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ABSTRACT 

The new method can f o c u s  monochromatic r a d i a t i o n  from a po in t  
source o r  p a r a l l e l  beam down to a p o i n t  image. Conversely, r ad ia -  
t i o n  from a point  source can be focused i n t o  an outgoing p a r a l l e l  
beam. The focus ing  t o  and from a p a r a l l e l  beam has never  been 
achieved before  wi th  d i f f r a c t i o n  c r y s t a l s .  The method makes use 
of bent  d i f f r a c t i o n  c r y s t a l s  i n  which t h e  i n t e r c r y s t a l l i n e - p l a n e  
spacing i s  v a r i e d  as a f u n c t i o n  of p o s i t i o n  i n  t h e  c r y s t a l .  The 
Bragg ang le  f o r  d i f f r a c t i o n  of monochromatic r a d i a t i o n  w i l l  now 
vary as a f u n c t i o n  of p o s i t i o n  i n  t h e  c r y s t a l  and t h i s  new degree 
of freedom is  used t o  o b t a i n  focus ing  and imaging of the d i f f r a c t e d  
beam. This  new approach to focus ing  and imaging i s  a p p l i e d  t o  t h e  
design of a l a rge -a rea ,  h igh  r e s o l u t i o n  x-ray t e l e s c o p e  t h a t  is a l s o  
a high r e s o l u t i o n  monochromator w i th  the  unique f e a t u r e  t h a t  t he  
width of  t h e  energy increment t h a t  is d i f f r a c t e d  can be c o n t r o l l e d  
and va r i ed  du r ing  t h e  o p e r a t i o n  of t h e  instrument .  This  makes i t  
p o s s i b l e  t o  f i r s t  scan t h e  f i e l d  with a wide energy increment ant? 
ther switch t o  a narrow energy increment f o r  t h e  high r e s o l u t i o n  
work. The new focus ing  s y s t e m  can  be used with both t r ansmiss ion  
and r e f l e c t i o n  type  d i f f r a c t i o n  c r y s t a l s  and is a p p l i c a b l e  t o  
photons wi th  e n e r g i e s  from a few keV t o  500 keV. High r e s o l t i o n  
imaging (few arc s e c )  is p o s s i b l e  even a t  the  h ighe r  photon e n e r g i e s .  
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1. INTRODUCTION 

Dif f rac t ion  c r y s t a l s  have been used f o r  many years t o  focus a point  o r  l i n e  
source t o  a l i n e  image (Johnson, 1931) and i n  some spec ia l  cases t o  focus a 
point  source to  a point  image (Berreman, et al., 1954 and Berreman', 1955). A 
schematic drawing of the  bas ic  geometry used I n  these instruments is shown i n  
Figure 1. The source,  image, and bent c r y s t a l  a l l  l i e  on a foca l  circle whose 

BENT CRYSTAL 

Fig. 1. Classic ref lect ion-type focusing c r y s t a l - d i f f r a c t i o n  
spectrometer. 9 is the Bragg angles ,  "A" i s  the rad ius  
of the foca l  c i r c l e  and "2A" is  the rad ius  of curva ture  
of the bent-crystal .  
and t h e  source d i s t a n c e ,  r e spec t ive ly  

D 1  and D2 are the image d i s t ance  

diameter i s  equal t o  the  rad ius  of curvature  (2A) of the bent-crystal .  
the  image d i s t ance  i n  equal t o  D2 the  object  d i s tance .  I f  the d i f f r a c t i o n  
crysal i s  bent t o  a c y l i n d r i c a l  shape the r ad ia t ion  w i l l  be focused t o  a l i n e  
image. 
t o  t h e  d f f f r a c t i o n  plane ( the  d i f f r a c t i o n  plane is the plane containing t h e  
incoming and outgoing rays)  then it is possible  t o  focus the r ad ia t ion  from a 
point  source t o  a point  image. The f i r s t  type of focusing system works q u i t e  
w e l l  i n  the  l abora to ry  when used with reasonable values  fo r  the  diameter of the 
f o c a l  circle. A mult ip le  crystal vers ion  of t h i s  type of instrument was used 
i n  conjunction with the grazing incidence x-ray te lescope i n  the  Elns t ien  Ob- 
se rva to ry  t o  do s p e c t r s l  ana lys i s  of the x-ray image (Canisares,  e t  al. 1977). 

