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1 . 0 INTRODUCTION 

Large co l l ec t ing  power is e s s e n t i a l  for many of t h e  

object ives  or' f u t u r e  programs of X-ray astronomy. I n  order t o  

carry out as t rophysical  inves t iga t ions  d i r e c t l y  i n  X-rays, a 

m i n i m u m  number of photons must be obtained. I t  is evident t h a t  

good angular resolut ion is needed t o  recognize and image d i f f u s e  

sources, obtain precise  posi t ions,  reduce background, and avoid 

confusion. The s p e c i f i c  ro l e  of t h e  h igh  throughput instrument 

is t o  c o l l e c t  a s u f f i c i e n t  number of photons from sources, both 

yoint-l ike and extended, t o  permit an  in-depth study of 

individual ob jec ts  and group proper t ies  t o  be accomplished w i t h i n  

a reasonable time without t h e  l imi t a t ions  of background, 

confusion, and shot  noise. The s t u d i e s  include: measurements of 

f l u x e s  and luminosity functions,  s t u d i e s  of morphlogy and imaging 

of low surface brightness fea tures ,  temporal var ia t ions ,  and 

spec t r a l  2ropert ies .  To achieve a good measurement of these 

parameters, e.g. t o  charac te r ize  a temporal va r i a t ion  i n  

quan t i t a t ive  terms or measure a temperature gradient w i t h  

precision, t h e  measurements mus t  of n e c e s s i t y  be made a t  a h igh  

level of s ignif icance,  t yp ica l ly  t e n s  of 3, which is well beyond 

t h a t  merely required t o  es t ab l i sh  t h e  existence of a source. 

A value for  effective area t h a t  represents a reasonable goal 

fo r  fu tu re  h igh  throughput imaging instruments is about l o 4  
cm2. T h i s  is approximately 50 times t h a t  of t h e  E i n s t e i n  

Observatory and 10 times AXAF. A reasonable goal for t h e  angular 

resolut ion is about a minute  of a r c  (diameter of c i r c l e  

containing 50% of t h e  power). With  t h i s  combination of la rge  

area and angular resolut ion,  t h i s  instrument would be u n i q u e  i n  
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capabi l i ty  when compared t o  a l l  other mission concepts under 

s t u d y .  The Large Area Modular Array of Reflectors (LAMAR) is a 

prac t i ca l  approach for achieving t h i s  desired combination of 

large e f f e c t i v e  area and good anqular resolution. For imaging 

purposes, t h e  s e n s i t i v i t y  of an array of i den t i ca l  modules 

(imaging telescopes and de tec tors )  is equivalent i n  every respect 

t o  t h a t  of a s i n g l e  long telescope w i t h  t h e  same t o t a l  aper ture  

and angular resolution. Given t h e  appropriate manufacturing 

technology fo r  mass production, t h e  array of modules a r e  much 

eas i e r  and l e s s  cos t ly  t o  f ab r i ca t e  than a monolithic telescope. 

There is no need for precise  co-alignment of t h e  modules. 

Furthermore, t h e  modular approach r e s u l t s  i n  more eff ic ient  use 

of the avai lable  volume on any spacecraf t  because t h e  viewing 

aperture  can be the la rge  area s ide  of t h e  spacecraft .  

I n  t h e  discussion of s c i e n t i f i c  object ives  and estimated 

performance,  the name LAMAR is used  i n  a g e n e r i c  s e n s e .  I t  covers a 

number of technical approaches for both t h e  mirrors and 

de tec tors ,  i n c l u d i n g  several  described a t  t h i s  workshop, t h a t  a r e  

capable of be ing  made i n t o  an array of lo4 cm2. Different 

choices f o r  the mirror and detector technology providz varying 

degrees of e f f ec t ive  area,  angular resolgt ion,  f i e l d  of view,  

short  wavelength response and energy resolut ion No one 

mirror-detector system is optimum i n  a l l  respects. The key t o  

low cos t ,  namely remaining w i t h i n  t h e  l i m i t s  of a moderate cost  

Explorer :nission, is adopting a s ing le  set of technologies for 

t h e  mirrors, de tec tors ,  and d i s p e r s i v e  elements, i n  pa r t i cu la r  

technologies which a re  amenable t o  mass production methods a t  low 

u n i t  cost. Also,  the  technique should not require  so special ized 
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sZills or t oo l s  t h a t  t he re  would be d i f f i c u l t y ,  i r respec t ive  of 

cost,  of producing t h e  required number of modules i n  a reasonable 

in t e rva l  of time. A moderate cos t  approach is discussed i n  

Sect. 4. I n  t h e  discussion t h a t  appears i n  Sect. 2 ,  a h i g h  

throughput X-ray imaging instrument w i t h  energy resolut ion is 

shown t o  be an important t oo l  for s t u d y i n g  key problems i n  

ga l ac t i c  and ex t raga lac t ic  astronomy. In  so doing, t h e  basic 

parameters assumed fo r  the  system are: 

SOX E i n s t e i n  
1 O X  AXAF 4 2  effective area (mirror):  10 c 5  a t  2 k e V  

2 x 10 cn? a t  5 keV 

resolut ion (SO% f l u x  diameter): 1 arcminute or be t t e r  on ax i s  

f i e l d  oL view: 1 degree 

For object ives  involving moderate resolut ion X-ray l i n e  

spectroscopy (E /AE 2 100) t h e  use of object ive grat ings is 

assumed, i n  pa r t l cu la r ,  r e f l ec t ion  gra t ings  forward of t h e  

mirrors a s  discussed i n  Sect. 3. 

LAMAR is un ique  w i t h  respect t o  any other mission under 

discussion. Its combination of l a rge  co l lec t ing  a rea  and good 

angular resolut ion is not para l le led  by any past  mission nor any 

fu ture  f a c i l i t y  t h a t  is being planned. I t  co l lec t ing  power 

represents an improvement over t h a t  of the  E i n s t e i n  Observatory, 

as well a s  t h a t  of EXOSAT and ROSAT, t h e  n e x t  two telescope 

missions i n  X-ray astronomy, by about two orders of magnitude. 

W i t h  respect t o  fu tu re  missions, it has an order of magnitude 

la rger  co l lec t ing  power t h a n  AXAF, as well  a s  f a c i l i t i e s  t h a t  a r e  

being discussed by the  European Space Agency and Japan. LAMAR 
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can address scient i f ic  objec t ives  i n  many areas  of both g a l a c t i c  

and ex t raga lac t ic  astronomy. It is not r e s t r i c t e d  t o  t h e  s t u d y  

of one aspect of X-ray sources nor t o  a s i n g l e  c l a s s  of objects. 

I t  can obtain r e s u l t s  on many objec ts  i n  a time t h a t  is shor t  

compared t o  any other f a c i l i t y .  Being ab le  t o  obtain r e s u l t s  i n  

a reasonably shor t  time is essential because many s tud ie s  a r e  

simply impractical i f  t h e  observer requires more than about two 

years t o  carry out h i d h e r  program. Thus,  LAMAR can serve t h e  

s c i e n t i f i c  community i n  a very general way and can accommodate 

t h e  needs of a very la rge  number of users. 

2 .0  EXPECTED PERFORMANCE OF LAMAR 

We consider t h e  performance of a LAMAR i n  several  

hypothetical observations relevant t o  t h e  fundamental problem 

areas of astronomy and astrophysics t h a t  were described i n  t h e  

theore t ica l  presentat ions during t h e  f i r s t  day of t h i s  workshop. 

These areas  are:  

(1) Cosmology, t h e  X-ray Background, and Large Scale 

S t ruc ture  of t h ?  fh ivczse  

(2 )  Clusters  of Galaxies and Their Evolution 

( 3 )  Quasars and Other Active Galact ic  Nuc le i  

( 4 )  Compact O b j e c t s  i n  Our Galaxy 

( 5 )  S t e l l a r  Coronae 

(6 )  Energy Input t o  t h e  I n t e r s t e l l a r  Medium 

Examples a r e  considered i n  each of these subject areas.  
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2.1 Cosmology 

LAMAR can s t u d y  the  overa l l  isotropy of the s k y  i n  t h e  

redshi f t  range z 1 t o  3 by measuring t h e  2-4 keV background. 

By s tudy ing  apparent volume d e n s i t y  vs .  z for several  c l a s ses  of 

ex t raga lac t ic  X-ray source, LAMAR may allow an independent 

estimate of 9,. Studies of evolution can be car r ied  out by 

obtaining complete X-ray selected samples ( w i t h  de ta i led  X-ray 

information) of Seyfer ts ,  quasars, BL Lac objec ts  and c l u s t e r s  of 

galaxies t o  r e d s h i f t s  z 2 0.S t o  3. Features i n  t h e  X-ray 

background may reveal la rge  sca le  s t ruc tu res ,  and e v e n t s  

associated w i t h  t h e  i n i t i a l  formation of c l u s t e r s  or of galaxies  

i n  c lus t e r s .  

