The design d e t a i l s  f o r  each of t he  system's 

cussed be low.  

- b) Detector Package 

The de tec to r  itself c o n s i s t s  of a hexagonal close-packed a r r ay  of 19 

planar  h igh-pur i ty  germanium c r y s t a l s  of 1 inch diameter ( 5  c d ) .  

ind iv idua l  i n t r i n s i c  de t ec to r s  are r ead i ly  ava i l ab le  commercially i n  a v a r i e t y  

These 

of thicknesses;  we have chosen 10 mu as the  optimum value for  energy range and 

r e so lu t ion  (but see 9III .gbelow).  The quantum e f f i c i ency  of t he  de t ec to r s  is 

g rea t e r  than 80% from 3 to 90 keV and remains g r e a t e r  than 25% between 1.5 and 

200 keV; the  r e so lu t ion  is better than 400 e V  a t  the  low end of t h i s  energy 

range and degrades only slowly t o  a value of -650 e V  (0.4%) a t  t h e  upper 

end. The de tec to r s  are mounted on a cold p l a t e  t o  minimize thermal generat ion 

of e lec t ron/hole  p a i r s  and t o  increase  the  mobil i ty  of the  p a i r s  c rea ted  by 

the  ion iz ing  X-rays from the  source. 

Each c r y s t a l  is equipped with a low-noise PET preamplif ier  which r e s ides  

in s ide  the  de t ec to r  c ryos ta t .  The preamplif ier  output s igna l s  are sen t  t o  t h e  

e l e c t r o n i c s  box mounted beneath the  s h i e l d  assembly where they are amplif ied,  

shaped, and processed i n  a pulse-height analyzer.  Four multiplexed 12-bit 

analog-to-digital  converters  (one f o r  each f i v e  de t ec to r s )  assign each event 

t o  one of the  4096 5O-eV wide energy channels. The da ta  are s e r i a l l y  
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t r ans fe r r ed  t o  the Shu t t l e  telemetry sys tem through a buffer ;  an t ico inc idence  

t r i g g e r s  recorded by the  phototubes and o ther  secondary sc ience  and housekeep- 

ing  da ta  are subcommutated with the  primary da ta  stream by a microprocessor. 

- c) Shield/Collimator System 

In the  low-energy X-ray regime (< 20 keV), l a rge  ant icoincidence e c i n t i l -  

l a t o r  sh i e lds  have not t r a d i t i o n a l l y  been employed, s ince  the  instrument 

background is typ ica l ly  dominated by d i f f u s e  X-ray emission. A t  high ener- 

g i e s ,  however, t he  spectrum of the  d i f f u s e  background s teepens,  and t h e  

charged particle background becomes the  sens i t i v i ty - l imi t ing  fac tor .  In 

addi t ion ,  passive co l l imators  become increas ingly  d i f  f i c u l t  t o  bu i ld  as the  

energy increases above 40 keV. In  the  proposed spectrometer,  t he  s h i e l d  

allows f o r  good co l l imat ion  over the e n t i r e  s p e c t r a l  range, d i f f u s e  back- 

ground-limited observat ions out t o  near ly  SO keV, and remarkably low 

counts ( 8  keV1-l) t o t a l  background rates throughout the  hard X-ray por t ion  of 

the  spectrum. 

The sh ie ld /co l l imator  assembly cons i s t s  of four  pieces of sodium iodide 

housed i n  nermetically sealed containers  with g l a s s  windows f o r  t h e i r  asso- 

c i a t ed  phototube arrays.  The sh ie ld  design assures  tha t  t he  path t o  any 

de tec tor  from the  outs ide  world is a t  least 4 inches. The sodium iodide  

pieces  surrounding the de t ec to r  box on the  bottom and s i d e s  are each viewed 

through symmetrical arrays of s i x  5-inch ruggedized phototubes. The 18-inch 

high col l imator  s ec t ion  on top of the  de t ec to r  is a honeycomb of nineteen 

1-inch holes (one above each de tec to r )  and requi res  a dozen phototubes f o r  

e f f e c t i v e  l i g h t  co l lec t ion .  Similar  d r i l l e d  co l l imators  have been flown 

successfu l ly  with so l id - s t a t e  de t ec to r s  i n  seve ra l  experiments (e.g., on OSO-7 

and HEAO-1). The forward col l imator  s ec t ion  with i t s  own set of 3-inch photo- 
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tubes  r e s ides  18 inches above the  top of t he  instrument t o  provide a reduct ion 

of a f a c t o r  of 2 over the  unpracollimated f i e l d  of view to  1?5 FWHN 

(5.4 x IO-' ster). 