D 1 ,  

I f  the  d i f f r a c t i o n  c r y s t a l  is  a h 0  bent in  the d i r e c t i o n  perpendicular 

i :  

I 

. .  

. .  
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This  type of instrument c a n  not be extended f o r  u s e  w i t h  a point  source at  
i n f i n i t e  because as D2, t h e  sou rce  d i s t a n c e  i n c r e a s e s  the  v a l u e  of D 1 ,  t h e  
image d i s t a n c e  inc rease  as well and i n  t h e  l i m i t  when D2 + w ,  D1 a l s o  ap- 
proaches i n f i n i t y  and t h e  bent c r y s t a l  becomes a f l a t  c r y s t a l  (2A + 0 ~ ) .  Thus 
t h e  incoming p a r a l l e l  beam is  d i f f r a c t e d  as a p a r a l l e l  outgoing beam with no 
focusing i n  t h e  d i f f r a c t i o n  p l ane .  The use  of a t r ansmiss ion  type d i f f r a c t i o n  
spectrometer  does not  h e l p  ( s e e  Figure 2 ) .  Here the d i f f r a c t e d  beam i s  always 

Fig. 2. Transmission-type cr)  . a l - d i f f r a c t i o n  spec t romete r .  "A" i s  the 
r a d i u s  of t h e  f o c a l  c i rc le  and "2A" i s  the r a d i u s  of  c u r v e t u r e  
of the bent crystal  

defccused and approaches a p a r a l l e l  beam d i f f r a c t e d  by a f l a t  c r y s t a l  when t h e  
source d i s t a n c e  approaches i n f i n i t y .  I n  t h i s  mode of o p e r a t i o n  t h e  d i f f r a c t i o n  
c r y s t a l  can be viewed as a n  e x c e l l e n t  monochromatic c o l l i m a t o r .  Although t h i s  
type of instrument  fa  not very u s e f u l  f o r  imaging i t  could be used t o  make a 
s p e c t r a  a n a l y s i s  of  a l a r g e  g a s  cloud or o t h e r  extended s o u r c e s .  
wavelengths would be focused a t  d i f f e r e n t  p l aces  on t h e  f o c a l  c i r c l e  so t h e  f u l l  
spectrum could be recorded a t  t he  same time with a p o s i t i o n  s e n s i t i v e  d e t e c t o r  

The d i f f e r e n t  
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11. NEW METHOD OF FOCUSING X-RAYS 

The new focus ing  method Is d i scussed  i n  d e t a i l  i n  a r e c e n t  ar t ic le  i n  
R.S.I. by R. K. Smither (1982). The b a s i c  approach le i l l u s t r a t e d  i n  Figure 3. 
Here a f l a t  crystal  is used t o  focus  monochromatic r a d i a t i o n  from a p o l n t  or 
l i n e  source t o  a l i n e  image by varying t h e  c r y s t a l  "d" spac ing  i n  t h e  d l f f r a c -  
t i o n  c r y s t a l  as 13 f u n c t i o n  of t he  d i s t a n c e ,  "x", from t h e  b a s e l i n e  ( l i n e  from 
source t o  image). A thermal g r a d i e n t  is used i n  t h i s  example t o  change the  "d" 
spacing so t h a t  t he  Bragg cond i t ion :  

is s a t i s f i e d  over  t h e  whole c r y s t a l  s u r f a c e  f o r  monochromatic r a d i a t i o n .  I f  
D 1  = D2 t h i s  w i l l  a u t o m a t i c a l l y  s a t i s f y  t h e  focusing requirements  as w e l l .  

