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ABSTRACT 
A r ay  t r a c i n g  a n a l y s i s  has  been performed f o r  the s p e c t r a l  s l i c i n g  

zoom x-ray t e l e scope  f o r  conf igura t ions  i n  which a convex layered  s y n t h e t i c  

mic ros t ruc tu re  (LSM) o p t i c  is  placed i n  f r o n t  of the prime focus  or a 

concave LSM o p t i c  is placed behind the prime focus. The a n a l y s i s  has 

considered the  geometr ica l  shape o f  t h e  LSM o p t i c  t o  be e i t h e r  a 

hyperboloid,  sphere ,  e l l i p s o i d  o r  constant  o p t i c a l  pa th  a sphe r i c  element 

f o r  two conf igu ra t ions  of t he  glancing incidence x-ray te lescope:  the ATM 

Experimental  S-056 Wolter I system and the  Stanford/MSFC 

Wolter-Schwarzchild nes ted  system. For t he  d i f f e r e n t  systems t h e  RMS b l u r  

c i r c l e  r a d i i ,  the p o i n t  spread func t ion  (PSF) , t h e  f u l l  width h a l f  maximum 

(FWHM) of t h e  PSF have been evaluated as a func t ion  of f i e l d  angle  and 

magni f ica t ion  of t h e  secondary t o  determine r e s o l u t i o n  of the system. The 

e f f e c t s  of d e c e n t r a t i o n  and tilt  of  t h e  s e l ec t ed  L S M  element on the 

performance of the  system have been s tudied  t o  determine mounting and 

alignment to l e rances .  It  has  been shown t h a t  the s p h e r i c a l  LSM o p t i c  

should y e i l d  sub  arc second performance over  the  e n t i r e  f i e l d  of  view ( 16 

arc minutes) .  C r i t i ca l  mir ror  parameters required f o r  f a b r i c a t i o n  have 

been determined. 

i 



TABLE OF CONTENTS 

Abst rac t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
I n t r o d u c t i o n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Mathematical  Analysis  of t he  S p e c t r a l  S l i c i n g  X-Ray Telescope . . . . .  
R e s u l t s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
AppendixA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
AppendixB . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Figures  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Tables  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Page 

i 

1 

5 

7 

10 

11 

1 2  

1 3  

1 5  

52  

ii 



1 

INTRODUCTION* 

Over the  pas t  two decades, numerous glancing incidence x-ray 

t e l e s c o p e s  have been f a b r i c a t e d  and flown on sounding rockets  and 

sa te l l i t es  t o  produce h igh- reso lu t ion  images of the  Sun and cosmic x-ray 

sources .  The o p t i c s  f o r  these  te lescopes  usua l ly  involve conic  s u r f a c e s  of 

r evo lu t ion ,  which were first described by H. Wolter’ i n  1952 as systems 

f o r  a p l a n a t i c  x-ray microscopes. 

Schwarzschild 

Subsequently, Wolter2 modified the  

3 genera l  equat ions  f o r  two-element r e f l e c t i n g  te lescopes .  

These Wolter-Schwarzschild systems genera l ly  y i e l d  s l i g h t l y  improved 

performance a t  t h e  l a r g e r  f i e l d  angles ,  but  the  mir rors  are more complex 

and d i f f i c u l t  t o  f a b r i c a t e .  Wolter Type I o p t i c s  (Figure l ) ,  where 

i n t e r n a l l y  r e f l e c t i n g  parabolo id  is followed by an  i n t e r n a l l y  r e f l e c t i n g  

hyperboloid,  has  been t h e  most ex tens ive ly  used imaging system f o r  x-ray 

t e l e scopes  designed t o  ope ra t e  i n  the  3 - 100 A region. 

Thomas, and Underwood4 f o r  a gene ra l  review of t he  p r i n c i p l e s  of  

0 

(See Hoover, 

g lanc ing  inc idence  x-ray op t i c s . )  

t h e  E i n s t e i n  Observatory5 (which revolut ionized cosmic x-ray astronomy) 

Nested Wolter I mir rors  were u t i l i z e d  on 

and are being planned f o r  t he  Advanced X-Ray Astrophysics F a c i l i t y  

( A X A F ) . ~  

Our knowledge o f  s o l a r  x-ray phenomena was d rama t i ca l ly  increased  

i n  1973 by Wolter I te lescopes  ca r r i ed  aboard t h e  Apollo Telescope Mount 

(ATM) on the  Skylab mission. During t h i s  mission, ATM experiments S-056 

(MSFC) and S-054 (American Science & Engineering) produced over  70,000 

high- reso lu t ion  x-ray images t h a t  provided a wealth of information 

q h e  r e s u l t s  of t h i s  s tudy  were presented t o  t he  SPIE Symposium on t h e  
Appl ica t ions  of  Thin-Film Multi layered S t r u c t u r e s  t o  F igures  X-Ray Opt ics  
on August 20-22, 1985 and were published i n  R e f .  16. A r e p r i n t  of t h i s  
paper  is  enclosed i n  Appendix A. 
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r ega rd ing  s o l a r  f lares ,  coronal  ho les ,  and x-ray b r i g h t  po in ts .  Both of 

t hese  t e l e scopes  employed photographic emulsions as x-ray d e t e c t o r s ,  and 

the  f i l m  magazines were removed by the a s t r o n a u t s  and re turned  t o  Earth f o r  

p rocess ing  and ana lys i s .  

s p a t i a l  r e s o l u t i o n  than can be p resen t ly  obtained wi th  s o l i d  s ta te  

d e t e c t o r s  such as CCD's, f i l m  has a much lower s e n s i t i v i t y .  

t he  disadvantage t h a t  i t  must be r e t r i eved  and developed before  ana lys i s .  

While photographic emulsions a f fo rd  h igher  

Film a l s o  has  

Th i s  makes f i l m  an  unsu i t ab le  de t ec to r  f o r  u s  on many unmanned sa t e l l i t e s  

and obse rva to r i e s .  

It is  now w e l l  e s t ab l i shed  tha t  g lanc ing  incidence Wolter I x-ray 

t e l e scopes  have a sha rp ly  peaked point response func t ion  and t h a t  the  

s p a t i a l  r e s o l u t i o n  r e a l i z e d  wi th  these systems is i n  gene ra l  l i m i t e d  by t h e  

d e t e c t o r .  For  example, s o l a r  x-ray images recorded by ATM Experiment S-056 

w i t h  a 1.9 m f o c a l  l eng th  ( p l a t e  s c a l e  9 

r e s o l u t i o n  l i m i t  of  2.2 arc seconds on SO-212 f i l m  (uncoated Panatomic-X) 

m/arc second) exh ib i t ed  a 

and 1.8 arc seconds on SO-242 f i l m .  However, i n  l abora to ry  tests us ing  

Kodak High-Resolution Photographic P la t e s ,  s p a t i a l  r e s o l u t i o n  of 0.75-0.8 

arc seconds was achieved with these  f l i g h t   optic^.^ Hence, l i m i t a t i o n s  

of the  s p a t i a l  r e s o l u t i o n  imposed even by h igh- reso lu t ion  d e t e c t o r s  such as 

f i l m  may degrade t h e  performance o f  s ta te-of- the-ar t  x-ray te lescopes.  F a r  

more seve re  degrada t ions  would be experienced wi th  s o l i d  state d e t e c t o r s ,  

which a f f o r d  much h ighe r  s e n s i t i v i t y  over broader s p e c t r a l  ranges but  

c u r r e n t l y  have lower s p a t i a l  r e so lu t ion  than  can be achieved w i t h  

photographic  f i l m .  Technological  l i m i t a t i o n s  p r e s e n t l y  make i t  impossible  

t o  f a b r i c a t e  s o l i d  state d e t e c t o r s  with p i x e l  s i z e s  much smaller than  1.0 

m. Better r e s o l u t i o n  wi th  these  devices can be r e a l i z e d  wi th  t e l e scopes  of 

longer  f o c a l  l eng th  and therefore increased p l a t e  s c a l e .  However, these 

ins t rumen t s  are of  n e c e s s i t y  heav ie r  and more cos t ly ,  and may exceed t h e  
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envelopes allowed by some sounding rockets  and satell i tes.  

For these  reasons,  var ious  techniques f o r  u s ing  a u z i l i a r y  o p t i c s  t o  

i n c r e a s e  t h e  p l a t e  s c a l e  without  s i g n i f i c a n t l y  inc reas ing  t h e  te lescope  

p h y s i c a l  l eng th  have been s tudied .  