The X-ray background above a few k e V  is f r e e  of g a l a c t i c  

e f f e c t s  and offers  t he  best  chance t o  measure t h e  isotropy of t h e  

universe over the e n t i r e  s k y  on sca les  between 1 de92 and 1 2  

hours, and i n  t h e  redshi f t  i n t e rva l  of z " L t o  3 from which t h e  

b u l k  of t h e  X-ray background probably or iginates .  As pointed out 

by Fabian a t  t h i s  Workshop, t h e  X-ray background is sens i t i ve  t o  

the s t ruc tu re  of the  u n i v e r s e  on a s ca l e  of 10-100 Mpc. The 

fundamental l i m i t  t o  measuring t h e  isotropy a r i s e s  from source 

confusion noise due t o  t h e  X-ray source counts 

N O  SI = 2.7 x 

0.3 t o  3.5 k e V .  Focusing instruments a r e  e s sen t i a l  i n  order t o  

eliminate individual d i s c r e t e  sources t o  a s  low a level a s  

possible while integrat ing the  d i f fuse  background f l u x  i n  t h e  

remainder of the f i e l d  of view. I n  an observation of 2000 

seconds, LAMAR can el iminate  sources dawn t o  a leve l  of 10-14  

erg/cm2 s. Scaling from measured background r a t e s  i n  t he  

S-3/2 s t e r - l ,  where S - ergs/cm2 s 
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E i n s t e i n  Obse rva to ry ,  we estimate t h a t  i n  t h i s  time, about 6000 

c o u n t s  from d i f f u s e  X-ray background (2-4 keV) and 4 x 104  

c o u n t s  a t  most of non-x-ray background accumula te  i n  1 deg2. 

Source c o n f u s i o n  n o i s e  ove r  t h e  1 deg2 is expec ted  t o  be 350 

coun t s .  Therefore, t h e  t o t a l  u n c e r t a i n t y  due t o  s ta t i s t ica l  

f l u c t u a t i o n  is  7%. S y s t e m a t i c  e r r o r s  i n  t h e  non-X-ray background 

c a n  probably  be reduced t o  l%, therefore,  t h e  practical  l i m i t  1s 

about 10% f o r  a s i n g l e  1 deg2 f iel?.  FGC t h o s e  o b j e c t i v e s  

r e q u i r i n g  smaller u n c e r t a i n t y ,  t h e  o b s e r v a t i o n  of many f i e l d s  

w i l l  reduce this u n c e r t a i n t y  c o n s i d e r a b l y .  

independent  f i e l d s  would b r i n g  it down t o  0.1%. T h i s  would be 

feasible i n  s e v e r a l  y e a r s  of LAMAR o p e r a t i o n ,  and would occur  

n a t u r a l l y  i n  t h e  c o u r s e  of normal obse rv ing .  Such p r e c i s i o n  is 

e s s e n t i a l l y  u n o b t a i n a b l e  w i t h  an i n s t r u m e n t  having l ess  a r e a .  

Measurement of - l o 4  

Based upon L A . - a ' s  h igh  throughput  and i t s  a b i l i t y  t o  s t u d y  

many sourcesI it is p o s s i b l e  t o  d e f i n e  v a r i o u s  cosmolog ica l  

tests. For example, it has  been p o i n t e d  out  t h a t  t h e  a p p a r e n t  

volume d e n s i t y  VS. r e d s h i f t  depends  on 4, more s t r o n g l y  t h a n  

t h e  classical  tests of a p p a r e n t  o p t i c a l  magni tude o r  a p p a r e n t  

s i z e  vs .  r edsh i f t . 1  A t  t h a t  time on ly  c l u s t e r s  of g a l a x i e s  

were known t o  be u b i q u i t o u s  e x t r a g a l a c t i c  s o u r c e s .  Now, w e  might 

a p p l y  t h e  test independen t ly  t o  S e y f e r t s  or BL Lac o b j e c t s .  A l l  

of these classes have l u m i n o s i t y  f u n c t i o n s  of roughly  

Mpce3 f o r  L > 1 0 4 4  e r g / s .  Although r e d s h i f t s  would have t o  

be o b t a i n e d  by op t ica l  meansI t h e  power of LAMAR is t h a t  t h e  

samples can  probably  be d e f i n e d  comple t e ly  based p u r e l y  on X-ray 

p r o p e r t i e s ,  e.g., f i n i t e  spat ia l  e x t e n t  f o r  c lus te rs  of g a l a x i e s ,  

a power law spectrum of index 0.5 t o  0.; f o r  S e y f e r t s  ( c f .  
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Mushotzky e t  a l .  l980),2 and a s o f t  X-ray excess and time 

v a r i a b i l i t y  for  BL Lac objects.  To detect "100 objec ts  i n  a 

range of Az = 0.1 a t  z = 1 requires 1000 f i e l d s  of 1 deg2 

observed for  2000 sec each. The LAMAR s e n s i t i v i t y  w i l l  be t o  

erg/cm2 s, or L = erg/s ,  i n  t h i s  time. 6f 

course, any such measurement of cosmological parameters m u s t  

simultaneously address t h e  p o s s i b i l i t y  of source evolution. Use 

Of t h e  c l a s s i c a l  <V/Vm> tes t  w i l l  prevent u s  from being fooled, 

even i f  t h e  test  were inconclusive. However, i n  X-rays w e  have a 

u n i q u e  p o s s i b i l i t y  of deconvolvinq t h e  evolution because of the 

rigorous constraint  of not exceeding t h e  X-ray background. 

2.2 Clusters of Galaxies and Their Evolution 

The r e s u l t s  of t h e  E i n s t e i n  Observatory have confirmed our 

expectations based upon previous r e s u l t s  t h a t  X-ray observations 

a r e  an important source of new information corxerning c l u s t e r s  of 

galaxies. Clusters  of galaxies  a r e  e a s i l y  i d e n t i f i e d  i n  X-rays 

a s  a d i f f u s e  source w i t h  kT above 2 keV. The X-ray p i c tu re  of 

c l u s t e r s  may e x h i b i t  considerable s t ruc ture .  I n  f a c t ,  t h e  X-ray 

s ignature  of a c lus t e r  of galaxies  is so c h a r a c t e r i s t i c  t h a t  new 

c l u s t e r s  of yalaxies w i l l  probably be found much more eas i ly  i n  

t h e  fu ture  by X-ray measurements than by opt ica l .  

The E i n s t e i n  Observatory was able  t o  study r e l a t ive ly  nearby 

c lus t e r s .  I t  es tabl ished t h a t  there  e x i s t s  a d ive r s i ty  of 

morphological types ( c f .  , Forman and Jones, A.R.A.A. 

surpris ing preponderance of c l u s t e r s  w i t h  complex s t r u c t u r e  and 

asymmetry was found i n  comparison t o  c l u s t e r s  w i t h  more smoothly 

d is t r ibu ted  gas, such as t h e  Coma Cluster. Subsequent op t ica l  

1982) . 3  A 
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measurements have tended t o  show t h a t  t h e  d i s t r i b u t i o n  of 

galaxies is indeed cor re la ted  w i t h  t h e  increases i n  X-ray surface 

brightness a s  i n  Abel l  2O6go4 A s  explained below, X-ray 

measurements a r e  po ten t i a l ly  a good method for  mapping t h e  

d i s t r ibu t ion  of mass w i t h i n  a c l u s t e r ,  a s  well as  for  determining 

t h e  t o t a l  mass of c lus te rs .  However, t h e  E i n s t e i n  Observatory 

d i d  not have the  throughput required t o  map t h e  temperature and 

temperature gradient of t h e  c l u s t e r  gas. Thus,  it could not 

provide much d i r e c t  information per ta ining t o  t h e  measurement of 

c lus t e r  masses and t h e i r  d i s t r i b u t i o n  insi ' fe t h e  c lus t e r .  While 

t h e  E i n s t e i n  Observatory produced important r e s u l t s  on the  

morphology of several  dozen individual c l u s t e r s ,  i ts sample of 

d i s t a n t  c lus t e r s  was t o o  small for r e s u l t s  on c lus t e r  formation 

and evolution t o  be conclusive. 

The E i n s t e i n  morphological s t u d i e s  reveal c l u s t e r s  of 

d i f f e r e n t  ages, a t  t h e  current  epoch (c f .  Forman and Jones 

19821.3 We would l i k e  t o  ,.udy c l u s t e r s  of d i f f e r e n t  age a t  a 

var ie ty  of cosmological epochs back t.,, z = 1. It  is not obvious 

a p r i o r i  what is required t o  perform the morphological s tudy .  

From an examination of t h e  E i n s t e i n  X-ray images, it seems t h a t  

c l u s t e r s  w i t h  5 x 5 p ixe l s  above the  3 a  contour and w i t h  a peak 

contour of a t  l e a s t  100 signif icance can be q u a l i t a t i v e l y  

c l a s s i f i ed .  With an estimated 3/4 t o  1 arcmin resolut ion,  a 

104  

of a c lus t e r  t o  r edsh i f t s  of z = 0.2 (L, 2 3 1043 e r g / s ) ,  

z 0.5 (L, 2 1044  e r g i s )  and z - 1.0 (Lx 2 3 x 1044 

erg/s.  

second LAMAR observation w i l l  g i v e  a morphological p i c tu re  

LAMAR is t h e  key i n s t r u m e n t  i n  t h i s  regard because c l u s t e r s  
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of galaxies  a r e  extended X-ray sources and moderate angular 

resolut ion is adequate for carrying out many of t h e  objectives.  