CRYSTAL WITH 
THERMAL GRADIENT 

Fig. 3. New t ransmission type of c r y s t a l  d i f f r a c t i o n  spectrometer  u s ing  
an unbent c r y s t a l  with a thermal g rad ien t  appl ied t o  t h e  c r y s t a l  
perpendicular  t o  t h e  d i f f r a c t  ion planes wi th  dec reac ing  temper- 
a tures  as x i n c r e a s e s .  The image d i s t a n c e ,  D 1 ,  e q u a l s  the 
source d i s t a n c e ,  D i .  D 1  must be equal t o  D2 fo r  t h e  Bragg 
d i f f r a c t i o n  c o n d i t i o n  t o  be s a t i s f i e d  

The f r a c t i o n a l  change i n  t h e  "d" spacing must match the f r a c t i o n  change i n  t h e  
value of s i n  8 .  Thus: 

Ad/d = h s i n  B/sIn 8 = A 8  c o t  0 ( 2 )  

where e is the  Bragg ang le  and d t h e  "d" spacing i n  tile c r y s t a l .  I n  Eq. ( l ) ,  
x is the  wavelength and "n" t h e  d i f f r a c t i o n  o rde r .  
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The thermal g r a d i e n t  needed t o  achieve t h i s  d i f f r a c t i o n  focus ing  is given 
by Eq* ( 3 )  

A t  1 Ad -cos2 0 
n -  . -  I - 

ax Ax ad Ax ( 3 )  

where a is the c o e f f i c i e n t  o f  thermal expansion and Adld = aAt. 
0 t h a t  can be focused is determined by t h e  temperature  d i f f e r e n t i a l ,  A t ,  that 
is a p p l i e d  t o  t h e  c r y s t a l .  I f  t h e  d i f f r a c t i o n  p rocess  uses  the  p l anes  i n  
q u a r t z  t h a t  are 9e rpend icu la r  t o  t h e  o p t i c a l  ax is ,  a is 1.34 x 10'5/0C and 
assuming a A t  of 200°C t h i s  g i v e s  Ad/d I f  0 = 20" then A0 = 

t h e  rocking cu rve  o r  acceptance ang le  of a good c r y s t a l  without the presence 
of a thermal g r a d i e n t .  Th i s  r e s u l t s  i n  an improvement of  a f a c t o r  of 100 f o r  
t h e  d i f f r a c t i o n  i n t e n s i t y ,  while  a t  t he  same time ob ta in ing  good convergence 
of t h e  beem. The width of t h e  image w i l l  be equal  t o  t h e  width of t he  source 
and w i l l  not r e f l e c t  t h e  mosaic s t r u c t u r e  of t h e  c r y s t a l .  
l e a d s  t o  much b e t t e r  imaging than  one might expect and comes about because 
most high q u a l i t y  crystals are composed of many small c r y s t a l l i t e  s t r u c t u r e s  
whose rocking cu rve  o r  d i f f r a c t i o n  r e s o l u t i o n  is much b e t t e r  than the width of 
t h e  mosaic s t r u c t u r e  which is a measure of the r e l a t i v e  misalignment of t h e s e  
c r y s t a l l i t e s .  

The change i n  

2.7 x 
r a d i a n s  o r  200 arc s e c .  Th i s  c a n  be compared with the two arc sec f o r  

This l a s t  e f f e c t  

The more g e n e r a l  case where D 1  is n o t  equal  t o  D2 is shown i n  Figure 4. 
Both the t ransmission case (Figure 4a)  and t h e  r e f l e c t i o n  case (Figure 4b) l e a d  
t o  focus ing  so both l a r g e  and small va lues  of 6 can be handled with ease. 
t r ansmiss ion  case acts l i k e  a c y l i n d r i c a l  l e n s  ( t h e  f i r s t  p r a c t i c a l  l e n s  f o r  
high energy x-rays) and t h e  r e f l e c t i o n  case l i k e  a c y l i n d r i c a l  m i r r o r .  Both 
cwses r e q u i r e  t h a t  the d i f f r a c t i o n  c r y s t a l  be ben t .  The r a d i u s  of  c u r v a t u r e ,  
R c ,  which c o n t r o l s  t he  rate of change i n  the  c r y s t a l  p l ane  tilt ang le ,  @, is 
given by Eq. (4) f o r  t h e  t r ansmiss ion  case, 

The 

and Eq. ( 5 )  f o r  t h e  r e f l e c t i o n  case 

where R 1  and R2 are t h e  d i s t a n c e  from t h e  image t o  t h e  c r y s t a l  and from 
t h e  source t o  t h e  c r y s t a l ,  r e s p e c t i v e l y ,  4 is t h e  ang le  between t h e  c rys ta l  
p l anes  and t h e  b a s e l i n e .  For a d i s t a n t  source Dg and R2 approach i n f i n i t y  
as be fo re  but D 1  and R 1  remain f i n i t e  and can be sca l ed  up o r  down as one 
wishes so we now have two systems t h a t  w i l l  f ocus  a p a r a l l e l  beam of  r a d i a t i o n  
t o  a l i n e  image. 
f o c a l  d i s t a n c e ,  D 1 ,  i n  both cases is given by Eq. ( 6 )  