' 

I 

i With an e f f e c t i v e  geometric area of -4000 cn?, the instrument should 
j 
1 
i experience inc ident  background rates of -4 x le events  8-l. 

coincidence t r i g g e r  mechanism w i l l  provide a shor t  (1-2 ps)  gate f o r  normal 

A b i l s v e l  a n t i -  

! 
! 

! background events  and a wider (-50 ps), adjus tab le  ga te  f o r  those events  t h a t  

deposi t  very l a rge  amounts of energy i n  the  sh i e ld  ("stars"). 

from the  normal events  w i l l  be -5%; we estimate t h a t  t he re  m y  be lo3 "stars" 

per second, leading t o  an add i t iona l  5% dead t ime .  Since the rate of "stars" 

is d i f f i c u l t  t o  pred ic t  accura te ly ,  the  exact ve to  width of t he  "star" ga te  

can be uplinked once the  background o r b i t  is determined. 

The dead t ine 

- d)  Background Shu t t e r s  

Mounted atop the main co l l imator  a r e  two motor-driven in t e r lock ing  shut-  

ters, each with its own phototube. They can be commanded closed ind iv idua l ly  

or together t o  cover e i t h e r  9, 10, or a l l  19 of the  de t ec to r s  f o r  the  purposes 

of obtaining simultaneous background da ta  while t he  source is i n  the  f i e l d  of 

view. Such s imultanei ty  may be required t o  e x t r a c t ,  for example, the  weak 

nuclear deexci ta t ion  l i n e s  from the  s t rong ,  time-varying background spec- 

t r u m .  For most observations,  however, we w i l l  be able  t o  obta in  s u f f i c i e n t  

background data  during port ions of the  o r b f t  when the source of i n t e r e s t  is 

not access ib le  (e.g., Earth occu l t a t ion )  and thus will u t i l i z e  the f u l l  e f f ec -  

t i v e  a r ea  of the  de t ec to r s  f o r  source observation. 

- e )  Background Calculat ions 

The ca lcu la ted  instrument background spectrum is shown i n  Figure 2. 

following background components h a w  been included i n  our conetderatione: 

The 
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(1) The diffuse X-ray background (both inside the field of view 

and incident on the remainder of the instrument) 

Cosmic gama-ray-induced spallation in the germanium crystals 

Trapped gamma-rap-induced spallation in the germanium crystals 

Charged particle-induced radioactivity I n  the Ne1 shield, and 

Neutron activation in the germanhim. 

(2)  

(3 )  

(4) 

( 5 )  

We have taken the diffuse background spectrum dPtl/dE from Schwartz (1978); 

for our 95 ca? detector with its 1?5 field of view, this implies 

0.50 E-lO4 ( 1  < E < 21 keV) 
dFbl 
2E - = (  

9.90 E-2.38 (21 < E keV) 

This contribution dominates the instrurnent background up to -40 keV and then 

is rapidly swamped by the nan-X-ray background, contributing lees than 10% 

above 95 keV. 

detector, the contribution to the background from the isotropic diffuse flux 

incident on the instrument is negligible; calculations indicate it can be 

neglected completely below -400 keV. 

Due to the thick "a1 shield which completely surrounds the 

We have performed detailed Monte Carlo simulations using the computer 

codes at Sandia Laboratories1 to estimate the contribution to the background 

from long-lived (covared to the veto time gate width) radioactivity induced 

in the germanium crystals from both cosmic rays and trapped protons. The 

cosmic-ray proton flux was taken from Figure 17 of Webber's review (19671, 

' We wish to acknowledge the InvaluaUe assistance of Jim Morel and John 
Halbleib of Sandia Laboratories for performing these important simulations. 
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using the  values f o r  sunspot maximum. 

e l ec t rons  were t r e a t e d  using Proton Model AP8 Max (Sawyer and Vette 1976) and 

solar meximum models AE4 and AE6 (Teague, Chan, and Vette 1976). The trapped 

proton f l u x  w a s  ca lcu la ted  f o r  a time Corresponding t o  one o r b i t  a f t e r  t h e  

last South At l an t i c  Anomaly passage on the  t en th  day of t he  mission. The 

s imulat ions were performed f o r  sh i e ld  geometries c lose ly  approximating our 

present  design and with minimum sh ie ld  thicknesses  of 8 an and 12 cm. There 

were no s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e rences  between the  two runs,  although 

the  assumption of neglect ing the  noncollimated d i f f u s e  r ad ia t ion  begins t o  

break down f o r  th inner  sh ie lds .  