Figure 1 is an X-ray contour p lo t  of Abell 2069 a s  observed by 

t h e  Imaging Proportional Counter of t h e  E i n s t e i n  

I n  addi t ion t o  t h e  t h ree  pr inc ipa l  condensations, LAMAR would see 

gas of much lower surface brightness.  Superimposed upon t h i s  

diagram is a 1' x 1' gr id  representing c e l l s  i n  which temperature 

could be measared. 

observing time t h e  temperature could be measured i n  each of those 

c e l l s  t o  an accuracy of be t t e r  t h a n  13%. A2069 is a t  z = 0.12. 

A t  2 or 3 times t h i s  d is tance,  according t o  ce r t a in  models of 

c l u s t e r  evolution, we should be able  t o  detect systematic 

differences i n  luminosity, morphology and temperattire d i s t r i b u t i o n  

between those objec ts  and the  r e l a t i v e l y  nearby c l u s t e r s ,  and 

t h u s  detect t h e  manifestations of c lus t e r  evolution. 

O b s e r ~ a t o r y . ~  

Simulations ind ica te  t h a t  i n  1 0 4  seconds of 

Mass of Galaxies and Clusters  of Galaxies 

Under conditions of hydrostat ic  equilibrium .lot gas w i l l  be 

d i s t r ibu ted  i n  a g rav i t a t ion  po ten t i a l  according t o  the  

expr e s  s ion : 

Thus ,  measurements of loca l  temperature, t h e  temperature 

gradient ,  and the  d e n s i t y  gradient  w i l l  provide a good 

determination of M(r),  the  t o t a l  mass i n t e r i o r  t o  r. The r e s u l t  

is ra ther  unambiguous i f  the  condition of isothermal equilibrium 

can be es tab l i shed .  Galaxies i n  c l u s t e r s ,  pa r t i cu la r ly  i f  they 
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are r e l a t i v e l y  s t a t i o n a r y  such  as #87 i n  Vi rgo ,  are i n  a p o s i t i o n  

t o  have gaseous  halos and c a n  be expec ted  t o  be i n  a c o n d i t i o n  of 

h y d r o s t a t i c  e q u i l i b r i l m .  With t h e  E i n s t e i n  Obse rva to ry ,  it was 

possible t o  measure a mass of ~ i 8 7 . ~  A LCWAR would have SOX 

e f f e c t i v e  area of t h e  E i n s t e i n  Obse rva to ry  (even  more above 3 

keV)  and t h u s  much better c a p a b i l i t y  for measuring t e m p e r a t u r e  

and t e n p e r a t u r e  g r a d i e n t s .  Consequent ly ,  it w i l l  be able t o  

de te rmine  masses for many more g a l a x i e s .  With these r e s u l t s ,  w e  

can  s t u d y  t h e  r e l a t i o n s  between dark and  luminous matter for 

g a l a x i e s  of v a r i o u s  types and i n  v a r i o u s  environments .  

t h e  

By t h e  same method, t h e  t o t a l  masses of c l u s t e r s  of g a l a x i e s  

and groups of g a l a x i e s  c a n  be s t u d i e d  w i t h  LAHAR. T h i s  is beyond 

t h e  c a p a b i l i t y  of t h e  E i n s t e i n  Obse rva to ry  because of t h e  rapid 

f a l l  of i ts e f f e c t i v e  area above 3 keV. As kT of many c l u s t e r s  

are  t y p i c a l l y  5-8 keV, good re sponse  i n  t h a t  ene rgy  range  is 

needed t o  measure t e m p e r a t u r e  g r a d i e n t s  and consequen t ly  t o  

d e r i v e  t h e i r  masses. 
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Large  Scale S t r u c t u r e  o f  t h e  Universe  

One of the  i m p o r t a n t  o b j e c t i v e s  i n  astronomy is to  s t u d y  t h e  

s t r u c t u r e  of t h e  u n i v e r s e  on  v a r i o u s  s i z e  scales and  to s e a r c h  

for other c l u s t e r i n g  h i e r a r c h i e s .  There  is r e a s o n  to  bel ieve 

t h a t  X-ray measurements w i l l  p rove  to  be v e r y  u s e f u l  fo r  t h i s  

s tudy .  A. Fabiar.  h a s  p o i n t e d  o u t  a t  t h i s  workshop t h a t  d i f f u s e  

X-rays may be t h e  best p robe  of t h e  u n i v e r s e  i n  t h e  r a n g e  10-100 

Mpc. The f a c t o r  of 50 larger th roughpu t  of LAMAR compared t o  t h e  

E i n s t e i n  Obse rva to ry  and  even  more above 3 keV w i l l  e n a b l e  it t o  

examine r e g i o n s  of much lower s u r f a c e  b r i g h t n e s s  which e x t e n d  

f u r t h e r  from t h e  c l u s t e r  c e n t e r .  I n  p r i n c i p l e ,  t h i s  w i l l  permit 

t h e  search for s t r u c t u r e  on a larger  scale t h a n  c l u s t e r s .  

As X-ray measurements (> 2 keV) a r e  so s p e c i f i c  t o  

e x t r a g a l a c t i c  o b j e c t s ,  LAMAR is expec ted  to f i n d  a l a r g e  number 

of new e x t r a g a l a c t i c  objects. The d i s t r i b u t i o n  of some c a t e g o r y  

or sub-ca tegory  may e x h i b i t  a s t r u c t u r e  o r  c l u s t e r i n g  h i e r a r c h y  

t h a t  is n o t  a p p a r e n t  i n  v i s i b l e  l i g h t  a g a i n s t  t h e  opt ical  

background of s ta rs  and normal g a l a x i e s .  ?or example, t h e  

tendency t o  form s u p e r c l u s t e r s  may be more apparent i n  t h e  

c o r r e l a t i o n  or lack t h e r e o f  between r e g i o n s  of d i f f u s e  X-ray 

e m i t t i n g  gas t h a n  i n  g a l a x i e s .  

S t r u c t u r a l  f e a t u r e s  of l a r g e  scale may be e v i d e n t  i n  s t u d i e s  

of t h e  X-ray background. Recent p a p e r s  s u g g e s t  two possible 

mechanisms t h a t  may indeed  r e su l t  i n  l a r g e r  scale s t ruc ture .  A 

100 Mpc vo id  has been r e p o r t e d  i n  Bootes (Ki r schne r  e t  a l .  

19811.6 I f  t h e  X-ray background is l i n e a r l y  p r o p o r t i o n a l  t o  

t o t a l  mass a long  t h e  l i n e  of s i g h t  out t o  t h e  Hubble d i s t a n c e  of 

, 
I 
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say 4000 Mpc (i.e, t h e  sum of a l l  ac t ive  g a l a c t i c  n u c l e i  and 

possible hot gas) ,  t h e n  a 100 Mpc void would be detectable  as  a 

diminution i n  t h e  X-ray background over t h e  e n t i r e  lo f i e l d ,  

100 Mpc 

4000 Mpc 
= 0.025 

Source confusion noise may make it impossible t o  detect an 

effect of t h i s  amount i n  any one f i e l d  b u t  t h e  observation of 

many f i e l d s  should be revealing of s t r u c t u r e  of t h i s  magnitude. 

Another possible source of ' Jariations i n  t h e  X-ray background has 

been suggested by Ostriker and CowieO7 I n  t h e i r  picture ,  t h e  

agent of galaxy formation is mult iple  supernova explosions i n  t h e  

ambient gas occurring a t  t h e  epoch z = 5. The process of galaxy 

formation i n  t h e  i n t e rga lac t i c  medium is analogous t o  t h a t  of 

s t a r  formation i n  our own galaxy. A consequence of t h i s  process 

is t h e  c rea t ion  of hot cav i t i e s ;  T = 1 O * K ,  w i t h  a diameter of 

15 Mpc. Their surface b r i g h t w s s  is about 2 x lo-* 
ergs/cm2-sec-ster ( i . e .  , equal t o  t h e  i so t rop ic  background) and 

angular s ize  about 15' t o  30'. T h i s  should lead t o  s ign i f i can t  

var ia t ions  i n  t h e  X-ray background w i t h i n  t h e  LAMAR lo x lo 

f i e l d  of view t h a t  a r e  e a s i l y  detectable.  The Einstein 

Observatory, a s  well a s  EXOSAT and ROSAT, do not have s u f f i c i e n t  

throughput above 2 k e V  t o  de tec t  va r i a t ion  i n  t h e  ex t r aga lac t i c  

X-ray background. 

t 

2.3 Quasars and Other Galaxies w i t h  Active N u c l e i  

',ne of t h e  s ign i f i can t  fea tures  of X-ray measurements is 

t h e i r  s p e c i f i c i t y  for ex t raga lac t ic  ob jec ts  fo r  data  above 2 k e V  
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i n  energy and above 20° i n  g a l a c t i c  l a t i t udes .  