The p a r a l l e l  beam focusing case is shown i n  Figure 5 .  The 
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BENT-CRYSTAL 
(b) 

Fig. 4. ( a )  Transmission type and (b )  r e f l e c t i o n  type d i f f r a c t i o n  
spectrometer dsing thermal grad ien ts  and bent crystals f a r  
the genera l  case when the image d i s t a n c e ,  D l ,  I s  not  equal 
to  the  source d i s t a n c e ,  D2. 4 is the angle of tilt of the 
c r y s t a l  plane,  x is  the height G f  the  crystal plane above the 
base l ine ,  and R1 and R2 are the d i s t ances  from the  point  of 
d i f f r a c t i o n  t o  the  image and source,  respect ively.  
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(a) 
COLD/ PARALLEL BEAM 

Fig .  5 .  Special case for paral le l  beans (source at  i n i f i n i t y )  for the 
(a)  transmission case and (b)  ref lect ion case of the n e w  focusing 
method using bent crys ta l s  and thermal gradients. 
Rl, and R2 are the same as in Fig. 4 

8 ,  x, D1, D2, 
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I f  a p i p :  focus is required as it might i n  an israging te lescope then a second 
c r y s t a l d i f f r a c t i o n  element w i l l  be required to  focus the b e a m  i n  the  plane at  
r igh t  angles to  the  f i r s t  focusinq plane. "his r equ i r e s  t ha t  the second crystal 
element be rotated by 90' around t h e  axis of  the b e a m  as is shown i n  Figure 6 .  

POINT 

FOCUS 

POINT HOT 

Fig. 6. Special case of double focusing of parallel bears for  the 
(a)  t r ans r i s s ion  case and (b) r e f l e c t i o n  case using the new 
bent c r p t a / t h e w a l  gradient  method 
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A mort elegant but more complicated method can be fount t o  obtain double 
foruelng w i t h  the r e f l ec t ion  type d i f f r a c t i o n  crystal (Berromen, 1953). 

Thf8 approach I s  shown in Pigure 7 where the d i f f r a c t i o n  c rys t a l  ia also 
bent in  (I accond dfrestion, i n  t h e  plane perpendicular to the  d i f f r a c t i o n  ptenc. 
E i t h e r  type of double focueing opcna up the  posslbiLi ty  of doing pod i r~rg ing  
wlth a apace releecope that u8cs some Port of posi t ion s e n s i t i v e  foca l  p l a in  
de tec tor .  

UNBENT 
CRYSTAL 

CY L INOR I CAL 
SHAPE BENT CRYSTAL 

Pig. 7. Double fWUSing With a SfWlC Cryat81 ,lernent Chat b8 
k e n  npecia l ly  ground and shlrped before bending and the 
appl ica t ion  of a thermal uradient 

In the psrallcl beam focusing case  D2 and R2 approach infinity. This 
s impl i f i e s  the axprcsaiono for I€,., A t / A L  or Ad/Al where A L  ie the d is tance  
along the surface  of the c r y s t a l  i n  the  d i f f r a c t i o n  plane .  
tranomieeton case l a  given by Eq. ( 7 )  

R, in the 



436 

and Eq. ( 8 )  i n  t h e  r e f l e c t i o n  case 

Also = 
given by 

8 and t h e  f r a c t i o n a l  change needed 
Eq. ( 9 )  f o r  t h e  t ransmiss ion  case, 

Ad cos2 0 
D -- - 

d 2R1 s i n  8 

and f o r  t h e  r e f l a c t i o n  case, Eq. (10) 