The South At l an t i c  Anomaly protons ad 

I n  p r inc ip l e ,  one can ca l cu la t e  the  background cont r ibu t ion  due t o  

charged particle-induced rad ioac t ive  s p a l l a t i o n  products i n  the  NaI s h i e l d  

i t s e l f  with the  same d e t a i l e d  procedures used above f o r  t he  germanium. How- 

ever ,  s ince  the  vast  major i ty  of these  nonvetoed events  leave the  instrument 

without i n t e r a c t i n g  i n  the  de t ec to r ,  a vas t  number of p a r t i c l e  and photon 

h i s t o r i e s  must be followed before  s t a t i s t i c a l l y  meaningful r e s u l t s  are 

achieved, and the  computing cos t s  become prohib i t ive .  Thus, we have modeled 

t h i s  cont r ibu t ion  t o  the  background by ca l cu la t ing  the  p a r t i c l e  and photon 

flux out of the  sur face  of a block of NaI with the  appropr ia te  amount of 

induced, nonvetoed r ad ioac t iv i ty .  This has then been t r e a t e d  as an i s o t r o p i c  

background bathing the  Ge c r y s t a l s  and can be converted t o  a background count- 

ing  rate by simply mult iplying by the  i s o t r o p i c  e f f i c i ency  of each de tec to r  

and summing over a l l  detectors .  This cont r ibu t ion  turns  out t o  be roughly 

comparable to  t h a t  from the s p a l l a t i o n  i n  the  germanium over most of t he  

energy range of interest (see Fig. 2). 

In  addi t ion  t o  the  continuous background produced by charged p a r t i c l e s  



and d i f f u s e  X-rays, severa l  sharp l i nes  t y p i c a l l y  appear i n  the  background 

spectrum of germanium de tec to r s  due t o  t r a n s i t i o n s  i n  the crystals induced by 

inc ident  neutrons. While a massive a c t i v e  NaI s h i e l d  is e f f e c t i v e  i n  r e j e c t -  

ing  charged-par t ic le  and uncollimated X-ray events ,  i t  is not p a r t i c u l a r l y  

use fu l  i n  reducing the  f l u x  of these  neutrons. Ear th  albedo and spacecraf t -  

generated neutrons ranging i n  energy from a f r a c t i o n  of a keV t o  >lo0 keV 

cont r ibu te  i n  two ways t o  the  production of a metastable exc i ted  s ta te  of 

‘3Ge: 

Two of the  s t rong  background l i n e s  produced by t h e  decay of t h i s  metastable 

state occur a t  inauspicious loca t ions  i n  the  spectrum: a t  54 keV (near  t he  

Her X-1 cyclotron l i n e )  and a t  67 keV (near the  68 keV nuclear  deexci ta t ion  

l i n e  of 4 4 T i ) .  The high gain s t a b i l i t y  and a t t e n t i o n  t o  obta in ing  background 

da ta  inherent  i n  the  instrument design w i l l  al low the  accura te  sub t r ac t ion  of 

such background fea tures .  

(1)  neutron capture  i n  ’2Ge, and (2 )  i n e l a s t i c  s c a t t e r i n g  of f  ‘3Ge .  

- f )  Instrument S e n s i t i v i t y  

The minimum l i n e  f l u x  FL detec tab le  at  an M-sigma l eve l  i n  o r b i t  t i m e  t 

is given by 

where AE (keV) is the  instrumental  reso lu t ion  or the  i n t r i n s i c  l i n e  width 

(whichever is g r e a t e r ) ,  A ( c m 2 )  i s  the  geometric area of t he  de t ec to r  with 

e f t t c i e n c y  E E: is the  f r a c t i o n  of o r b i t  time i n  which good data  are col-  

l ec t ed ,  and E is the  background counting rate, cons is t ing  of - both t h e  non-X- 

ray counting r a t e  plus  the  d i f f u s e  X-ray background, dFb/dE, and the  source 

A, t 
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I continuum f lux ,  dFc/dE, i n  the  v i c i n i t y  of t h e  l i n e  ( i n  counts [cm2 s i - 
keV1 ' l a  Thus, the time t o  de t ec t  a f ea tu re  of known s t r eng th  is given by 