X-ray images a r e  dominated by point-l ike a c t i v e  g a l a c t i c  nuclei 

and t h e  d i f f u s e  emission of c l u s t e r s  of galaxies.  I n  pa r t i cu la r ,  

measurements by LAMAR would r e s u l t  i n  f i n d i n g  a la rge  number of 

new quasars. Optical observations would s t i l l  be needed t o  

determine r edsa i f t s ,  but  t h e  s e l ec t ion  process based upon X-ray 

cha rac t e r i s t i c s  would make t h a t  a r e l a t ive ly  straightforward and 

routine procedure a s  t h e  sample should be r e l a t i v e l y  f r e e  of 

ga lac t i c  objects.  The key p o i n t  about LAMAR is that it would 

allow s t u d i e s  and c l a s s i f i c a t i o n  of quasars according t o  t h e i r  

X-ray cha rac t e r i s t i c s ,  s u c h  a s  luminosity, spec t r a l  index,  and 

possible X-ray emission or absorption l ines ,  and temporal 

benavior. Large throughput is needed t o  obtain a level of 

s ignif icance much beyond t h a t  required t o  merely e s t ab l i sh  

existence. 

I n  t h a t  regime, 

Temporal Behavior 

The s t u d y  of temporal va r i a t ions  promises t o  be a very 

important diagnostic t oo l  for ac t ive  g a l a c t i c  n u c l e i  a s  described 

by A. Lightman a t  t h i s  symposium. There a r e  theore t ica l  reasons 

t o  believe and considerable observational evidence t o  ind ica te  

t h a t  ac t ive  g a l a c t i c  n u c l e i  w i l l  e x h i b i t  f a s t  time va r i a t ions  i n  

t h e i r  X-ray f l u x .  LAMAR is e s s e n t i a l  for  observing temporal 

var ia t ions  i n  a l l  b u t  the  few very br ightes t  and nearest  objects.  

Imaging is necessary for removing background and avoiding source 

confusion. Figure 2 is a simulation of a type of temporal 

var ia t ion  expected t o  occur of ten i n  a QSC? (c.f. 

t h e  energy source is accret ion onto a black hole. A O S 0  of 

Lightman) if 

1 
i 
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moderate X-ray i n t e n s i t y  has been se lec ted  for simulation. 

Sinusoidal periods of decreasing length correspond t o  a s e r i e s  of 

th ree  f i n a l  o r b i t s  around t h e  nuc leus .  A more spectacular 

temporal var ia t ion  is simulated i n  Figure 3. T h i s  is based on an 

actual  E i n s t e i n  Observatory measurement of a f a i n t  quasar i n  

which only 47 counts were obtained. There is an indicat ion of 

la rge  v a r i a b i l i t y  i n  a shor t  time.8 

The coupling of spec t r a l  measurements t o  temporal w i l l  

provide even more diagnost ic  information about t h e  environment 

surrounding a n  ac t ive  g a l a c t i c  n u c l e u s .  There is evidence from a 

combination of Ariel  5 and E i n s t e i n  Observatory data  for  

systematic co r re l a t ions  between t h e  t o t a l  X-ray emission from 

Seyfer t  galaxies  and t h e  r a t i o  i n  f l u x  between a soft (0.5-1 keV)  

and a harder component (2-10 k e V )  ( E l v i s  and Lawrence 1981Io9 

Variable i n t r i n s i c  absorption of s o f t  X-rays plays a ro l e  i n  t h e  

correlat ion.  LAMAR w i l l  be ab le  t o  carry out spectral/temporal 

s t u d i e s  i n  d e t a i l  for  many objects.  

2.4 Compact Objects i n  t h e  Galaxy 

One of t h e  g rea t  contr ibut ions of X-ray astronomy t o  

astrophysics is t h e  discovery of c lose binary sys tems containing 

compact objects  t h a t  e x h i b i t  a remarkable range of time 

var ia t ions  of intensi ty .  These sys tems present an opportunity t o  

s t u d y  t h e  behavior of neutron s t a r s  and other compact ob jec ts  i n  

an environment where t h e y  a r e  accret ing subs t an t i a l  streams of 

matter. The X-ray Timing Explorer (XTE) w i l l  be undertaken a s  a 

dedicated low cost  mission t o  s t u d y  these sys tems us ing  la rge  

area non-imaging detectors .  While XTE is expected t o  produce 
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s ign i f i can t  r e s u l t s  based upon observations of t h e  hundred or so 

most intense g a l a c t i c  ob jec ts ,  we can already a n t i c i p a t e  the need 

for  follow-on inves t iga t ions  w i t h  a more sophis t icated instrument 

t h a t  can deal w i t h  f a i n t e r  objects.  W i t h  i ts imaging capab i l i t y  

and large area,  LAMAR w i l l  be ab le  t o  observe much f a i n t e r  

objects  because background e f f e c t s  and source confusion a r e  

eliminated. Thus ,  it can address a var ie ty  of new systems s u c h  

as  neutron s t a r s  i n  other environments, a s  well  a s  cataclysmic 

var iables  containing degenerate dwarfs. 

Neutron $3- 

The greater  s e n s i t i v i t y  of t h e  LAMAR extends t h e  scope of 

neutron s t a r  invest igat ions considerably by increasing t h e  number 

of channels of ooservation. They a r e  described below. 

(1) Compact Objects i n  Supernova Remnants 

A number of supernova remnants have been shown by t h e  

Einstein Observatory t o  contain compact X-ray e m i t t i n g  objects.  

These inc lude  WSO (SS433), 6109-1, RCW103, t h e  Vela SNR, and 

others. A l t h c u g h  t h i s  co l l ec t ion  of ob jec t s  represents  a mixture 

of X-rays from accretinq binary s y s t e m s ,  synchrotron accelerat ion 

of p a r t i c l e s  and hot neutron s t a r  surfaces ,  t h e y  a r e  a s  a group 

rather young neutron s t a r s .  They may present aspects  of neutron 

s t a r  behavior t h a t  a r e  differe.1, ,ran compact b inar ies  which  a r e  

generally much older objects .  

( 2 )  W i o  P a a r s  

The Columbia University group has detected X-ray 

?mission f tom several  radio pulsars  w i t h  the  Imaging Proportional 

Counter of the Einstein Observatory (Helfand 1981.) . l o  The 



246 

o b j e c t s  seem t o  be s p a t i a l l y  ex tended  i n d i c a t i n g  t h a t  X-rays are  

prodwed as  a r e s u l t  of a c t i v e  p a r t i c l e  a c c e l e r a t i o n  as in t h e  

Crab Nebula and Vela. P u l s a r s  a r e  i s o l a t e d  n e u t r o n  s t a r s  and 

r e p r e s e n t  objects i n t e r m e d i a t e  i n  age between those found i n  

supernova remnants and t h o s e  i n  compact b i n a r y  systems.  With 50 

times t h e  throughput  of t h e  E i n s t e i n  Obse rva t ry ,  LAMAR shoould  be 

a b l e  t o  s t u d y  many p u l s a r s .  

( 3 )  Possible Pers i s ten t  X-ray Sources a t  Gamma Ray B u r s t  

Pos i t  i o n s  

S e v e r a l  models f o r  gamma r a y  b u r s t s  (e.g. Woosley and 

Wallacelll p r e d i c t  t h a t  t h e r e  w i l l  be p e r s i s t e n t  X-ray 

emission.  There is marg ina l  ev idence  for such  a cor respondence  

i n  an  E i n s t e i n  Obse rva to ry  o b s e r v a t i o n .  I f  t h e  f l u x e s  are  w i t h i n  

an  o r d e r  or two of magnitude of p r e d i c t e d ,  t h e n  t h e  catalog of 

p r e c i s e  gamma r a y  b u r s t  p o s i t i o n s  can  be examined w i t h  LAMAR for  

a s tudy  of h i g h l y  magnet ized n e u t r o n  s ta rs .  

( 4 )  F a i n t  Compact Binary  Systems (Neighbor G a l a x i e s )  

The d i s c o v e r y  of i n d i v i d u a l  sys tems e x h i b i t i n g  a new 

type  of behav io r ,  s u c h  as Cyq X-1 ,  Her X - 1 ,  and AM Hei-, has had a 

profound effect  upon our  p e r c e p t i o n  and unde r s t and ing  of t h e  

p h y s i c s  of compact objects. Thus, t h e  d e t e c t i o n  of a d d i t i o n a l  

o b j e c t s  w i t h  u n i q u e  tempora l  behavior  cou ld  have a g r e a t  

s i g n i f i c a n c e  t h a t  is d i f f i c u l t  t o  prede termine .  The imaging 

c a p a b i l i t y  of LAMAR w i l l  allow it t o  s t u d y  much f a i n t e r  compact 

binary sys tems i h e t h e r  t h e y  a r e  w i t h i n  our own g a l a x y  and of 

r e l a t i v e l y  low i n t r i n s i c  l u m i n o s i t y  o r  i n  neighbor  g a l a x i e s  where 

t h e y  a r e  f a i n t  because  of distance. Thus ,  LAMAR would make a 

c o n s i d e r a b l y  l a r g e r  number of n e u t r o n  s t a r  compact b i n a r i e s  
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accessible  t o  study. While t h e r e  is no reason t o  believe a 

p r i o r i  t h a t  t h i s  l a rge r  group w i l l  contain phenomena or f ea tu res  

t h a t  a r e  not seen among t h e  more i n t e n s e  gteap, t h e  previous 

his tory of compact ob jec ts  indicates  t h a t  even a s i n g l e  object 

can have an impact t h a t  is revolutionary. 