Inc idence  Relay Opt ics  (GIRO) as a means of coupl ing x-ray mi r ro r  systems 

t o  d e t e c t o r s .  

s e v e r a l  g lanc ing  inc idence  hyperbolo id /e l l ipso id  x-ray microscope o p t i c s  of 

d i f f e r e n t  magni f ica t ions  and f o c a l  lengths  were designed and 

Chase e t  a1.8 inves t iga t ed  Grazing 

I n  t h e  MSFC Extended Range X-Ray Telescope (ERXRT) program, 

The s t u d i e s  optimized an x-ray microscope o p t i c  (8x1 f o r  anlyzed. 9,lO 

use  i n  coupl ing t h e  ATM Experiment S-056 x-ray o p t i c s  t o  a CCD of 30 Urn 

p i x e l  s i z e .  The ERXRT wi th  a 4-meter t e l e scope  possesses  a p l a t e  scale 

t h a t  would normally r e q u i r e  an instrument 16 meters long. Ray trace 

r e s u l t s  i n d i c a t e  t h a t  sub  a r c  second performance should be achievable  over  

t h e  e n t i r e  4 arc minute field-of-view af forded  by the  320x512 x-ray 

s e n s i t i v e  area of t he  RCA CCD. Since t h e  microscope o p t i c s  can be 

configured t o  ope ra t e  a t  glancing angles similar t o  the primary, i t  is 

p o s s i b l e  t o  r e f l e c t  x-rays over  the e n t i r e  s p e c t r a l  range covered by t h e  

Wolter x-ray o p t i c s .  Although x-ray microscope o p t i c s  a r e  expensive and 

d i f f i c u l t  t o  f a b r i c a t e  and t h e  image q u a l i t y  and throughput degrades f a i r l y  

r a p i d l y  wi th  f i e l d  angle ,  t hese  op t i c s  should be of  g r e a t  va lue  f o r  

h igh- reso lu t ion  imaging of s e l e c t e d  f e a t u r e s  over  braod s p e c t r a l  ranges and 

f o r  u s e  i n  conjunct ion wi th  high-resolut ion x-ray spectrometers .  

An a l t e r n a t i v e  system f o r  r e a l i z i n g  t h e  h igh  inhe ren t  r e s o l u t i o n  

c a p a b i l i t y  of t he  Wolter o p t i c s  without s i g n i f i c a n t l y  i n c r e a s i n g  t h e  

t e l e scope  phys ica l  l eng th  should be achieved by t h e  use  of Layered 

S y n t h e t i c  Micros t ruc ture  (LSM) optics .  '-' 
o p t i c a l  p r o p e r t i e s  and th ickness  of t he  mul t i l aye r s ,  the L S M s  can be 

t a i l o r e d  t o  reflect only  s p e c i f i c  narrow s p e c t r a l  slices of t h e  i n c i d e n t  

0 

As determined by t h e  
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x-ray beam. 

contoured s y b s t r a t e s ,  s p e c t r a l  s l i c i n g  x-ray te lescope  systems with 

v a r i a b l e  magni f ica t ions  may be r ea l i zed  (F igure  2). 

would a l low the  instrument  t o  s h i f t  from moderate r e s o l u t i o n  x-ray images 

of t h e  e n t i r e  s o l a r  d i s k  t o  very h igh- reso lu t ion  images of s e l e c t e d  a c t i v e  

r eg ions ,  loops,  b r i g h t  p o i n t s ,  or o the r  f e a t u r e s  of i n t e r e s t .  The narrow 

bandpasses a f forded  by proper ly  designed ISM o p t i c s  should permit far 

s u p e r i o r  plasma d i a g n o s t i c s  t o  be performed than  was poss ib l e  from the  

crude f i l t e r g r a m s  obta ined  dur ing  the  Skylab mission. Since i t  is  

unnecessary t o  inc rease  the  phys ica l  l eng th  of the instrument ,  these  

systems should be i d e a l  f o r  sounding rockets  and many satel l i tes  t h a t  have 

l i m i t a t i o n s  wi th  regard t o  t h e  s i ze  of  payload t h a t  can be accommodated. 

By the  use  of normal incidence L S M  o p t i c s  on proper ly  

Var iab le  magni f ica t ion  

Presented i n  t h i s  s tudy  (see Appendix B f o r  Work Statement)  are t h e  

r e s u l t s  of our  t h e o r e t i c a l  i n v e s t i g a t i o n s  of s p e c t r a l  s l i c i n g  x-ray 

t e l e scope  systems i n  which t h e  ATM Experiment S-056 Wolter I o p t i c s  and t h e  

nes t ed  Wolter-Schwarzschild m i r r o r s  from t h e  Stanford/MSFC Rocket 

Experiment are considered as t h e  primary op t i c s .  The bas i c  o p t i c a l  

parameters  for t hese  mi r ro r s  are presented i n  Table 1 .  The performance of 

t h e s e  systems w a s  eva lua ted  f o r  I S M  o p t i c s  of hyperboloidal ,  s p h e r i c a l ,  

e l l i p s o i d a l ,  and cons t an t  o p t i c a l  path a sphe r i c  conf igura t ions .  We have 

c a l c u l a t e d  the  RMS b l u r  c i r c l e  r a d i i ,  t h e  po in t  response func t ions ,  and t h e  

f u l l  width h a l f  maxima of t h e  l i n e  spread func t ions  t o  e s t a b l i s h  the  

r e s o l u t i o n  t h e o r e t i c a l l y  a t t a i n a b l e .  The percent  energy l o s s  as a func t ion  

of f i e l d  angle  w a s  a l s o  e s t a b l i s h e d  by ray trace procedures. 
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MATHEMATICAL ANALYSIS OF THE SPECTRAL SLICING X-RAY TELESCOPE 

The S p e c t r a l  S l i c i n g  X-Ray Telescope is based upon t h e  concept of 

u s ing  normal inc idence  contoured L S M  o p t i c s  t o  reflect and magnify a narrow 

s p e c t r a l  s l i ce  of t he  x-ray image produced by t h e  primary mirrors .  

seen  i n  Fig.  3, t h i s  can be accomplished by means of  e i t h e r  convex LSM 

m i r r o r s  placed i n  f r o n t  of the prime focus o r  concave L S M  o p t i c s  behind t h e  

focus.  The x-rays are r e f l e c t e d  by the LSM o p t i c s  t o  form a magnified 

image on t h e  d e t e c t o r  l oca t ed  a t  ZI on t h e  Z-axis. 

c o n d i t i o n  r e q u i r e s  t h a t  an on-axis i nc iden t  ray t h a t  s t r i k e s  the  

i n t e r s e c t i o n  (R2,Z2) of the  primary Wolter o p t i c s  be r e f l e c t e d  by 

the  LSM o p t i c s  t o  form an image a t  the de t ec to r .  The geometry of the 

S p e c t r a l  S l i c i n g  X-Ray Telescope is shown i n  Fig. 4. 

parameters  of  t he  LSM o p t i c s  are determined by the  design cond i t ion  and t h e  

LSM s u r f a c e  equat ion.  The r e s u l t s  a r e  expressed i n  terms of t h e  

magni f ica t ion  of t he  LSM mirror .  

c a l c u l a t e  t h e  LSM mi r ro r  parameters) .  

Numerical va lues  f o r  s p h e r i c a l  L S M  rad ius  and v e r t e x  l o c a t i o n ,  R, and 

As is 

The design 

The s u r f a c e  

(See Appendix A f o r  equat ions  requi red  t o  

Zo3, f o r  t h e  conf igu ra t ion  of the S-056 primary with 

s p h e r i c a l  o p t i c s  are as follows. 

M R (cm) z (cm 

J 

a convex LSM 

269.94 257.88 

69-37 21 9.37 

51 -38 212.95 

The Wolter-Schwarzschild/convex s p h e r i c a l  I S M  va lues  are: 
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204.89 51.0 22 

52.88 22.03 

39-71. 17.37 

Numerical values  f o r  t he  concave e l l i p s o i d a l  ISM-SO56 mir ror  

parameters  are given below: 

M A ( c m )  B ( e m )  c ( c m )  

2 303 38 286.02 10t.12 

6 141.57 99-08 101.12 

8 130.01 81.72 to1 .12 

Numerical values  f o r  t he  convex hyperbolo ida l  ISM-SO56 mir ror  

parameters  are are  fol lows:  

M A ( e m >  B (em) c ( c m >  

33 70 95.34 101.12 

72.23 70.77 101.12 

78.65 63.56 1.01.. 1.2 

For a genera l  a s p h e r i c  E M  o p t i c ,  t h e  su r face  equat ion  may be 

obta ined  by r e q u i r i n g  t h e  o p t i c a l  path l eng ths  t o  be cons tan t  f o r  a l l  

a x i a l  r ays  pass ing  through t h e  entrance p u p i l  and imaging a t  ZI on t h e  

Z-axis. (See Shealy and Chao'" f o r  a more d e t a i l e d  d i scuss ion  of  

cons t an t  o p t i c a l  path l eng th  methods). 
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RESULTS 

Seve ra l  s p e c t r a l  s l i c i n g  x-ray te lescopes  u t i l i z i n g  t h e  ATM 

Experiment S-056 Wolter I mir rors  and the  Stanford/MSFC 

Wolter-Schwarzschild mi r ro r s  as pr imaries  have been designed and analyzed. 