Ad cos 0 
E- - 

d 2% 

i n  

A I  

A I  

The corresponding thermal g r a d i e n t  needed 

( 8 )  

the  c r y s t a l  spac ing  Ad/d is 

(9)  

f o r  t h e  t ransmiss ion  I s  

A t  cos2 8 cos 8 s i n  2 8 

A I  2aR1 s i n  8 ax  2 s i n  8 
E E-* - 

and i n  t h e  r e f l e c t i o n  case 

A t  cos e cos e s i n 2  0 

A l l  2aR1 ax 2 
- a- --.- 

For small va lues  of 0 the thermal grad ien t  approaches a cons tan t  (l/ax) 
f o r  the  t ransmission case. I n  t h e  r e f l e c t i o n  case the  thermal g r a d i e n t  goes 
to  zera  a s  8 approaches z e r o  or 90". Note t h a t  t h e  "d" spacing of the  crystal 
does not  e n t e r  i n t o  t h e s e  equat ions  so t h e y  are q u i t e  genera l .  Also, t h e  
minimum value R 1  or x t h a t  c a i  be used is set by t h e  maximum value al lowable 
f o r  A t / A l  where A t  is the  l e n g t h  along t h e  c r y s t a l  s u r f a c e  i n  t h e  d i f f r a c t i o n  
plane.  Thus the  minimum s i z e  of the spectrometer  is set by t h e  maximum per- 
m i s s i b l e  va lue  of the  thermal g r a d i e n t ,  A t l A l l .  
(Quartz) and A t / A I  200°C/cm, Xmin = 329.5 cm i n  t h e  t ransmission caRe and 
xmin - 112.7 c m  i n  t h e  r e f l e c t i o n  case. For a A t / A l  of lOO"C/cm t h e y  w i l l  be 
twice as big, etc.  This means t h a t  a spectrometer  t h a t  relys on a thermal 
g r a d i e n t  to change the "d" spacing w i l l  be l a r g e ,  e s p e c i a l l y  for small va lues  

For 0 = 20" and a - 1.34 x 10-5 

of e. 
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111. DIFFERENT METHODS FOR CHANGING THE CRYSTAL PLANE SPACING 

The above d i s c u s s i o n  has  used a thermal g r a d i e n t  t o  v a r y  t h e  "d" spacing 
i n  t h e  d i f f r a c t i o n  crystals. The range of Bragg a n g l e s  o v e r  which the crystal 
w i l l  focus monochromatic r a d i a t i o n  is l i m i t e d  by how large a temperature d i f -  
ferenc,  can be app l i ed  t o  t h e  crystal .  In p r i n c i p l e  one could a p p l y  a A t  of 
1000°C t o  a q u a r t z  crystal  which would correspond t o  a Ad/d - 1.34 x 10-2 or 
1.34%. I n  p r a c t i c e  a A t  o f  30OOC (-100°C to +2OO0C) is a l l  one would l i k e  to 
cons ide r .  This would g ive  a Adld - 4 x or 0.4%. A s  d i s c u s s e d  i n  t h e  
p rev ios  s e c t i o n ,  t h e  minimum va lue  of x ,  t h e  d i s t a n c e  of t h e  crystal  from t h e  
a x i s  or b a s e l i n e  is determined by t' maximum va lue  a t t a i n a b l e  for A t / A L  [ s e e  
Eq. (11)  and ( 1 2 ) )  and sets a minimum s i z e  f o r  t h e  spectrometer .  An a l t e r n a t e  
method f o r  changing t h e  "d" spac ing  i s  t o  grow a crystal  composed of  two types 
of  atomic l i k e  S i  and B or S i  and G e  (Pearson,  1967),  (Pea r son ,  1972). and 
(Smi the r ,  1982) and change the  r e l a t i v e  f r a c t i o n  of each type of atom as a 
f u n c t i o n  of p o s i t i o n  i n  t h e  crystal .  The l a t t i c e  spac ing  i n  a Si-& mixed- 
element c r y s t a l  can be changed from a value of d = 5.434 f o r  pure S i  t o  a v a l u e  
of d - 5.657 f o r  pure G e .  Th i s  change i n  "d" of  4.1% corresponds t o  a A t  = 
104"C f o r  t he  thermal g r a d i e n t  method f o r  va ry ing  "d". 
advantage of g i v i n g  l a r g e  v a l u e s  of Ad/d and A9 and a t  the  same time not re- 
q u i r i n g  t h e  power needed t o  ma in ta in  t h e  thermal g r a d i e n t s  needed i n  t h e  
examples c i t e d ,  p rev ious ly .  The main disadvantage of t h i s  approach is t h a t  i t  
does not  have the a b i l i t y  t o  change the spac ing  g r a d i e n t  d u r i n g  t h e  experiment 
and a d j u s t  for  t h e  focus ing  of d i f f e r e n t  wave l e n g t h s  or t n e  a b i l i t y  t o  scan  
over  a l i n e  i n  t h e  spectrum by j u s t  changing t h e  average temperature of t h e  
d i f f r a c t i o n  crystal .  I f  t h e  two approaches are combined, both the  l a r g e  A 9  
and t h e  v a r i a b l e  Ad/AL can be r e t a i n e d .  The use  of a t  least  some thermal gra- 
d i e n t  is a l s o  important because i t  r e t a i n s  the a b i l i t y  to  c o n t r o l  and change 
t h e  increment of wavelength,  A X ,  t h a t  is focused a t  one p o s i t i o n  on t h e  f o c a l  
plane.  The n a r r o w s t  va lue  of A X  is ob ta ined  when t h e  Ad/AL is matched t o  t h e  
changing Bragg a n g l e  needed f o r  a p e r f e c t  focus.  I f  t he  system is detuned by 
us ing  a n  i n c o r r e c t  va lue  f o r  t h e  AdlAL then a range of wavelengths w i l l  be 
focused a t  the image s p o t .  Th i s  w i l l  a l l o w  a s e a r c h  mode t o  be used i n  t h e  
instrument  i f  t he  energy of t he  l i n e  is no t  w e l l  known. Af t e r  t h e  l i n e  is 
loca ted  then the  v a l u e  of AA can be ad jus t ed  t o  g i v e  the b e s t  s e n s i t i v i t y  
and lo r  r e s o l u t i o n .  