( 1  -t 
M* 

E F t L  

2- dFb BE dE 

F ~ o E ~  

+ AE 2-  dFC 

dE 1 
FL 

The geometric area of the  de t ec to r  is 95 c d  and the  reso lu t ion  i n  the  i r o n  

l i n e  regton of the spectrum is -400 eV.  We have assumed t h a t  u se fu l  da t a  w i l l  

be obtained during 40% of our observing t i m e  (€.e., E = 0.40). Note t h a t  f o r  

many of t he  s t rong  X-ray binary t a r g e t s ,  the  source continuum is the  dominant 

cont r ibu t ion  t o  the  "background" counting rate. In  es t imat ing  the  observing 

t 

t i m e s  requried f o r  the observat ions of br ight  binary sources discussed i n  

SII.a), - we have used the  6 keV continuum flt ixes reported i n  the re ferences  

from which the  l i n e  f luxes  were taken and have ex t rapola ted  these  values t o  

the  s u l f u r ,  argon, and n icke l  energies  using an E-l power l a w  spectrum (a good 

approximation of these  objec ts  over t h i s  narrow s p e c t r a l  range [Pravdo 19781). 

Using these  parameters, t he  3-3 s e n s i t i v i t y  obtainable  i n  lo4  8 of o r b i t  

time is  approximately 

dF 

FL(roin) dE 9 
= 6 x (K) dFb + ('f'2 photons ( c d  s)-l 

implying l i n e  s e n s i t i v i t i e s  of 

N < 4 x 

photons ( c d  s1-l and 
N 

photons (cn2 s)-l at 6 and 60 keV, respect ively.  

& Other Detector Configurations 

The de tec tor  system described above was chosen t o  optimize s e n s i t i v i t y  

and reso lu t ion  while extending the  usefu l  s p e c t r a l  range down t o  2 keV. In  

view of the  extensive spectroscopic  results from the  Eins te in  SSS i n  t he  2-4 
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keV range, it is usefu l  t o  consider o ther  poss ib le  de tec tor  configurat ions 

which deemphasiee t h i s  s o f t  X-ray regime. 

s u b s t i t u t e  t h i cke r  germanium c r y s t a l s  f o r  those i n  the  base l ine  design t o  

provide increased s e n s i t i v i t y  at  the  higher  energies .  

planar  c r y s t a l s  r e t a i n  10% of t h e i r  e f f i c i ency  up t o  550 keV. 

element a r r ay  would provide -10 cm2 of e f f e c t i v e  area i n  the  region of the  511 

keV pos i t ion  ann ih i l a t ion  l i n e  which has been observed from the  directLon of 

the  g a l a c t i c  center .  The narrow f i e l d  of view and high s p e c t r a l  r e so lu t ion  of 

t h i s  experiment would provide new information on t h e  source of t h i s  l ine .  The 

p r i ce  of such a change is a worsenlng of the  r e so lu t ion  i n  t h e  6-7 keV i r o n  

l i n e  region by near ly  a f a c t o r  of two ( t o  -lo%, i.e., comparable t o  t h a t  

achievable with gas s c i n t i l l a t i o n  proport ional  counters  - see Rai ley e t  al. 

and Culhane, t h i s  volume). Al te rna t ive ly ,  t he  complexity of t he  de t ec to r  and 

sh ie ld  assemblies could be reduced considerably by chdosing an a r r ay  of seven 

15-cm2 c r y s t a l s  i n  place of the nineteen 5-cd  a r r a y  i n  the cur ren t  design. 

Again, however, t he  r e so lu t ion  is  degraded from 360 eV t o  560 e V  a t  6 keV. 

Detai led s c i e n t i f  i c /enginee t ing  tradeof f s t u d i e s  are cu r ren t ly  under way t o  

determine the  optimum configurat ion f o r  a f l i g h t  design. 

One such p o s s i b i l i t y  would be t o  

For example, 1.6 c m  

Thus, a 1.9- 

IV.  CONCLUSIONS 

A number of outs tanding as t rophys ica l  problems require  c r i t i ca l  inputs  

from moderate-to-high r e so lu t ion  X-ray spectroscopy i n  the  2-200 beV band and 

beyond. A l a rge  number of the  atomic, nuclear ,  and cyclotron t r a n s i t i o n s  t h a t  

occur i n  the  regime o f f e r  unique probes of t he  physical  condi t ions which 
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\ 
obta in  i n  sources ranging from neutron star b ina r i e s  t o  c l u s t e r s  of galaxies.  i 
We have designed a planar  germanium spectroabeter which would operate  i n  t h i s  

r i c h  s p e c t r a l  domain t o  address such quest ions as the s t r u c t u r e  of neutron 
I 

s ta r  magnetospheres and accre t ion  d isks  and the  o r i g i n  of the chemical ele- 

ments. With the el iminat ion of the  germanium spectrometer on the  Gamma Ray 

Observatory, no cur ren t ly  planned NASA mission w i l l  be ab le  t o  meet the  pa ten t  : 

need f o r  such a spectrometer. 