The t h e o r e t i c a l  performance of these  systems has been eva lua ted  u t i l i z i n g  

concave and convex s p h e r i c a l ,  concave e l l i p s o i d a l ,  convex hyperbolo ida l ,  

and cons t an t  o p t i c a l  pa th  a sphe r i c  ISM o p t i c s  of W ,  6X, and 8 X  

magni f ica t ions .  RMS b l u r  c i r c l e  r a d i i  and po in t  spread func t ions  have 

been c a l c u l a t e d  t o  eva lua te  the  theoretical performance of each 

conf igu ra t ion .  The a n a l y s i s  has been c a r r i e d  out  f o r  po in t  sources  

on-axis and a t  of f -ax is  f i e l d  angles  of 0.5, 1 ,  1.5, 2, 5 ,  10, and 16 arc 

minutes.  The RMS b l u r  c i r c l e  r a d i i  f o r  t h e  s p h e r i c a l ,  e l l i p s o i d a l ,  and 

hype rbo lo ida l  ISM o p t i c s  with S-056 a r e  shown i n  F igures  5 ,  6, and 7. I n  

F igu re  8, the  performance of the var ious ISM o p t i c s  of magni f ica t ion  2X is 

compared. It is seen  t h a t  f o r  the hyperboloidal ,  e l l i p s o i d a l ,  and 

a s p h e r i c a l  ISM mir ro r s  similar performance is predic ted  a t  a l l  f i e l d  

ang le s ,  w i t h  the e l l i p s o i d a l  element be ing  s l i g h t l y  bet ter  a t  the edge of 

the f i e l d .  The s p h e r i c a l  element performs be t te r  than the o t h e r s  a t  t h e  

l a r g e r  f i e l d  ang le s ,  bu t  i s  degraded nea r  t he  a x i s  due t o  s p h e r i c a l  

a b e r r a t i o n .  

F igure  9 p r e s e n t s  the  RMS versus f i e l d  angle  over  the image p lane  

l o c a t e d  a t  the  po in t  of b e s t  focus f o r  on-axis l i g h t  f o r  t h e  S-056 wi th  a 

convex s p h e r i c a l  LSM. Comparing Figs. 5 and 9, one no te s  that t h e  on-axis 

s p h e r i c a l  a b e r r a t i o n  of  the system is reduced by defocussing t h e  image 

p lane  by .15 mm. 

S-056-convex s p h e r i c a l  WM when t h e  image plane is defocussed + 1  mm from 

the  p o i n t  of best focus  which d isp lays  t y p i c a l  defocussing e r r o r s .  

F igure  10 presents  t h e  RMS ve r sus  f i e l d  angle  f o r  
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The RMS vs. f i e l d  angle  f o r  the  nested Stanford/MSFC WS-convex 

s p h e r i c a l  I S M  i s  given i n  Fig. 1l.a f o r  t h e  Gaussian image plane loca t ion .  

F igure  12 p resen t s  the RMS vs. f i e l d  ang le  f o r  the  nested Stanford/MSFC - 
convex s p h e r i c a l  ISM wi th  M=2 f o r  when the  image plane is  defocussed by + 

5 m i l s . ,  which has l i t t l e  effect  on reducing the  on-axis s p h e r i c a l  

a b e r r a t i o n  of the  system. 

It should a l s o  be pointed out that  s i n c e  x-ray te lescopes  have 

s h a r p l y  peaked po in t  response func t ions ,  we have observed tha t  s p a t i a l  

r e s o l u t i o n s  s i g n i f i c a n t l y  b e t t e r  than t h e  values  obtained by RMS b l u r  

c i r c l e  r a d i i  c a l c u l a t i o n s  are almost always achieved. I n  Table 2, more 

r e p r e s e n t a t i v e  r e s o l u t i o n  va lues  a r e  given by the  F u l l  Width Half Maximum 

(FWHM) of  the  Po in t  Spread Function (PSF) f o r  s p e c t r a l  s l i c i n g  x-ray 

t e l e scopes  a t  s e v e r a l  f i e l d  angles .  From these  r e s u l t s  i t  can be seen  

t h a t  sub  arc second performance should be r e a l i z e d  over t he  e n t i r e  f i e l d  

ou t  t o  16 a r c  minutes f o r  the  2X mirrors.  

p red ic t ed  f o r  the  6X s p h e r i c a l  opt ics .  

Even bet ter  performance is  

Figures  13-1~7 presen t  three-dimensional prospec t ive  p l o t s  of the 

po in t  spread func t ion  of the 5-056-convex s p h e r i c a l  L S M  f o r  M=2, 6,  8 a t  

d i f f e r e n t  f i e l d  angles .  It can be seen t h a t  the  sha rp  c e n t r a l  peak 

remains w e l l  below 2 arc second i n  ex ten t  a t  a l l  f i e l d  angles .  The r e s u l t s  

a l s o  i l l u s t r a t e  t h e  effect  of varying the magnif icat ion on the r e s o l u t i o n  

of t h e  system. These are e n t i r e l y  o p t i c a l  effects,  wi th  no cons ide ra t ion  

g iven  t o  d e t e c t o r  c h a r a c t e r i s t i c s .  When these cons ide ra t ions  are invoked, 

i t  is clear tha t  bet ter  r e s o l u t i o n  w i l l  be achieved w i t h  the  use  o f  the 

h i g h e r  power I S M  mir rors .  Of course,  w i th  a d e t e c t o r  of f i x e d  s i z e ,  the 

use  of a l a r g e r  magni f ica t ion  w i l l  r e s u l t  i n  a smaller reg ion  of  the Sun 

being imaged. 

f i e l d  image t o  a h igh  magnif icat ion,  h igh- reso lu t ion  image of a s e l e c t e d  

Hence, t h e  a b i l i t y  t o  s h i f t  from a low magni f ica t ion ,  wide 
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f e a t u r e  would have a tremendous value. F igures  1 8  and 19 p resen t  the  FWHM 

of t h e  meridional  and s a g i t t a l  sec t ion  of the PSF f o r  the  S-056-convex 

s p h e r i c a l  LSM system on the  best focused f l a t  focal plane. Sub-arc second 

r e s o l u t i o n  should be obtained over m o s t  of t he  f i e l d .  

F igures  20-25 p resen t  t h e  PSF f o r  t he  nested Stanford/MSFC 

\ WS-convex s p h e r i c a l  I S M  over  the bes t  f l a t  f o c a l  plane f o r  M=2, 6, 8 and 

s e l e c t e d  f i e l d  angles .  

en t r ance  pup i l . )  

s a g i t t a l  s e c t i o n  of  t h e  FSF f o r  t h e  nested Stanford/MSFC WS-convex 

s p h e r i c a l  I S M  system rays  are traced through h a l f  the  en t rance  pupi l .  

From these r e s u l t s ,  one concludes sub-arc second r e s o l u t i o n  should be 

obta ined  f o r  a + 10 arc-min. f i e l d  of view where the  r e s u l t s  i n  Figs.  

26-27 have been doubled t o  determine r e s o l u t i o n  s i n c e  only h a l f  of  the  

en t r ance  p u p i l  was used dur ing  the  ray trace. 

(Rays were traced only through h a l f  o f  the  

F igures  26-27 g ive  t h e  FWHM of t h e  meridional  and 

The percent  energy l o s s  due t o  v i g n e t t i n g  is  shown i n  Fig.  28 f o r  

t he  S-056 based system and i n  Fig. 29 f o r  t he  nested Stanford/MSFC WS 

based system. 

I n  o r d e r  t o  determine alignment to l e rances  f o r  the LSM o p t i c s ,  a 

ray  t r a c i n g  a n a l y s i s  h a s  been performed on t h e  S p e c t r a l  S l i c i n g  X-Ray 

system when t h e  LSM element is ( 1 )  t i l t e d  while  t h e  ve r t ex  remains f i x e d  

on t h e  o p t i c a l  a x i s  as shown i n  Fig.  30 and (2 )  a l i n e  from t h e  LSM v e r t e x  

t o  c e n t e r  of curva ture  is d isp laced  para l le l  t o  t h e  o p t i c a l  a x i s  as shown 

i n  Fig.  32. Figs .  30-31 present  t he  RMS vs. tilt angle  for t h e  S-056 

system, and Figs.  32-33 g ive  the  RMS vs. displacement d is tance .  From 

t h e s e  r e s u l t s ,  one concludes t h a t  a t i l t  angle  of LSM with r e spec t  t o  t h e  

o p t i c a l  a x i s  should be maintained t o  less than 0.1 degree and t h a t  a 

displacement of t he  LSM symmetry ax i s  from t h e  o p t i c a l  a x i s  should be 

maintained t o  less than 0.1 mm. Figures  34-37 p resen t  t he  RMS vs. t ilt  
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and d e c e n t r a t i o n  of t h e  L S M  f o r  t h e  nested Stanford/MSFC WS system. 

S i m i l a r  alignment to l e rance  r e su l t ed  for the  nested WS system as obtained 

f o r  t h e  S-056 system. 

CONCLUSION 

Deta i led  t h e o r e t i c a l  design and a n a l y s i s  of  s e v e r a l  S p e c t r a l  

S l i c i n g  X-Ray Telescope systems us ing  normal incidence L S M  o p t i c s  of 

v a r i o u s  conf igura t ions  and magnif icat ions have been completed. It  is 

shown t h a t  the  s p h e r i c a l  L S M  o p t i c s  should y i e l d  e x c e l l e n t  (sub arc 

second) performance over the  e n t i r e  f i e l d .  

and a s p h e r i c  elements show b e t t e r  performance near  the  a x i s ,  bu t  much of  

t h i s  advantage would n o t  be r e l a i eed  af ter  t h e  d e t e c t o r  l i m i t a t i o n s  are 

included.  Hence, it has  been concluded t h a t  the s p h e r i c a l  LSM elements,  

which are far easier t o  f a b r i c a t e  and less c o s t l y ,  are p re fe r r ed  f o r  the  

S p e c t r a l  S l i c i n g  X-Ray Telescope Systems. Consequently, concave s p h e r i c a l  

LSM m i r r o r s  have been f a b r i c a t e d  a t  Stanford  Univers i ty  and are c u r r e n t l y  

being sub jec t ed  t o  v i s i b l e  l i g h t  and x-ray tes ts  a t  MSFC and Stanford.  