Cataclysmic Variables 

I n  addi t ion t o  compact binary systems containing neutron 

s t a r s ,  there  exists f a n t e r  ob jec ts  containing degenerate dwarfs 

which includes cataclysmic var iab les  ( C V ) .  Their time sca l e s  of 

temporal change a r e  not l i k e l y  t o  be a s  rapid b u t  not necessar i ly  

less in te res t ing .  T h i s  means t h a t  w i t h  an imaging detector  f a i n t  

objects  can be s t u d i e d  because we can in t eg ra t e  for longer 

periods of time without background or confusion becoming a 

fac tor .  The recently discovered X-ray C V ' s  (AM Her, 2A0311-227, 

V1223 Sag, ,12237-035) show bath op t i ca l  and X-ray pe r iod ic i t i e s  

ana quas i -per iodic i t ies  which allow diagnosis of the s t ruc tu re  

and mass t ransfer  i n  these systems. 

A s  an example of how LAMAR w i l l  perform i n  t h e  s t u d y  of the  

temporal behhvior of cataclysmic var iab les ,  we consider t h e  

f a i n t e s t  object t h a t  is l i k e l y  t o  be of in t e re s t .  As described 

by D. Lamb a t  t h i s  workshop, it is one t h a t  emits a t  lo1 
erqs/sec a t  a dis tance of 1000 pc. There a r e  hundreds of ob jec ts  

more i n t e n s e  than t h i s .  (More d i s t a n t  ob jec ts  a r e  d i f f i c u l t  t o  

s tudy  opt ica l ly . )  I n  LAMAR t h i s  source w i l l  count a t  a 0.5 

c t s / sec  w i t h  e s sen t i a l ly  no background. We can e a s i l y  s t u d y  

temporal behavior of individual f l a r e s  on a time sca l e  of 50 

seconds or more. Search for  pe r iod ic i t i e s  and spec t r a l  changes 
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w i l l  be accomplished q u i t e  eas i ly .  The spec t ra l  reso!.ution of 

LAMAR w i l l  permit a s t u d y  of correlated changes of s o f t  an3 hard 

components. 

2.5 S t e l l a r  Coronae 

One of the  major contr ibut ions of the  HEAO program and t h e  

E i n s t e i n  Observatory (HEM-2) , i n  pa r t i cu la r .  has been t o  

e s t ab l i sh  X-ray measurements a s  a major diagnost ic  t oo l  for 

s t e l l a r  coronae. X-rays have been detected from s t a r s  of 

v i r t u a l l y  every spec t r a l  type and f l a r e  a c t i v i t y  has been found. 

Some moderate resolut ion l i n e  spectroscopy was obtained for  t h e  

few most intense objects. As impressive a s  t h e  Einstein 

Observatory r e s u l t s  may be, t h e y  represent only t h e  beg inn ing  

phases of what could be a major new means of fundamental 

invest igat ions of s t e l l a r  coronae. The e f f ec t ive  area of the 

E i n s t e i n  Observatory telescope was only 200 cm2. Because i t s  

e f f ec t ive  area w i l l  be 50 times t h a t  of the  Einstein Obervatory 

and 1 0  times t h a t  of AXAF, t h e  LAMAR i s  a much more powerful too l  

for s t e l l a r  photometry. W i t h  the  use of more e f f i c i e n t  

dispers ive techniques, LAMAR'S increase of throughput over 

E i n s t e i n  for moderate resolut ion spectroscopy ( E / h  E : 100)  is 

poten t ia l ly  even much la rger  than t h a t  for imaging and 

photome t r y  . 
I t  should be possible t o  make a grat ing t h a t  is a t  l e a s t  1 0  

times a s  e f f i c i e n t  a s  t h e  object ive transmission grat ing of 

Einstein. Reflection grat ings,  a s  discussed by W. Cash a t  t h i s  

symposium, w i l ;  allow much higher l i n e  d e n s i t i e s  and, 

consequently, much higher dispersions.  The  key  point is t h a t  t h e  
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d i s p e r s i o n  would be l a r g e  enough t.0 make an Imaging P r o p o r t i o n a l  

Counter  f e a s i b l e  as t h e  detector b~ t h e  d i s p e r s e d  spectrum. The 

I P C ' s  e f t i c i e n c y  is about f o u r  times h i g h e r  t h a n  t h a t  of t h e  h i g h  

r e s o l u t i o n  imager of t h e  E i n s t e i n  Observa tory .  Hence, even i f  

o n l y  a f o u r t h  of t h e  f u l l  area of t he  L A . W  were devoted  t o  

s p e c t r o s c o p y ,  t h e  i n c r e a s e  i n  throughput  r e l a t i v e  t o  E i n s t e i n  

would be la rger  by a factor  of: 

5014 x 10 x 4 : 500. 

T h i s  would be a l a r g e  enough i n c r e a s e  t o  make modera te  r e s o l u t i o n  

spec t roscopy  appl icable  t o  many s t e l l a r  o b j e c t s .  Assuming t h a t  

114  of t h e  LAMAR'S t o t a l  a r e a  is dcvoted  t o  r e f l ec t ion  

g r a t i n g s  and assuming t h a t  t h e  g r a t i n g  e f f i c i e n c y  is - - * ,  t h e  

estimated c o u n t  r a t e  i n  t h e  d i s p e r s e d  spectrum of a s t a r  e m i t t i n g  

lo2 '  e r g s / s  a t  a d i s t a n c e  of 25 pc is 0.5 c o u n t d s  i n  t h e  0.5 

t o  1.5 k e V  band. T h u s ,  an  o b s e r v a t i o n  of 2 x 1 0  seconds  w i l l  

p rov ide  some l o 4  c o u n t s ,  and a comparable  number of background 

coun t s .  For a r e s o l u t i o n  of 1 0 0 ,  t h e  average  energy  b i n  w i l l  

c o n t a i n  1 0 0  c o u n t s ,  and many of these w i l l  be i n  t h e  form of 

l i n e s  so that many b i n s  w i l l  c o n t a i n  s e v e r a l  hundred coclnts. 

T h i s  is s u f f i c i e n t  t o  p rov ide  meaningful  measurements of 

t empera tu re  and i o n i z a t i o n  e q u i l i b r i a .  

4 

Photometry i n  c o n j u n c t i o n  w i t h  low r e s o l u t i o n  spec4:roscopy 

( E / A  E :  2)  a t  1 k e V  can  be a p p l i e d  t o  many s ta rs .  T h i s  is u s e f u l  

f o r  moni tor ing  f l a r e  a c t i v i t y  and d e t e c t i n g  changes  i n  

t empera tu re  t h a t  a r e  c o r r e l a t e d  w i t h  i n c r e a s e s  i n  i n t e n s i t y .  

F i g u r e  4 is an  i l l u s t r a t i o n  of t h e  spec t rum of EL s t a r  a t  a 
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distance of 40 pc e m i t t i n g  e rgs / s  as observed i n  LAMAR for 

a time of l o *  sec. Spectra a r e  shown for  a pure thermal 

spectrum (Raymond & Smith)  of kT = 0.17 keV,  a s  well  as for 

various amounts of an addi t ional  component f l u x  w i t h  kT = 1.0 

keV. is no d i f f i c u l t y  i n  detect ing a small percentage Of 

t h e  higher temperature component. ‘In t h e  example taken, t h e  s t a r  

could be i n  t h e  Hyades c lus te r .  When the  LAMAR is pointed t o  

that. region, we would expect t h a t  several  s t a r s  would be observed 

simultaneously w i t h i n  t h e  lo f i e l d  of view of LAMAR. 

There 

The fea tures  of s t e l l a r  coronae t h a t  could be s t u d i e d  w i t h  

X-ray measurements have been discussed by Linsky a t  t h i s  

symposium. They are:  

Temperatures, range and dependence upon luminosity 

Densit ies 

Flow ve loc i t i e s  

Total energy input and heating mechanism 

Energy balance 

Geometry, f r ac t ion  of t h e  volume f i l l e d  by loops 

Wind accelerat ion mechanisms 

In te rac t ion  of winds w i t h  i n t e r s t e l l a r  medium 

Flares on s t a r s  of various types 

The types of measurements needed t o  carry out these s t u d i e s  

are:  

( a )  Imaging fo r  measurement of f l u x  w i t h  some spec t r a l  

resolut ion (low resolut ion spectroscopy) t o  d i s t i n g u i s h  

between s o f t  and harder bands. 