The sample observing program displayed i n  Table 2 i l l u s t r a t e s  t h a t  a 

subs tan t ive  s c i e n t i f i c  program can be ca r r i ed  out by such an experiment i n  the  

br ie f  observing time avai lab le  on a week-long Shu t t l e  f l i g h t .  As the  cos t  of 

a free-f lying mission escalates past  $100 M and the  funds ava i l ab le  f o r  new 

starts dec l ines  prec ip i tous ly ,  it is  perhaps appropriate  t o  reexamine the 

premises on which the  space science program of the  past  decade w a s  b u i l t .  Ten 

experiments of the  class described here and elsewhere i n  t h i s  volume can a l l  

be b u i l t  f o r  half  the cos t  of one f ree- f lyer  i n  less than half  the t i m e .  The 

continued exis tence of an American program i n  high energy astrophysics  may 

w e l l  t u rn  on which of these options is chosen. 

This work w a s  supported by t h e  National Aeronautics and Space Administra- 

t i o n  under Contract NAS 5-26041. This is Columbia Astrophysics Laboratory 

Contribution No, 216. 
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TARLE 1 

Nuclear Deexcitation Lines from the Sites 

of Explosive Nucleosynthesis 

Life- Nuclei Phot on8 Dis- Time 

Nuclei (keV) (yr) per Event Decay Source (kpc) (hr) 

5 7 ~ o + 5 7 ~ e  14,122 1.1 7x1OS2 0.88 5 yr SNR 20 0.34 

Energy time Produced Per tance Required* 

136 1.1 7x1OS2 0.11 4.8 

57Co+57Fe 14,122 1.1 2 x 1 0 ~ ~  0.88 1 yr Nova 3 0.61 
136 1.1 2x1049 0.11 14 

60Fe.*60C, 59 4.3 5 ~ 1 0 ~ ~  1.0 Sof :  X-Ray 0.2 38 
xi05 loop +60Ni  

4 4 T i . * 4 4 S ~  68, 78 68 6 ~ 1 0 ~  1 .o Cas A 2.8 2.4 
+ 4 4 ( 3  

56~1+56 ~0 163 0.025 9~10~' 0.85 1 mo Nova 3 0.01 

3 mo Nova 5.9 +56Fe 

*To detect a 3 d detection based on line strength calculations discussed 
above . 
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TABLE 2 

Sample Observing Program for Two Days' Observing Time 

- 
O b j e c t i v e s  

Fe Ni Other Con- Cyclotron Nuclear 
Time Line Line Lines tinuum Lines Lines 

Source (hr) (16 a) (4 0 )  ( 3  a) Spectra ( > l o  a) (3  a) 
X-,saY Binaries 
cyg x-3* 5 J J J J J 0 . 0  ... 0 . .  d ... 0 . .  

J J J ... Cen X-3 0.1 J 
Vela X-1 6 J V 

Her X-1 12 J J 0 . .  J J 0 . .  

GX 301-2 0.1 J ... 0 . .  J ... ... 
1626-67 0.1 J 0 . .  ... J ... ... 
Cir i-1 0 .3  J 0 . .  0 . .  J ... 0 . .  

C a s  A 20 J d(6  a) J ... J 
CX 287.8-0.5 1 J 0 . .  ... J ... ... 
Recent nava 0.2 ... ... ... J ... J 
"lusters of GaLasiss 
Perseus 0.15 J 0 . .  0 . 0  J ... 0 . .  

Virgo 0.25 J 0 . .  ... J ... ... 
coma 0. a J 0 . .  0 . .  J ... ... 
0251+41 1.0 J 0 . .  ... J ... 0 . .  

3 0 . .  0 . .  J J ... J *?he swl 

I 

Supemova ,?emants ... 

- 
Total 50 

%e complete orbit .  
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FIGURE CAPTIONS 

FIG. 1 - Schematic diagram of Wide-Band Germanium X-Ray Spectrometer. 

FIG. 2 - Background counting rates for the Wide Band Germanium X-Ray Spectro- 

meter as a function of energy Including contributions from nonvetoed 

charged-particle events in the detectors (Gel and shield (MI), and 

the dif f use X-ray backgrourrd . 
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