Some of t hese  L S M  o p t i c s  w i l l  be flown on t h e  MSFC/Stanford 

Wolter-Schwarxschild Telescope Rocket Experiment f o r  h igh- reso lu t ion  s o l a r  

x-ray s t u d i e s  l a t e r  t h i s  year .  

E l l i p s o i d a l ,  hyperbolo ida l ,  
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Abstract 

Layered Synthetic Microstructure (LSM) x-ray optics can be used to couple a conventional 
Wolter Type I or Wolter-Schwarzschild x-ray mirror to a high sensitivity/broad wavelength 
response detector. Since the LSM mirror can e€fectively reflect only a narrow spectral 
slice of the incident radiation, this new instrument is referred to as a "Spectral Slicinq 
X-Ray Telescope." By the use of figured multilayer (LSM) optics, it is possible to alter 
the plate scale of the primary mirrors to allow improved spatial resolution to be realized 
with solid s t a t e  detectors. 

We will present the results of theoretical design and analysis studies oE several 
spectral slicing x-ray telescope systems utilizing LSYs figured as hyperboloids, spheres, 
ellipsoids, and constant optical path aspheric elements. The RMS spot size and point 
spread function calculations will be presented €or systems in which the LSY oDtics are 
figured to yield magnifications of 2X. 6X,  and 8 X ,  and it,will be demonstrated that these 
systems yield superior of f-axis performance over the grimary optic alone. 

Introduction 

Over the past two decades, numerous glancing incidence x-ray telescopes have been 
fabricated and flown on sounding rockets and satellites to  produce hiah-resolution images 
of the Sun and cosmic x-ray sources. The optics for these tele copes usually involve conic 
surfaces of revolution, which were first described by H. Walter' in 1952 as s y  tems for 
aplanatic x-ray microscopes. Subsequently, Walter' modified the Schwarzschild' general 
equations for two-element reflecting telescopes. These Wolter-Schwarzschild systems 
generally yield slightly improved performance at the larger field angles, but the mirrors 
are more complex and di€ficult to fabricate. Wolter Type 11 mirrors use an internally 
reflecting paraboloid followed by an externally reflecting hyperboloid (Fiaure lb). This 
system has found wide applications in XUV/EW astronomy where the primary interest is in 
the wavelength range greater than 100 a .  Xolter Type I optics (Fisure la), where the 
internally reflecting paraboloid is followed by an internally reflecting hyDerboloid, has 
been the most extensively used imaging system for x-ray elescopes rlesianerl to operate in 
the 3 - 100 A region. (See Hoover, Thomas, and Underwood' for a general review of the 
principles of glancing i cidence x-ray optics.) Nested Wolter I mirrors were utilized on 
the Einstein Observatory' (which revolutionized cosmic x-ray astronomy) and are being 
planned for  the Advanced X-Ray Astrophysics Facility (AXAF) .6 

(a) 
TYPE I_ I 

Figure 1. Optical Configuration of (a) Xolter Type I and (b) Wolter Type I1 alancing 
incidence x-ray telescopes. 
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Our  knowledge  o f  so l a r  x - ray  phenomena was d r a m a t i c a l l y  i n c r e a s e d  i n  1973  by  Wolter I 
t e l e s c o p e s  c a r r i e d  a b o a r d  t h e  A p o l l o  T e l e s c o p e  Mount (ATM) on t h e  S k y l a b  m i s s i o n .  D u r i n g  
t h i s  m i s s i o n ,  ATM e x p e r i m e n t s  S-056 (MSFC) and S-054 (Amer ican  S c i e n c e  & E n g i n e e r i n g )  
p r o d u c e d  o v e r  70 ,000  h i g h - r e s o l u t i o n  x - ray  images t h a t  p r o v i d e d  a w e a l t h  of i n f o r m a t i o n  
r e g a r d i n g  so l a r  f l a r e s ,  c o r o n a l  h o l e s ,  and  x- ray  b r i g h t  p o i n t s .  Ro th  o f  t h e s e  t e l e s c o p e s  
employed  p h o t o g r a p h i c  e m u l s i o n s  a s  x - ray  d e t e c t o r s ,  and t h e  f i l m  m a g a z i n e s  were removed by 
t h e  a s t r a n a u t s  and r e t u r n e d  t o  E a r t h  f o r  p r o c e s s i n g  and  a n a l y s i s .  W h i l e  p h o t o g r a p h i c  
e m u l s i o n s  a f f o r d  h i g h e r  s p a t i a l  r e s o l u t i o n  t h a n  c a n  be  p r e s e n t l y  o b t a i n e d  w i t h  s o l i d  s t a t e  
d e t e c t o r s  s u c h  a s  C C D ' s ,  f i l m  h a s  a much lower s e n s i t i v i t y .  F i l m  a l s o  h a s  t h e  d i s a d v a n t a g e  
t h a t  i t  m u s t  be r e t r i e v e d  and  d e v e l o p e d  b e f o r e  a n a l y s i s .  T h i s  m a k e s  f i l m  a n  u n s u i t a b l e  
d e t e c t o r  f o r  u s e  on many unmanned s a t e l l i t e s  a n d  o b s e r v a t o r i e s .  

I t  is now w e l l  e s t a b l i s h e d  t h a t  q l a n c i n q  i n c i d e n c e  Wolter I x- ray  telescopes h a v e  a 
s h a r p l y  p e a k e d  p o i n t  r e s p o n s e  E u n c t i o n  and  t h a t  t h e  s p a t i a l  r e s o l u t i o n  r e a l i z e d  w i t h  t h e s e  
s y s t e m s  is i n  g e n e r a l  l i m i t e d  by  t h e  d e t e c t o r .  For e x a m p l e ,  solar  x - ray  imaqes r e c o r d e d  b y  
ATM E x p e r i m e n t  S-056 w i t h  a 1.9 a f o c a l  l e n g t h  ( p l a t e  scale  3 urn/arc s e c o n d )  e x h i b i t e d  a 
r e s o l u t i o n  l i m i t  of 2.2 a r c  s e c o n d s  on so-212 f i l m  ( u n c o a t e d  Panatomic-X)  and  1 . R  a r c  sec- 
o n d s  o n  S O - 2 4 2  f i l m .  However,  i n  laboratory tests u s i n g  Kodak H i g h - R e s o l u t i o n  P h o t o g r a p h j c  
P l a t e s ,  s p a t i a l  r e s o i s t i o n  of  0.75-3.8 a r c  scc=nc!s w z s  schieved w i t h  t h e s e  f l i q h t  o p t i c s .  
Yence ,  l i m i t a t i o n s  o f  t h e  s p a t i a l  r e s o l u t i o n  imposed  e v e n  by h i g h - r e s o l u t i o n  d e t e c t o r s  s u c h  
a s  f i l m  may d e g r a d e  t h e  p e r f a r m a n c e  of s t a t e - o f - t h e - a r t  x - r ay  t e l e s c o p e s .  F a r  more s e v e r e  
d e g r a d a t i o n s  would be e x p e r i e n c e d  w i t h  s o l i d  s t a t e  d e t e c t o r s ,  wh ich  a f f o r d  much h i g h e r  Sen- 
s i t i v i t y  o v e r  b r o a d e r  s p e c t r a l  r a n g e s  h u t  c u r r e n t l y  have  lower s p a t i a l  r e s o l u t i o n  t h a n  c a n  
b e  a c h i e v e d  With  p h o t o g r p h i c  f i l m .  T e c h n o l o g i c a l  l i m i t a t i o n s  p r e s e n t l y  make it i m p o s s i b l e  
to f a b r i c a t e  so l id  s t a t e  detectors w i t h  p i x e l  s i z e s  much s m a l l e r  t h a n  10  urn. Retter r e s o l u -  
t i o n  w i t h  t h e s e  d e v i c e s  c a n  be r e a l i z e d  w i t h  t e l e s c o p e s  of l o n g e r  f o c a l  l e n g t h  and t h e r e f o r e  
i n c r e a s e d  p l a t e  scale. However,  t h e s e  i n s t r u m e n t s  a re  o f  n e c e s s i t y  h e a v i e r  a n d  more c o s t l y ,  
and  may e x c e e d  t h e  e n v e l o p e s  a l l o w e d  by some s o u n d i n g  r o c k e t s  and  s a t e l l i t e s .  