(b)  Iden t i f i ca t ion  of new s t e l l a r  sources w i t h  high 

t 
t 
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s e n s i t i v i t y  p r o v i d i n g  t h e  c a p a b i l i t y  t o  o b t a i n  X-ray 

l u m i n o s i t y  f u n c t i o n s  of v a r i o u s  c a t e g o r i e s  of s ta rs .  

(c )  Temporal s t u d i e s  of f l a r e s  a n d  o t h e r  a c t i v i c y ,  

s i m u l t a n e o u s  t e m p e r a t u r e - f l u x  measurements .  

(d) Moderate r e s o l u t i o n  s p e c t r o s c o p y  ( E / A  E 2 100) .  

(e) High r e s o l u t i o n  s p e c t r o s c o p y  ( E / b  E 2 1 0 0 0 ) .  

LAMAR w i l l  be able t o  p r o v i d e  measurement capabi l i t i es  ( a ) ,  

( b ) ,  and (c) for many s t a r s  when u s e d  i n  i t s  imaging  mode. W i t h  

t h e  u s e  of  r e f l e c t i o n  g r a t i n g s  f o r w a r d  of t h e  mirror assemblies 

o v e r  a t  least  some of t h e  m i r r o r s  (e.g.  a t  25% of t h e  t o t a l  

area) it c a n  p r o v i d e  ( d ) ,  a moderate r e s o l u t i o n  s p e c t r o s c o p y  

c a p a b i l i t y .  High r e s o l u t i o n  s p e c t r o s c o p y  ineasure t e n t s  w i l l  be 

o u t  by AXAF. Thus, LAMAR w i l l  be able  t o  address many of t h e  

areas of p r i n c i p a l  c o n c e r n  i n  s t e l l a r  c o r o n a e .  

2.6 I n t e r s t e l l a r  Medium 

I t  has been  estabiished t h a t  a l a r g e  f r a c t i o n  of t h e  volume 

of t h e  i n t e r s t e l l a r  medium (IS91 c o n t a i n s  a h o t  g a s e o u s  component 

of low d e n s i t y .  The s i g n a t u r e  of t h i s  component is t h e  s o f t  

X-ray background which  is t h e  p r e d m i n a n t  source of d i f f u s e  

X-rays i n  t h e  0.1-0.3 k e V  band. S e v e r a l  y e a r s  of s o u n d i n g  rocket  

measurements by t h e  U n i v e r s i t y  of Wiscons in  g r o u p  have  p roduced  a 

s o f t  X-ray map of t h e  e n t i r e  s k y  i n  6 O  x 6O b i n s .  T h i s  map 

shows a h i g h l y  s t r u c t u r a l  gap t h a t  is p e r h a p s  w i t h i n  a hundred  

p a r s e c s  or so of t h e  Sun. W i t n  t h e  h i g h  t h r o u g h p u t  imaging  

( - 1 0 4  cm2 e f f e c t i v e  a rea ,  1 1  a n g u l a r  r e s o l u t i o n ,  10 f i e l d )  

and  its spectral  a b i l i t y  which c o n s i s t s  of low r e s o l u t i o n  

t 
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(E/A E 2) spectroscopy fo r  d i i f u s e  regions and moderate 

resolution spectroscopy (E/A E t 100) f o r  po in t  sources,  it is 

poss ib le  t o  ca r ry  o u t  add i t iona l  s t u d i e s  of t h e  ISH t h a t  a re  

re levant  t o  t h e  t o p i c s  discussed by Cowie and S h u l l  a t  t h i s  

symposium. 

(1) Imaging of t h e  Ga lac t i c  Component of t h e  X-ray Backaround kn 
Several Spectral Bands, 0.1-0.3 keV,  0.5-1 keV, and 1-2 k e L  

Because of absorpt ion w i t h i n  t h e  plane of our galaxy, w e  

detect higher energy X-rays out  t o  larger distances. The 0.1-0.3 

keV band is pr imar i ly  l o c a l ,  up t o  200 pc, t h e  0.5-1 k e V  band can 

reach out t o  1000 pc, whi le  t h e  1-2 k e V  band extends t h e  reach 

almost t o  t h e  galactic center .  With t h e  LAMAR, w e  have 

s u f f i c i e n t  throughput t o  image t h e  background on t h e  scale of a 

f r a c t i o n  of a degree. The count r a t e  i n  a lo f i e l d  would be 20 

c o u n t d s  i n  t h e  0.1-0.3 keV band, on t h e  average perhaps a f a c t o r  

of 3 lower i n  t h e  0.5-1 k e V  band, and another f a c t o r  of 3 lower 

a t  1-2 keV. (Above 2 k e V  t h e  extragalactic component is 

dominant.) With i n t e g r a t i o n  times of l o 3  seconds or more for  

eacn lo f i e l d ,  w e  would be able t o  cons t ruc t  sur face  br ightness  

maps w i t h  considerable  s ign i f i cance  i n  each of t h e  three energy 

bands on a s c a l e  of a f r a c t i o n  of a degree. We would detect t h e  

sur face  br ightneas  v a r i a t i o n s  t h a t  r e s u l t  from old supernova 

shells t h a t  a r e  no longer i d e n t i f i a b l e  as  d i s c r e t e  rad io  sources. 

We would a l s o  detect d i f f u s e  regions t h a t  are heated a8  a resu l t  

of s t e l l a r  p a r t i c l e  emission. 
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(2)  Resolution of Discrete  Sour-~m Wkic;@ i o n t r i b u t e  t o  Beatinq 

of t h e  ISU.  

Resolving d i s c r e t e  sources is e s s e n t i a l  for  i d e n t i f y i n g  t h e  

residual d i f f u s e  component t h a t  represents  t h e  i n t e r s t e l l a r  gas. 

Furthermore, it w i l l  lead t o  t h e  i den t i f i ca t ion  of d i s c r e t e  

objects  t h a t  a r e  s i g n i f i c a n t  sources of energy input t o  t h e  ISM. 

Probable examples of t h e  l a t t e r  a r e  t h e  X-ray e r h t t i n g  OB s t a r s  

and associat ions detected by t h e  E i n s t e i n  Observatory. I n  t h e  

rl Carinae region and i n  Orion, there  is circumstant ia l  evidence 

for  process by t h e  proximity of d i f f u s e  emission t o  a h igh  

d e n s i t y  of d i s c r e t e  X-ray sources. 

t h i s  

(3 )  X-ray Absorption Spectra a s  a Probe of t h e  ISH. 

Absorption f ea tu res  i n  t h e  continuum spectra  of d i s c r e t e  

sources can be s tudied  w i t h  t h e  moderate resolut ion spectroscopy 

capabi l i ty  of t h e  LAMAR. The LAMAR'S h igh  throughput w i l l  make 

these s tud ie s  f eas ib l e  for many objects by providing a probe of 

t h e  galaxy along t h e  many d i r ec t ions  t o  f a i r l y  i n t e n s e  sources. 

We would detect t h e  0 and N e  edges of cold mater ia l  and perhaps 

t h a t  of matter i n  a higher ionizat ion s t a t e .  

( 4 )  Imaqinq of-t B- 

Although these objec ts  a r e  of la rge  diameter, good angular 

resolution is s t i l l  required for  imaging because of t h e  need t o  

resolve and remove numerous d i s c r e t e  sources. The h o t  component 

of t h e  ISM is undoubtedly related t o  shock heating by old S N R ' s  

a s  described by Cox and Smith,  McRee, Cowie, and Ostr iker ,  among 

others. We should see t h e  d i f f u s e  shells of old S N R ' s  p lus  
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" g i a n t  bubbles" l i k e  t h e  one found i n  t h e  Cygnus r e g i o n  t h a t  may 

have o r i g i n a t e d  from t h e  i n t e r a c t i o n  of m u l t i p l e  SNR's.  12 

( 5 )  Studies of t h e  ISM Neiwor  G- 

Our unde r s t and ing  of t h e  ISM of our  own g a l a x y  w i l l  be 

g r e a t l y  aided by images of ne ighbor  g a l a x i e s ,  s u c h  as t h e  LMC, 

SMC and M 3 1 .  For t h e  LMC and  SMC, w e  w i l l  o b t a i n  a complete 

p i c t u r e  of t h e  hot component of t h e i r  ISM and t h e  r e l a t i o n  of t h e  

major spatial f e a t u r e s  t o  S N R ' s  and other sources of h e a t i n g .  

( 6 !  Co ronae  of Normal G a l a x i e s  With in  3 HPC. 

The p r o d u c t i o n  of h o t  g a s  by supernova  e x p l o s i o n s  and a c t i v e  

s t e l l a r  objects w i l l  lead t o  t h e  P s t a b l i s h m e n t  of a s t e a d y  hot 

corona  around normal g a l a x i e s .  The  &ona  is an  i n t e g r a l  effect  

of t h e  h e a t i n g  processes. The features of t h e  corona ,  such  as  

its d e n s i t y ,  scale h e i g h t ,  and r e l a t i o n  t o  t h e  p l a n e ,  c a n  be 

measured. There are  theoret ical  c a l c u l a t i o n s  by Bregman, 

which s u g g e s t  t h a t  LAMAR s h o u l d  be able t o  measure t h e  co ronae  of 

nearby edge on g a l a x i e s  w i t h i n  a few Mpc. F igure  5 i n d i c a t e s  t h e  

s i g n a l  expec ted  a t  v a r i o u s  h e i g h t s  above t h e  p l a n e  i n  an  

o b s e r v a t i o n  of 1 0  seconds.  