For t h e s e  r e a s o n s ,  v a r i o u s  t e c h n i q u e s  f o r  u s i n g  a u x i l i a r y  o p t i c s  t o  i n c r e a s e  t h e  p l a t e  
scale w i t h o u k  s i g n i f i c a n t l y  i n c r e a s i n g  t h e  t e l e s c o p e  p h y s i c a l  l e n g t h  h a v e  b e e n  s t u d i e d .  
C h a s e  e t  a l .  i n v e s t i g a t e d  G r a z i n g  I n c i d e n c e  R e l a y  O p t i c s  ( G I R O )  as  a means o f  c o u p l i n g  
x - ray  mirror s y s t e m s  t o  d e t e c t o r s .  I n  t h e  MSPC Ex tended  Range X-Ray T e l e s c o p e  (ERXRT) 
p r o g r a m ,  s e v e r a l  g l a n c i n g  i n c i d e n c e  h y p e r b o l o i d / e l l i p s o i d  x- ray  microsS:Y& o p t i c s  of 
d i f f e r e n t  m a g n i f i c a t i o n s  a n d  f o c a l  l e n g t h s  were d e s i q n e d  and  a n a l y z e d .  The  s t u d i e s  
o p t i m i z e d  a n  x - ray  m i c r o s c o p e  o p t i c  (EX) f o r  u s e  i n  c o u p l i n g  t h e  ATM E x p e r i m e n t  .<-OS6 X-ray 
o p t i c s  t o  a CCD o f  30 u m  p i x e l  s i z e .  The  ERXRT w i t h  a 4 - m e t e r  t e l e s c o p e  p o s s e s s e s  a p l a t e  
sca le  t h a t  would  n o r m a l l y  r e q u i r e  a n  i n s t r u m e n t  16  meters l o n g .  Ray trace r e s u l t s  i n d i c a t e  
t h a t  s u b  a r c  s e c o n d  p e r f o r m a n c e  s h o u l d  be a c h i e v a b l e  o v e r  t h e  e n t i r e  4 arc  m i n u t e  f i e l d - O f -  
v i e w  a f f o r d e d  by  t h e  320x512 x - ray  s e n s i t i v e  area of t h e  RCA CCD. S i n c e  t h e  m i C r O S C O P e  
o p t i c s  c a n  be c o n f i g u r e d  to  o p e r a t e  a t  g l a n c i n g  a n q l e s  s i m i l a r  t o  t h e  p r i m a r y ,  i t  is 
p o s s i b l e  to  r e f l e c t  x - r a y s  o v e r  t h e  e n t i r e  s p e c t r a l  r a n g e  c o v e r e d  by  t h e  Wolter x-ray 
o p t i c s .  A l t h o u g h  x - ray  m i c r o s c o p e  o p t i c s  a r e  e x p e n s i v e  and  d i f f i c u l t  to  f a b r i c a t e  and t h e  
image  q u a l i t y  and  t h r o u g h p u t  d e g r a d e s  f a i r l y  r a p i d l y  w i t h  F i e l d  a n g l e ,  t h e s e  o p t i c s  s h o u l d  
be of g r e a t  v a l u e  f o r  h i g h - r e s o l u t i o n  imaginq  of s e l e c t e d  f e a t u r e s  o v e r  b r o a d  s p e c t r a l  
r a n g e s  and  f o r  u s e  i n  c o n j u n c t i o n  w i t h  h i g h - r e s o l u t i o n  x-ray s p e c t r o m e t e r s .  

4n a l t e r n a t i v e  s y s t e m  f o r  r e a l i z i n a  t h e  h i q h  i n h e r e n t  r e s o l u t i o n  c a p a b i l i t y  of t h e  
\Jolter o p t i c s  w i t h o u t  s i g n i f i c a n t l y  i n c r e a s i n g  t h e  t e l e s c o p e  p h y s i c a  1 g t h  s h o u l d  be  
a c h i e v e d  by  t h e  u s e  o f  L a y e r e d  S y n t h e t i c  M i c r o s t u c t u r e  (LSM) o p t i c s .  A s  d e t e r m i n e d  b y  
t h e  o p t i c a l  p r o p e r t i e s  and  t h i c k n e s s  o f  t h e  m u l t i l a y e r s ,  t h e  LSMs can be t a i lo red  to  
r e f l e c t  o n l y  s p e c i f i c  n a r r o w  spec t ra l  s l i c e s  of t h e  i n c i d e n t  x - r ay  beam. By t h e  u s e  o f  
n o r m a l  i n c i d e n c e  LSM o p t i c s  on  p r o p e r l y  c o n t o u r e d  s u b s t r a t e s ,  s p e c t r a l  s l i c i n g  x-ray 
t e l e s c o p e  sys tem's  w i t h  v a r i a b l e  m a g n i f i c a t i o n s  may be  rea l ized  ( F i g u r e  2 ) .  Variable  
m a g n i f i c a t i o n  would allow t h e  i n s t r u m e n t  t o  s h i f t  from moderate r e s o l u t i o n  x - r a y  images  of 
t h e  e n t i r e  s o l a r  d i s k  to v e r y  h i g h - r e s o l u t i o n  images  of s e l e c t e d  a c t i v e  r e g i o n s ,  l o o p s ,  
b r i g h t  p o i n t s ,  or o t h e r  f e a t u r e s  of i n t e r e s t .  The  n a r r o w  b a n d p a s s e s  a f f o r d e d  by p r o p e r l y  
d e s i g n e d  LSM opt ics  s h o u l d  permit T a r  s u p e r i o r  p l a s m a  d i a g n o s t i c s  t o  be p e c f o r m e d  t h a n  w a s  
p o s s i b l e  f rom t h e  c r u d e  f i l t e r g r a m s  o b t a i n e d  d u r i n g  t h e  S k y l a b  m i s s i o n .  S i n c e  it is 
u n n e c e s s a r y  to  i n c r e a s e  t h e  p h y s i c a l  l e n g t h  o f  t h e  i n s t r u m e n t ,  t h e s e  s y s t e m s  s h o u l d  be 
i d e a l  f o r  s o u n d i n g  r o c k e t s  and  many s a t e l l i t e s  t h a t  h a v e  l i m i t a t i o n s  w i t h  regard to  t h e  
s i z e  of p a y l o a d  t h a t  c a n  be accommodated. 

P r e s e n t e d  h e r e i n  are t h e  r e s u l t s  o f  o u r  t h e o r e t i c a l  i n v e s t i g a t i o n s  o f  s p e c t r a l  s l i c i n g  
x - ray  t e l e s c o p e  s y s t e m s  i n  wh ich  t h e  ATM Exper imen t  S-056 Wolter I o p t i c s  a n d  t h e  n e s t e d  
l ? o l t e r - S c h w a r z s c h i l d  mirrors f rom t h e  Stanford/MSFC R o c k e t  E x p e r i m e n t  are c o n s i d e r e d  a s  t h e  
p r i m a r y  o p t i c s .  The  b a s i c  o p t i c a l  p a r a m e t e r s  f o r  t h e s e  mirrors are p r e s e n t e d  i n  T a b l e  2 .  
T h e  p e r f o r m a n c e  o f  t h e s e  s y s t e m s  w a s  evaluated f o r  LSM op t i c s  o f  h y p e r b e l o i d a l ,  s p h e r i c a l ,  
e l l i p s o i d a l ,  and  c o n s t a n t  op t i ca l  p a t h  a s p h e r i c  c o n f  i a u r a t i o n s .  W e  h a v e  c a l c u l a t e d  t h e  RYS 
b l u r  c i rc le  r a d i i ,  t h e  p o i n t  r e s p o n s e  f u n c t i o n s ,  and  t h e  f u l l  w i d t h  h a l f  maxima o f  t h e  l i n e  
s p r e a d  f u n c t i o n s  to e s t a b l i s h  t h e  r e s o l u t i o n  t h e o r e t i c a l l y  a t t a i n a b l e .  The  p e r c e n t  enerqy 
loss as  a f u n c t i o n  of f i e l d  angle  w a s  a l s o  e s t a b l i s h e d  by  ray trace p r o c e d u r e s .  
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PARAEOLOIO MVPERBOLOIO 

ROTATING LSM 
TRANSPORT WHEEL 

F i g u r e  2. S c h e m a t i c  o f  S p e c t r a l  S l i c i n g  X-Ray T e l e s c o p e .  

T a b l e  1. Pr imary  Mirror P a r a m e t e r s  
S-056 Wolter I W o l t e r - S c h w a r z s c h i l d  

F o c a l  L e n g t h  190.5 cm 
G l a n c i n g  A n g l e  0.916O 
Zp max 392.76 an 
Z m i n  380.62 c m  

369.19 cm Z f t  min 
rp max 12.36 c m  
rp min 12.17 c m  
A 95.02 c m  
B 4.31 cm 
C 95.25 c m  
P 0.1946 cm 
C o l i e c t i n q  Area 14 .6  c m 2  

P 

F o c a l  L e n g t h  128 .2  c m  
G l a n c i n a  Angle  2.0° ( o u t e r  mirmr) 

1 . 7 O  ( i n n e r  mi r ro r )  
I n n e r  D i a m e t e r  

a t  A p e r t u r e  37.4 c m  ( o u t e r  mirror) 
33.0 c m  ( i n n e r  mirror) 

21.8 m ( s e c o n d a r v )  
1 0 7  cm5 ( o u t e r  mirror)  

80 cn2 ( i n n e r  mir ra r )  

E lemen t  L e n g t h s  26.7 c m  ( p r i m a r y )  

C o l l e c t i n g  Area 

M a t h m a t i c a l  A n a l y s i s  of t h e  S p e c t r a l  S l i c i n q  X-Ray T e l e s c o p e  

The  S p e c t r a l  S l i c i n g  X-Ray T e l e s c o p e  is b a s e d  upon t h e  c o n c e p t  o f  u s i n u  n o r m a l  i n c i d e n c e  
c o n t o u r e d  LSM o p t i c s  to r e f l e c t  and  magn i fy  a na r row s p e c t r a l  s l i ce  of t h e  x - r ay  image 
p r o d u c e d  by t h e  p r i m a r y  mirrors. A s  is s e e n  i n  F i g u r e  3 ,  t h i s  c a n  he  a c c o m p l i s h e d  by means 
o f  e i t h e r  c o n v e x  LSM mirrors p l a c e d  i n  f r o n t  o f  t h e  p r ime  f o c u s  or c o n c a v e  T S M  o p t i c s  
b e h i n d  t h e  f o c u s .  The  x - r a y s  a re  r e f l e c t e d  by t h e  LSM o p t i c s  to form a m a g n i f i e d  image on  
t h e  d e t e c t o r  located a t  ZI o n  t h e  Z-ax i s .  The d e s i g n  c o n d i t i o n  r e q u i r e s  t h a t  a n  o n - a x i s  
i n c i d e n t  r a y  t h a t  s t r i k e s  t h e  i n t e r s e c t i o n  ( R 2 , Z 2 )  of t h e  p r i m a r y  Wolter o p t i c s  be 
r e f l e c t e d  by  t h e  LSM o p t i c s  to  Eorm a n  image a t  t h e  detector.  The  g e o m e t r y  of t h e  S p e c t r a l  
S l i c i n g  X-Ray T e l e s c o p e  is shown i n  P i u u r e  4 .  The s u r f a c e  p a r a m e t e r s  of t h e  LSM o p t i c s  are  
d e t e r m i n e d  by  t h e  d e s i g n  c o n d i t i o n  and  t h e  L3M s u r f a c e  e q u a t i o n , .  The r e s u l t s  are e x p r e s s e d  
i n  t e r m s  o f  t h e  m a g n i f i c a t i o n  o f  t h e  LSM mirror: 

M = -v/u, (1)  

w h e r e  u and v are  t h e  object and  image d i s t a n c e s  shown i n  F i q u r e  4.  They  are  g i v e n  by: 

- 
u = zo3 - 2 

- = zI - zo3 - 

( l a )  

- 
The  a x i a l  r a y  i n t e r c e p t ,  Z , of r a y  r e f l e c t e d  f rom t h e  Wolter o p t i c s  is e v a l u a t e d  f rom t h e  
ray trace e q u a t i o n :  
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where AZX, A2Z are the X,Z direction Cosines €or the ray reflected Erom the point (X2,22) 
on the Wolter telescope. 

For a convex spherical LSY optic, the surface equation is given by: 

where Z O 3  is the surface vertex and R3 is the radius of curvature of the LSM. 

Solving Equations 1 and 2 for Zo3 gives: 

2, + ZH 
'03 - i + n  

R is obtained Erom the paraxial mirror equation by requiring an image to be produced at 
tze detector: 

1 1 -2 - + - = -  
u v  R3 

Solving equations 1-5 gives: 

2M(F - 2,)  
R3 = 

M2 - 1 

( 5 )  

Numerical values for R3 and z o  
LSM spherical optics are as fojlows. 

for the configuration of the S-056 primary with a convex 

269.94 

69.37 

51.38 

257.88 

219.37 

212.95 

The Wolter-Schwarzschild/convex sperical LSM values are: 

Y R3 ( ~ m )  203 (a) 

2 

6 

204 .a9 

5-2 .A8 

51.22 

22.03 

8 39.71 17.37 

For a concave ellipsoidal LSM mirror, the Surface equation is given by: 
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w h e r e  AEp R E *  and  CE a r e  t h e  s u r f a c e  p a r a m e t e r s  d e t e r m i n e d  by  r e q u i r i n g  t h a t  o n e  of t h e  
f o c i  be a t  2 and  t h e  o t h e r  be a t  ZI on t h e  Z-axis.  
t h e  f o l l o w i n g  e q u a t i o n s :  

The mirror s u r f a c e  p a r a m e t e r s  s a t i s f y  

( 8 )  (1 + M) 
AE ? ‘E W - 1 * 

2 - c E  * B E 2  = AE 2 ( 9 )  

a n d  t h e  v a l u e s  for  t h e  S-056 c o n c a v e  e l l i p s o i d a l  LSY o p t i c s  f o r  m a g n i f i c a t i o n s  of 2 X ,  6 Y ,  
and  8X are  g i v e n  be low.  

303.38 2 8 6 . 0 2  1 0 1 . 1 2  

1 4 1 . 5 7  9 9 . 0 8  1 0 1 . 1 2  

130.01  8 1 . 7 2  1 0 1 . 1 2  

F o r  a c o n v e x  h y p e r b o l o i d a l  LSM o p t i c ,  t h e  s u r f a c e  e q u a t i o n  is g i v e n  by: 

2 2 

2 2 1 R 3  

AH BH 

( 2 ,  - z 1  - C H I  
- - =  

w h e r e  A H *  B H ,  and CH are the s u r f a c e  p a r a m e t e r s  o f  t h e  h y p e r b o l o i d  as  d e t e r m i n e d  by t h e  
r e q u i r e m e n t  t h a t  o n e  of the  f o c i  be a t  2 and t h e  o t h e r  be a t  ZI o n  t h e  Z - a x i s .  
s u r f a c e  p a r a m e t e r s  are g i v e n  by: 

T h e s e  

(M - 1 )  
AH = ‘H ( M  + 1) 

‘H 2 = ‘H 2 - % 2  * 

- 
(2 ,  - 2 )  

2 C H  = * 

( 1 2 )  

( 1 3 )  

( 1 4 )  

a n d  t h e i r  n u m e r i c a l  v a l u e s  f o r  t h e  S-O56/convex h y p e r b o l o i d a l  LSM are  as follows: 

M AH ( c m )  BH ( c m )  CH ( c m )  

101 .12  2 3 3 . 7 0  9 5 . 3 4  

6 72 .23  7 0 . 7 7  1 0 1 . 1 2  

8 78.65 63.56 1 0 1 . 1 2  

For a g e n e r a l  a s p h e r i c  LSM o p t i c ,  t h e  s u r f a c e  e q u a t i o n  may be o b t a i n e d  by r e q u i r i n g  t h e  
o p - t i c a l  p a t h  l e n g t h s  to be c o n s t a n t  f o r  a l l  a x i a l  r a y s l g a s s i n g  t h r o u g h  t h e  e n t r a n c e  p u p i l  
a n d  i m a g i n g  a t  ZI o n  t h e  Z-ax i s .  (See S h e a l y  and Chao f o r  a more d e t a i l e d  d i s c u s s i o n  of 
c o n s t a n t  o p t i c a l  p a t h  l e n g t h  me thods . )  
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Figure 3 .  Convex and concave LSM 
optics with S-056 primary. 
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Figure 4 .  
X-Ray Telescope. 

Geometry of Spectral Slicing 

Results 

Several spectral slicing x-ray telescopes utilizing the ATM Experiment S-056 Wolter I 
mirrors and the Stanford/MSFC Wolter-Schwarzschild mirrors as primaries have been designed 
and analyzed. We have calculated the theoretical performance of these systems utilizing 
concave and convex spherical, concave ellipsoidal, convex hyperboloidal, and constant 
optical path aspheric LSM optics of 2X, 6X, and 8X magnifications. RYS blur circle radii 
and point spread functions have been calculated to evaluate the theoretical performance of 
each configuration. The analysis has been carried out for point sources on-axis and at 
off-axis field angles of 0.5, 1, 1.5, 2 ,  5, 10, and 16 arc minutes. The RYS b l u r  circle 
radii for  the spherical, ellipsoidal, and hyperboloidal LSY optics with S-056 are shown in 
Figures 5, 6 ,  and 7. In Figure 8 ,  the performance of the various LSM optics of 
magnification 2X is compared. It is seen that for the hyperboloidal, ellipsoidal, and 
aspherical LSM mirrors similar performance is predicted at all field angles, with the 
ellipsoidal element being slightly Setter at the edge oE the field. The spherical element 
performs better than the others at the larger field angles, but is degraded near the axis 
due to spherical aberration. 
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SO56 WITH CONCAVE ELLIPSOJDAL LSM 

----M-6. 

0 1 2 3 1 1  lo 
FIELD ANGLE IUCJI)M) 

F i g u r e  5. RMS b l u r  circle r a d i u s  as a F i g u r e  6 .  RYS b l u r  circle r a d i u s  as a 
f u n c t i o n  o f  f i e l d  a n g l e  and m a g n i t i c a t i o n  f u n c t i o n  o f  f i e l d  a n g l e  and  maqni f  i c a t i o n  
f o r  a Spec t ra l  S l i c i n g  X-Ray T e l e s c o p e  f o r  a Spec t ra l  S l i c i n g  X-Ray T e l e s c o p e  
w i t h  a Wolter I p r i m a r y  and  convex  w i t h  a Wolter, T p r i m a r y  and  c o n c a v e  
s p h e r i c a l  LSY. ( G a u s s i a n  f o c a l  p l a n e . )  e l l i p s o i d a l  LSM. ( G a u s s i a n  f o c a l  p l a n e . )  

16 

FIELD ANGLE lucmml 

F i g u r e  7. RMS b l u r  circle r a d i u s  as a F i g u r e  8 .  RMS b l u r  c i rc le  r a d i u s  as a 
f u n c t i o n  of f i e l d  a n g l e  and  m a g n i f i c a t i o n  f u n c t i o n  o f  f i e l d  a n g l e  f o r  m a g n i f i c a t i o n -  
f o r  a S p e c t r a l  S l i c i n g  X-Ray T e l e s c o p e  2X LSM optics oE d i f f e r e n t  c o n t o u r s  w i t h  
w i t h  a Wolter I p r i m a r y  and  convex  hype r -  S-056 p r i m a r y .  ( G a u s s i a n  f o c a l  p l a n e . )  
b o l o i d a l  LSY.  ( G a u s s i a n  f o c a l  p l a n e . )  
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It should also be pointed out that since x-ray telescopes have sharply peaked 'point 
response functions, we have observed that spatial resolutions sianificantly better than the 
values obtained by RMS blur circle radii calculations are almost always achieved. In Table 
2, more representative resolution values are criven by the Full Width Half Maximum (FWHM) of 
the Point Spread Function (PSF) €OK spectral slicing x-ray telescopes at several field 
angles. From these results it can be seen that sub arc second performance should be 
realized over the entire field out to 16 arc minutes for the 2X mirrors. Even better 
performance is predicted €or the 6X spherical or>tics. 