13 

4 

3.0 HIGH THROUGHPUT SPECTROSCOPY WITH LAMAR 

Requirements  for  h i g h  throughput  are  even greater for  

s p e c t r o s c o p y  t h a n  for  imaging. The e x i s t e n c e  of an  X-ray source 

and even  its p o s i t i o n  can  be de termined  from r e l a t i v e l y  few 

photons.  When background is n e g l i g i b l e ,  1 0  pho tons  i n  t h e  image 

a re  s u f f i c i e n t .  However, t o  c a r r y  out s p e c t r o s c o p y  s tud ie s ,  many 



X-ray Caronae Around Ga lax ies  
3.N. Bremw, AP. J,, 237, 681 (1980) 

Mode1 D 
Edge On Galaxy a t  3 , 3  Mpc 1 '  1 kpc 

S = counts/sec from corona integrated over area between contours. 
8 = counts/sec from Background integrated over area between contours. 

a I Figure  5 
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more photons  a r e  needed. For example, i f  kT = 4 k e V ,  s i m u l a t i o n s  

show t h a t  4000 pho tons  are r e q u i r e d  i n  order t o  d e t e r m i n e  a v a l u e  

for t h e  t e m p e r a t u r e  w i t h  *lo% p r e c i s i o n  by f i t t i n g  model spectra 

t o  continuum data  o b t a i n e d  w i t h  a telescope sys tem having good 

response  a t  h i g h e r  energy ,  such  as LAMAR or AXAF. (Witkout  good 

response  a t  4 keV,  t h e  measurement takes much l o n g e r  or c a n n o t  be 

done.) I f  t h e  spec t rum is a power law w i t h  -1.5 as t h e  

number-energy spectral index ,  i n  order t o  o b t a i n  + lo% accuracy  i n  

t h e  spectral  index ,  500 c o u n t s  a re  r e q u i r e d  i f  t h e  spec t rum is 

n o t  s e l f - abso rbed  (NH = 2 x i o 2 ) ,  b u t  t h e  number 

needed climbs r a p i d l y  as i n t r i n s i c  a b s o r p t i o n  i n c r e a s e s .  A t  

NH which is n o t  u n l i k e  s e v e r a l  S e y f e r t  g a l a x i e s  

s t u d i e d ,  l o 4  c o u n t s  a r e  needed f o r  a 10% p r e c i s i o n  i n  t h e  

spectral  index measurement. Thus, for  broad band spectral 

measurements, w e  r e q u i r e  from a factor of 50 t o  1000 more pho tons  

t h a n  fo r  merely e s t a b l i s h i n g  e x i s t e n c e .  For d i s p e r s i v e  l i n e  

spe'-sroscopy, t h e  de t a i l s  of t h e  d i s c u s s i o n  are  d i f f e r e n t ,  b u t  

t h e  g e n e r a l  c o n c l u s i o n  is t h e  same; a large number of pho tons  is 

needed t o  a r r i v e  a t  a q u a n t i t a t i v e  r e s u l t .  For example, t o  

measure t empera tu re ,  w e  may need t o  d e t e r m i n e  t h e  r a t i o  of two 

l i n e s  t o  b e t t e r  t h a n  10% p r e c i s i o n .  A t  l eas t  200 pho tons  a r e  

needed i n  each l i n e .  The c o u n t s  i n  l i n e s  a re  g e n e r a l l y  o n l y  a 

f r a c t i o n  of t h e  t o t a l  number of i n c i d e n t  photons.  Taking t h e  

f i n i t e  e f f i c i e n c y  of t h e  d i s p e r s i v e  e l emen t  i n t o  accoun t ,  w e  

conclude  t h a t  t h e  c o l l e c t i i i g  area of t h e  system must take i n  

s e v e r a l  hundred t o  s e v e r a l  thousand t o t a l  pho tons  for l i n e  

s p e c t r o s c o p y  t o  p r o v i d e  a q u a n t i t a t i v e l y  meaningfu l  r e s u l t .  

of pho tons  

We c o n s i d e r  two forms of s p e c t r o s c o p y  that ,  c o u l d  be carr ied 



out by LAMAR. One is non-dispersive spectroscopy for gross 

spectral characteristics of sources dominated by continuum, 

temperature and temperature gradients in diffuse sources, such as 

clusters of galaxies, and spectrophotometry for faint and 

variable sources. These are carried out in conjunction xith 

imaging. The other form of spectroscopy is a dispersive option 

that requires additional hardware. 

3.1 Non-Dispersive Spectroscopy 

For many faint and diffuse sources, there is no alternative 

to non-dispersive spectroscopy. In cases where lines are weak, 

such as quasars, non-dispersive spectroscopy may be the only form 

of spectroscopy that is feasible. As an example of 

non-dispersive spectroscopy in a diffuse source, we consider a 

measurement of the temperature distribution of the cluster A2069 

in cells of 1' x 1' (Fig. 1). Simulations show that >IO4 sec 

are required for a measurement resulting in AT/T < -1. The 

temperature gradient in combination with the surface brightness 

map could then be used to create a map of the mass distribution. 

The detector for non-dispersive spectroscopy could be the 

imaging proportional counter. Recent devices provide as good an 

energy resolution as conventional proportional counters, E/AE : 5 

at 6 keV. With this level of energy resolution, it was possible 

for proportional counters aboard Ariel 5, OSO-8 and HEM-1 to 

detect Fe lines in clusters of galaxies and spectral features in 

supernova remnants. Use of a scintillating imaging proportional 

counter as described by W. Ku14 at this meeting ond eisewhere 

and AndersonlS could provide about twice as good energy 
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resolut ion.  T h i s  type of de tec tor  is s t i l l  i n  t h e  development 

s tage ,  so it is not  y e t  known what loss  of spatial r e so lu t ion  is 

involved compared t o  an ordinary IYC or how r e l i a b l e  these 

de tec to r s  would be i n  long term operation. 

3.2 Dispersive Spectroscopy 

A paper presented by W. Cash a t  t h i s  meeting descr ibes  a 

method f o r  d i s p e r s i v e  spectroscopy by use  of r e f l e c t i o n  g ra t ings  

i n  t h e  extreme off-axis  configurat ion,  forward of t h e  mirror. 

The ru l ings  a r e  near ly  p a r a l l e l  t o  t h e  i nc iden t  d i r e c t i o n  of t h e  

rad ia t ion .  The r e f l e c t i o n  e f f i c i e n c y  of t h e  g ra t ings  are  h igh ,  

b e l G w  1.5 keV. Because t h e  ru l ing  dens i ty  is high ,  104 

l i n e d m m ,  d i spe r s ions  are l a r g e  enough for an imaging 

proport ional  counter t o  be used as  t h e  de tec tors .  A system w i t h  

1' of angular r e so lu t ion  would provide an  energy reso lu t ion ,  E/AE 

of about 100 a t  1 keV. As a LAMAR imaging sys tem is compatible 

w i t h  t h e  requirements of t h e  r e f l e c t i o n  g ra t ings ,  it is 

worthwhile t o  consider  a combined imaging-spectroscopy LAMAR 

system. There a r e  two p o s s i b i l i t i e s .  I n  one, every module has a 

dual  function. Gratings would be placed before each mirror fo r  

spectroscopy measurements. When t h e  g r a t i n g s  a r e  removed, each 

module operates  i n  an imaging mode. The second p o s s i b i l i t y  is t o  

have two t y p e s  of modules, one for  imaging, t h e  o ther  optimized 

f o r  spectroscopy. The advantage of removable g ra t ings  is higher 

throughput as t h e  f u l l  power of t h e  LAMAR is available i n  any 

given observat ion whether t h e  ob jec t ive  is imaging or 

spectroscopy. The advantage of t h e  second conf igura t ion  is 

s impl i c i ty ,  compactness, and no moving pa r t s .  Study is needed t o  
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determine which configuration is preferred.  

Ass igning  reasonable values t o  t h e  various e f f i c i e n c i e s  and 

obscurations, one can estimate t h a t  i n  t h e  d i spers ive  

spectroscJpy mode t h e  LAMAR would have an e f f ec t ive  area of about 

lo3 cm2. T h i s  is subs tan t ia l  and would permit d i spers ive  

spectroscopy t o  be car r ied  out on many objects.  

4.0 MODERATE COST APPROACH FOR LAMAR 

Although t h e  LAMAR is  a la rge  area f a c i l i t y ,  it can be 

developed w i t h  rhe cost  cons t r a in t s  of a moderate mission. There 

a r e  two considerations which mi t iga te  t h e  cost .  One is t h e  f a c t  

t h a t  t h e  resolut ion goal is  only about a minu te  of a r c  w h i c h  

allows a number of telescope manufacturing techniques t o  be 

f e a s i b l e  t h a t  would f a i l  a t  t h e  a r c  second leve l .  For example, 

h igh  cost  f iguring and polishing techniques a r e  not required. 