Table 2 .  Spectral Slicing X-Ray Telescope Systems (S-056) 
FWHM (arc set)* 

LSM Optics Field Anale (arc min) Mer i d i ona 1 Saq i ttal 

on-axis 
1 

SPHERICAL M = 2 5 
10 

0.61 
0.59 
0.40 
0.16 

0.61 
0.59 
0.45 
0.21 

on-axis 
1 

10 
ELLIPSOIDAL M = 2 5 

0 .oo 
0.004 
0.13 
0.58 

0 .oo 
0.004 
0.14 
0.59 

on-axis 
HYPERBOLOIDAL M = 2 1 

0.00 
0.004 

0 .oo 
0.005 

5 0.142 0.142 

on-axis 
SPHERICAL M = 6 1 

0.24 
0.25 

0.24 
0.24 

*Full Width Half %axhum on Gaussian focal plane. 

In Piqure 9 we present three-dimensional perspective plots of the point spread function 
of S-OS6 vith a 2X spherical LSM at field anales of 5 ,  10, and 16 arc minutes. It can be 
seen that the sharp central peak remains well below 1 arc second in extent at all field 
angles. Figure 10 illustrates the effect of varying the magnification on the resolution o f  
the system. These are entirely optical effects, with no consideration given to detector 
characteristics. When these considerations are invoked, it is clear that better resolution 
will be achieved with the use of the hiqher power LSM mirrors. Of course, with a detector 
of fixed size, the use of a larger magnification will result in.a smaller region of the Sun 
being imaged. Hence, the ability to shift from a low magnification, wide field image to a 
high magnification, high-resolution image of a selected feature would have a tremendous 
value . 

Figure 9. Three-dimensional perspective plots of the point spread function for a Spectral 
Slicing X-Ray Telescope with a 2X spherical LSM at field angles of (a) 5 arc minutes, (b) 
10 arc minutes, and (c) 16 arc minutes, on best flat focal plane (A2 = --15 cm) 
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Figure 10. Three-dimensional perspective plots of the point spread €unction on the best 
flat focal plane at a field angle of 10 arc minutes with spherical LSM optics affording 
magnifications of ( a )  2X (A2 = -.15 cm) ( b )  6X (A2 = -.59 cm) and (c) 8X (A2 = -.8 cm). 

The use of contoured LSM optics in conjunction with the nested Wolter-Schwarzschild 
mirrors has also been investigated. Figures 11 and 12 show the meridional and sagittal 
line spread functions for this system 4ith convex spherical LSM optics for magnifications 
of 2X.  6 X ,  and 8X.  Excellent performance over the entire field is predicted. The Dercent 
energy loss  is shown in Fiaure 13. Due to eefects of the nested primary, it is not linear, 
but it remains at a very low value (less than 16%) over the entire field. The percent 
energy loss for S-056 with convex spherical LSM optics is presented in Piqure 1 4 .  It is 
found to he linear with field angle and independent of magnification. The effects OE 
decentering, tilting, and defocussing the LSY optics have also been studied and the results 
will be presented elsewhere. 

INNER AND OUTER WS-CDNVEX SPHERICAL LSM 
~ 

f IELO ANGLE (nc-mml 

1 INNER AND OUTER WS-CONVEX SPHERICAL L W  

0 1 1 1 1 I  t I 
0 1 2 3 4 5  10 16 

FIELD ANGLE Iarcmml 

Figure 11. Meridional line spread Figure 12. Sagittal line spread function 
function (FWHM) as a €unction of field (PWHM) as a function of field anule for 
angle for Wolter-Schwarzschild mirrors Wolter-Schwarzschild mirrors with convex 
with convex spherical LSH. (Gaussian spherical LSY. (Gaussian focal plane. 1 
focal plane). 
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I INNERANDOUTER WS4ONVEX SPHERICAL LSM 

1 

0 1 2 3 4 5  10 

FIELD ANGLE Ire-minl 

16 

SOS-CONVEX SPHERICAL LSY 

M-2.6.8 

0 1 2 3 4 5  10 

FIELO ANGLE larcmml 

6 

Figure 13. Percent energy loss for Figure 14. Percent energy loss for  Spectral 
Spectral Slicing X-Ray Telescope with Slicing X-Ray Telescope with S-056 primary. 
nested Wolter-Schwarzschild primary. (Gaussian focal plane). 
(Gaussian focal plane). 

Perhaps the most exciting result to be reported is the fact that LSM optics should not 
only allow the image to be magnified for better utilization with state-of-the-art solid 
state detectors, but it also exhibits the ability to improve the imaging properties of the 
primary Wolter I mirror system. By comparing the point spread functions for the S- 
056/spherical LSM, as shown in Figure 9, with those for S-056 alone (see Ref. 4, p. 1751, 
one concludes that the resolution of the Spectral Slicing Telescope is improved by almost a 
factor of 2 at the larger field angles. This effect is due to a reduction in the Optical 
aberrations (including the offense against the Abbe Sine Condition) of the entire system. 

Conclusions 

Detailed theoretical design and analysis of several Spectral Slicing X-Ray Telescope 
systems using normal incidence LSM optics of various conf iqurations and magnifications have 
been completed. It is shown that the spherical LSV optics should yield excellent (sub arc 
second) performance over the entire field. Ellipsoidal, hyperboloidal, and aspheric 
elenents show better performance near the axis, but much of this advantage would not be 
realized after the detector limitations are included. Hence, it has been concluded that 
the spherical LSM elements, which are far easier to fabricate and less costly, are 
preferred for the Spectral Slicing X-Ray Telescope systems. Consequently, concave 
spherical LSM mirrors have been fabricated at Stanford University and are currently being 
subjected to visible light and x-ray tests at YSFC and Stanford. Some of these LSM optics 
will be flown on the HSFC/Stanford wolter-Schwarzschild Telescope Rocket Experiment for 
high-resolution solar x-ray studies later this year. 
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T h e o r e t i c a l  Analysis of Wolter/LSM 
X-Ray Telescope Sys tems 

Scope o f  Work 

I. Perform Ray Trace Analysis  of the S p e c t r a l  S l i c i n g  Zoom X-Ray Telescope 
System f o r  conf igu ra t ions  i n  which a convex LSM o p t i c  is placed i n  f r o n t  of 
t h e  prime focus o r  a concave LSM o p t i c  is placed behind the  prime focus. 
The a n a l y s i s  w i l l  cons ide r ,  hyperboloids,  spheres ,  e l l i p s o i d s  and cons tan t  
o p t i c a l  pa th  a sphe r i c  e lements  f o r  two conf igura t ions :  

A. 
o p t i c s .  

The ATM Experiment S-056 Wolter I m i r r o r s  c o n s t i t u t e  t he  primary 

B. The Stanford/MSFC Rocket Wolter-Schwarzchild mir rors  c o n s t i t u t e  
t he  primary op t i c s .  

For both conf igura t ions ,  t h e  PSF w i l l  be ca l cu la t ed  f o r  a po in t  source 
on-axis and o f f - ax i s  a t  t h e  fol lowing f i e l d  anges: 0.5 min; 1 min; 1.5 
min; 2 min, 5 min; 10 min; and 1.6 min. The po in t  response func t ions  f o r  
both t h e  meridional  and s a g i t t a l  planes w i l l  be generated. These da t a  w i l l  
be presented  numerical ly  and wi th  2- and 3-dimensional p l o t  r ep resen ta t ions  
f o r  t h e  s e l e c t e d  f i e l d  angles .  

11. The RMS Blur  Circle r a d i u s  f o r  f l a t  and opt imal ly  curved d e t e c t o r  
s u r f a c e s  w i l l  be c a l c u l a t e d  t o  evaluate  the  e f f e c t s  of de-focussing f o r  
m i r r o r s  of  magni f ica t ions  of 2 X ,  6X, o r  8X. 

111. 
performance of t he  system w i l l  be c a r r i e d  out  t o  determine mounting and 
al ignment  to le rances .  

The effects of de-cent ra t ion  and tilt  of  the  s e l e c t e d  LSM's upon 

I V .  The vendor w i l l  eva lua te  v igne t t i ng  effects and LSM a p e r t u r e  
requirements.  

V. C r i t i c a l  mi r ro r  parameters  required f o r  f a b r i c a t i o n  f o r  t h e  s e l e c t e d  
LSM o p t i c s  w i l l  be generated and provided t o  the  PI. 