The other fac tor  is the  modular construction ot  LAMAR. The 

problem of developing an array of l a rge  area reduces t o  one 

of finding amanufac+,?!ring t e c h n i q u e  t h a t  is e f f i c i e n t  a t  making 

many copies of a module. Numerically controlled machines and 

computer ass is tance a r e  two techniques t h a t  a r e  useful i n  t h i s  

regard. The module i t s e l f  can be of optimum s i z e  w i t h  respect t G  

problems of construction, t e s t i n g ,  and integrat ion.  Furthermore, 

the modular approach has another cost  advantage over a monolithic 

device i n  t h a t  it allows t h e  e s sen t i a l  elements of t h e  system t o  

be f u l l y  t es ted  and understood from s t u d i e s  of one or a few 

sample modules. No "scale-up" problems, changes i n  technique, OK 

other uncer ta in t ies  a r i s e  when embarking upon the  major phase of 

construction. One key t o  cont ro l l ing  c o s t s  is t o  use a s i n g l e  
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technology for each of the three items, mirror assemblies, 

detectors, and gratings. 

At present, there are several technologies for the 

development of mirror assemblies that seem promising for LAMAR. 

To provide some credibility to the idaa that LAMAR can be 

developed at moderate cost, we consider the particular techniques 

under study at the Center for Astrophlrsics for mirrors and 

detectors as at example. Our approach is based upon the 

construction of mirror assemblies consisting of nested plates of 

float glass with imaging proportional counters as detectors. The 

elements of this method are listed in Table 4-1. It is based 

upon the use of commercial materials and the avoidance of 

polishing for the reflecting surface. Numerically controlled 

machining and computer assistance are used for the formation of 

the figure. 

4.1 The Mirror Assembly 

The mirror assembly can be constructed of commercially 

available float glass with a gold coating. X-ray reflectivity is 

good at short wavelengths. Glass plates are constrained 

mechanically to form a figure that is almost parabolic, A nested 

system equivalent in size to m e  LAMAR module has been used 

successfully on a series of rocket flights.16 The theoretical 

angular resolution of such a system is limited by elastic 

deformations in the bent plates. Several measures can be taken 

to improve the resolution as summarized in Table 4-2. Mechanical 

tolerhnces are expected to be important long before reaching the 

ultimate resolution of a pre-figured or "slumped" plate. 
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Table 4-1 
MODERATE COST APPROACH FOR lo2 MODULES 

FOR LAMAR 

Nested Plate Mirrors 

Reflecting Surfaces: 

Figure Formation: 

Commercial float glass (Au  coated) 
No polishing required 

Automated interactive microprocessor 
control of positicn adjustments 
based upon sensing of visible light 
image by reticon diode arrays 

Mirror Assembly Structures: Mass production using numerically 
controlled machines to fabricate 
top, bottom, and side plates, 
.001" accuracy easily achieved 

Mass production of screw machine 
products relatively inexpensive 
in quantity 

Imaging Proportional Counters 

Electronics: No critical elements, extensive use 
of integrated circuits 

Bodies : Numerically controlled machines 

No critical tolerances 

Wire Planes: Special precision tooling 
facilitates wire winding 

Reflection Gratinas 

Surfaces: Replication 
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ORtGlNAL PAGE IS 
OF PGCR QUALITY TABLE 4-2 

LAMAR MIRROR SYSTEM - PERFJRMANCE 
(ENCiRCLED ENERGY vs. SYSTFhl TYPE) 

ADJUSTED BENT PLATE 
(ON-AXIS OPTIMIZED) 

50%=0.63 orc minutes diometet 

MASKED ADJUSTED BENT PLATE 
(OPTIMIZED MASKED) 

50%=0.59 arc minutes diameter 
AREA LOST * 18% I 

I STIFFENED FLAT BENT PLATE 
50 % ss 0.45 arc minutes diameter I 
ADJUSTED PESWMPED PLATE I I 50% zz a16 orcminutes diameter I 

I I 

OPT1 CAL 
AXIS 

ADJUSTED SHAPE 
L 

- \SLUMPED 
SHAPE 

I PERFECT NESTED SYSTEM 
50% ~0.12 orc min&.s diameter R 

NOTES: 

- ALL NUMBERS APPROX. 
-UNIT REFLECTANCE ASSUMED - FOCAL LENGTH BI 213 cm 
-30.5cm SOUARE PLATES ASSUMED 
-No INITIAL SURFACE RIPPLES ASSUMED 
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Cumputer ass i s tance  would be u s e f u l  f o r  bending of t h e  

p l a t e s  t o  the desired shape. Figure 6 i l l u s t r a t e s  t h e  method 

t h a t  we plan t o  s t u d y .  A microprocessor cont ro ls  t he  posi t ion of 

a s l i t  t h a t  can be driven alcng a precise  l i nea r  encoder. A 

port ion of a p l a t e  is illuminated by v i s i b l e  l i g h t  through t h e  

s l i t .  The l i n e  image is read a t  t h ree  points  by diode arrays.  

The centroidal  posi t ion of t h e  th ree  images a r e  determined by t h e  

microprocessor. T h i s  information is used t o  dr ive  stepper motors 

which apply bending moments t o  p l a t e  u n t i l  t h e  images a r e  

acceptable. The s l i t  is moved t o  another pa r t  of t h e  p l a t e  and 

the  process is repeated. As experience is gained i n  t h i s  

procedure the microprocessor program w i l l  be updated t o  

incorporate refinements i n  t he  p l a t e  adjustment procedure. 

4.2  Reflection Gratings 

Although more de f in i t i on  of t h e  r e f l ec t ion  gra t ings  is 

needed a t  the present time, it is expected t h a t  mass production 

methods a r e  applicable.  A nested array of ident ica i  grat ing 

p l a t e s  would seem t o  be a good match t o  t h e  op t ics  of t h e  nested 

p l a t e  telescope. Replication seems extremely promising a s  a 

method for  producing a large number of i den t i ca l  gratings.  

4 . 3  The Detectors 

Imaging proportional counters (IPC's) i n  t h e i r  various fc;ms 

can be manufactured by well es tabl ished and straightforward 

methods. The  techniques ii:.:lude c i r c u i t  board manufacturing, 

extensive use of integrated c i r c u i t s  a s  components, and 

numerically controlled machining. L i t t l e  6 i f  f i cu l ty  is 

I 
! 
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anticipated in assigning these tasks to conventional 

manufacturing shops. 

5.0 SUNNARY AND CONCLUSIONS 

The high throughput capabilities of LAclAR will satisfy many 

of the requirements cf future programs in X-ray astronomy. It 

will excel1 in measurements requiring: 

moderate resolution imaging for flux measurements an3 

positions 

detection of low surface brightness features 

timing for temporal variability 

spectral measurements 

The high throughput of LAMPR is unique and will greatly 

surpass that of all other telescope instruments, including the 

Einstein Observatory and all other facilities being planned for 

the :.uture both in the U.S. and abroad. LAMAR is applicable to 

8 wide range of scientific objectives and will serve many 

investigators. 

The general utility of the LAMAR may be appreciated fron an 

analysis of the guest observer usage by instrument of the 

Einstein Observatory. This is summa--ized in Table 5-1. Guest 

observer usage is a good indicator of how the astronomical 

community in general perceives the various instruments in terms 

of being relevant to their interests. The table shows that the 

Imaging Propxtional Counter was the overwi.elrcina choice Lath in 

terms of the nrinber of observations and the total time in the 

focal plens. The essential caaracteristic of the IFC that 



TABLE 5-1  
E INSTEI. U OBSERVATORY 

GUEST OBSERVER S'LhTISTICS BY I N ~ c T R U h d N T  

Total  Time Done 

IPC - 6518.68 ksec 78.2% 
HRI - 1550.99 18.6% 
sss - 229.10 2.7% 
FPCS - 39.60 . 5% 
TOTAL - 8338.37 k s e c -  

Total  Number of O b s e r v a t i o n s  

IPC - 1571 
B R I  - 13 8 
sss - 20 
FPCS - 2 

90.7% 
8.0% 
1.2% . 1% 

TOTAL - i731 

r e s u l t e d  i n  i ts be ing  selected so f r e q u e n t l y  was i ts  h igh  

throughput .  LAMAR w i l l  exceed t h e  IPC of t h e  E i n s t e i n  

Observa tory  by a factor of 50 i n  t h a t  c a p a b i l i t y  which  was found 

i n  practice t o  be most u s e f u l  t o  t h e  a s t r o n o m i c a l  commupity as a 

whole.  

Despite i t s  large c o l l e c t i n g  area, t h e  modular approach 

i n t r i n s i c  t o  LAMAR w i l l  g r e a t l y  s i m p l i f v  its development and w i l l  

allow it t o  be compatible w i t h  a moderate cost Exp lo re r  miss ion .  
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