V I .  Vendor w i l l  provide i n t e r i m  da ta  t o  the  MSFC P r i n c i p a l  Inves t iga to r .  
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Figure  2 .  Schematic of  S p e c t r a l  S l i c i n g  X-Ray Telescope.  
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Figure 3. Convex and concave LSM optics with S - 0 5 6  
primary. 
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Figure  4 .  Geometry.of S p e c t r a l  S l i c i n g  X-Ray 
Telescope.  
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Figure 5. RMS blur circle radius as a function of field angle and 
magnification for a Spectral Slicing X-Ray Telescope with 
a Wolter I primary and convex spherical LSM. 
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Figure 6. blur circle radius as a function of field angle and 
magnification for a Spectral Slicing X-Ray Telescope with 
a Wolter I primary and concave ellipsoidal LSM.  
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Figure 7. RMS blur circle radius as a function of field angle and 
magnification for a Spectral Slicing X-Ray Telescope with 
a Wolter I primary and convex hyperboloidal LSM. 
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Figure 8. RMS blur circle radius as a function of field angle for 
magnification 2X L S M  optics of different contours with 
S-056 primary. (Gaussian focal plane). 
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Figure  9. RMS blur circle radius versus f i e ld  angle for S-056 
primary and convex spherical L S M  secondary for image 
at best focus for on-axis l ight.  
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Figure 10. RMS blur circle radius versus f i e l d  angle for  S-056 
and convex spherical L S M  secondary when image plane 
is defocused by amount DZ from point of best focus. 
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Figure 11. RMS blur circle radius versus field angle for 
Stanford/MSFC nested WS primary with convex 
spherical LSM secondary for image plane at 
Gaussian focal point. 
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Figure 12. RMS blur circle radius versus field angle for 
Stanford/MSFC nested WS primary with convex 
spherical LSM secondary when the image plane 
is displaced from the Gaussian focal point. 



Figure 13. Point spread function for S-056 primary and 
spherical LSM secondary on the best focus 
plane with M=2 and field angle AL=5 arc-mins. 



F i g u r e  14. P o i n t  s p r e a d  f u n c t i o n  f o r  S-056 pr imary  and 
s p h e r i c a l  LSM secondary on t h e  b e s t  f o c u s  
p l a n e  w i t h  M=2 and f i e l d  a n g l e  AL=10 arc-mins.  



PO 1 luT S P R E R D  FUNCT I ON 
5C5G -SPhES I CRL LSM 

M=2 

RL = I f ; .  I R R C - M I N I  

O X =  0 .  10828 (QRC-SECI 

Figure 15. Point spread function for S-056 primary and 
spherical LSM secondary on the best focus 
plane with M=2 and field angle A L = 1 6  arc-mins. 
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Figure 16. Point spread function for S-056 .primary 

focus plane with M=6 and field angle 
AL=10 arc-mins. 

b and spherical LSM secondary on the best 



Figure 17. Point spread function for S-056 primary 
and spherical LSM secondary on the best 
focus plane with M=8 and field angle 
A L = 1 0  arc-mins. 



* 00 

Figure 18. Nl width half maximum of the meridional section of 
the point spread function fo r  S-056 primary and convex 
spherical I S M  secondary on best flat  focal plane for 
on axis light.  
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Figure 18. Nl width half maximum of the meridional section of 
the point spread function for S-056 primary and convex 
spherical L S M  secondary on best f l a t  focal plane for 
on axis light. 
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Figure 19. N l  width half maxirrnrm of the sagittal section of 
the point spread function for S-056 primary and 
convex spherical I S M  secondary on best flat focal 
planefor on axis  light versus the field angle. 
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Figure 20. Point spread function of the Stanford/MSFC 
nested WS primary and convex spherical LSM 
secondary on best focal plane with M=2 and 
field angle AL=O. Rays were traced through 
only half of the entrance pupil. 



. Figure 21. Point spread function of the Stanford/MSFC 
nested WS primary and convex spherical LSM 
secondary on b e s t  focal plane with M=2 and 
field angle AL=5 arc;.mins. Rays were traced 
through only half of the entrance pupil. 



Figure 22. Point spread function of the Stanford/MSFC 
nested WS primary and convex spherical LSM 
secondary on best focal plane with M=2 and 
field angle AL=10 arc-mins. 
through only half of the entrance pupil. 

Rays were traced 
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Figure 23. Point spread function of the Stanford/MSFC 
nested US primary and convex spherical LSM 
secondary on best focal plane with M=2 and 
field angle AL=16 arc-mins. Rays were traced 
through only half of the entrance pupil. 



Figure 24. Point spread function of the Stanford/MSFC I 

nested WS primary and convex spherical LSM 
secondary on best focal plane with M=6 and 
field angle AL=10 arc-mins. Rays were 
traced through only half of the entrance 
pupil. 



'\ 
I 

Figure 25. Point spread function of the Stanford/MSFC 
nested WS primary and convex spherical LSM 
secondary on best focal plane with M = 8  and 
field angle AL=10 arc-mins. Rays were traced 
through only half of the entrance pupil. 
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Figure 26. N l  width half maximum of the meridional section of 
point spread function of the Stanford/MSFC nested WS 
primary and a convex spherical LSM secondary on best 
focal plane versus the field angle. Rays were traced 
half through half the entrance pupil. 
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Figure 27. N l  width half maximum of the sagittal section of the 
point spread function of the Stanford/MSFC nested WS 
primary and convex spherical LSM secondary on the best 
focal plane versus the field angle. 
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Figure 28. Percent energy loss for Spectral Slicing 

X-Ray Telescope with S-056 primary. 
(Gaussian focal plane). 
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Figure 29. Percent energy loss for Spectral Slicing X-Ray 
Telescope with nested Wolter-Schwarzschild 
primary. (Gaussian focal plane). 
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Figure 30. EMS blur circle versus the tilt angle for L S M  with 
respect to  the optical axis for  S-056 primary and 
convex spherical secondary for M=2 and A I A ,  5 ,  10, 
16 arc-mins. 
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Figure 31. RMS blur circle versus the tilt angle for  LSM with 
respect t o  the optical axis for S-056 primary and 
convex spherical secondary for  M=2,6,8 and 
AIi.16 arc-mins. 
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Figure 32. RMS blur circle radius versus the displacement of axis 
of LSM from the optical axis for S-056 primary and 
convex spherical L S M  for M=2 and ALro,5,10,16 arc-mins. 
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Figure 33. RMS blur circle radius versus the displacement of axis 
of LSM from the optical axis for S-056 primary and convex 
spherical LSM for M=2,6,8 and &16 arc-mins. 
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Figure 34. RMS blur circle radius versus the tilt angle for 
Stanford/MSFC nested WS primary and convex 
spherical LSM secondary for M=2 and M,5,10, 
16 arc-mins. 
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Figure 35. REts blur circle radius versus the tilt angle for 
Stanford/MSFC nested WS primary and convex 
spherical LSM secondary for M=2,6,8 and AL=16 
arc-mins. 



0 

i.!i (3 

:J . 
m -  

0 
0 

a3 

0 
0 

0 
. .  

Figure 36. REts blur circle radius versus the displacement of axis 
of L S M  f r m  the optical axis for Stanford/MSFC nested 
WS primary and convex spherical L S M  secondary for M=2 
and Azi=o,5,10,16 arc-mins. 



.Figwe 37. RMS blur circle radius versus the displacement of axis 
of L S M  from the optical axis for Stanford/MFC nested 
WS primary and convex spherical LSM secondary for M=2, 
6,8 and Ak16 arc-. 



Table 1.. Primary Mir ror  Parameters 

S-056 Wolter I Wolter-Schwarzschild 

Foca l  Length 
Glancing Angle 
Z max 
Z min 
Z min 
r max 
r min 
A 
B 
C 
P 
C o l l e c t i n g  Area 

190.5 c m  
0.91 6 

392.76 cm 
380.62 cm 
369.19 cm 
12.36 cm 
12.17 cm 
95.02 cm 
4.31 cm 
95.25 cm 
0.1946 c m  
14.6 cm 

Focal  Length 128.2 cm 
Glancing Angle 2.0 ( o u t e r  mir ror )  

t.7 ( i n n e r  mi r ro r )  
Inne r  Diameter 

a t  Aperture  37.4 cm ( o u t e r  mi r ro r )  
33.0 cm ( i n n e r  mir ror )  

2t.8 cm (secondary) 
Co l l ec t ing  Area 107 cm ( o u t e r  mi r ro r )  

80 cm ( i n n e r  mi r ro r )  

E1ernerlt Lengths 25.7 (primarr) 



Table 2. S p e c t r a l  S l i c i n g  X-Ray Telescope Systems (S-056) 

FWHM ( a r c  sec)* 
LSM O p t i c s  F i e l d  Angle ( a r c  min) Meridional S a g i t t a l  

on-axis 
1 

SPHERICAL M = 2 5 
10 
16 

0.61 
0.59 
0.40 
0.16 
0.43 

0.61. 
0.59 
0.45 
0.21 
0.68 

on-axis 
1. 

ELLIPSOIDAL M=2 5 
1 .o 
1.6 

0.00 
0.004 
0.13 
0.58 
1.. 02 

0.00 
0.004 
0.14 
0.59 
1.83 

on-axis 
HYPERBOLOIDAL M = 2 1 

5 

0.00 
0.004 
0.142 

0.00 
0.005 
0.142 

on- a x i  s 
SPHERICAL M = 6 1 

5 

0.24 
0.25 
0.035 

0.24 
0.24 
0.055 

"Ful l  Width Half Maximum on Gaussian f o c a l  plane. 