Th i s  approach has t h e  

I V .  APPLICATION TO A X-RAY TELESCOPE 

A number of t h e  s p e c i a l  f e a t u r e s  of  t he  new method, focus ing  monochro- 
mat ic  r a d i a t i o n ,  imaging, c o n t r o l  of A X ,  l i n e  scanning,  e tc . ,  could be q u i t e  
u s e f u l  i n  the  d e s i g n  of a n  x-ray t e l e s c o p e .  Although the  method could be 
a p p l i e d  t o  t h e  low energy x-ray r eg ion  ( E r  < 5 keV) the  c o n s i d e r a b l e  succes8 
of the g raz ing  i n c i d e n t  t e l e s c o p e  l i k e  the one flown on t h e  E i n s t e i n  Obser- 
v a t o r y  i n  t h i s  energy r eg ion  make it more i n t e r e s t i n g  t o  look a t  a t e l e scope  
designed t o  look a t  r a d i a t i o n  i n  t h e  10 keV t o  200 keV range and t h e  poss- 
i b i l i t y  of ex tend ing  i t  t o  t h e  200-600 keV range. The f l u x e s  a t  these h ighe r  
e n e r g l e s  are q u i t e  low so t h e  c o l l e c t i o n  area must be l a r g e ,  t h e  o rde r  of 
square meters. Th i s  means t h a t  a l a r g e  number of c r y s t a l  e lements  w i l l  be 
needed t h a t  a l l  c o n t r i b u t e  t o  t h e  same f o c a l  s p o t .  Figure 7 is a schematic 
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drawing o f  a large area t e l e scope  where t h e  i n d i v i d u a l  d i f f r a c t i o n  c r y s t a l s  
are l o c a t e d  on a l a r g e  r i n g  s t r u c t u r e .  
(Rad ia l  d i r e c t i o n )  and 0.5  cm wide mounted on a r i n g  20 m i n  diameter  and 
assuming a 20% l o s s  i n  area f o r  t h e  support  s t r u c t u r e  then t h i s  one r i n g  w i l l  
have an en t r ance  a p e r a t u r e  f o r  t h e  t e l e scope  of 3.0 x lo4 x c o s  8 (an2) f o r  
t h e  t ransmission case and 3.0 x lo4 x s i n  8 ( c m 2 )  f o r  t h e  r e f l e c t i o n  case. 
For small va lues  o f  8 the  t ransmission case or l a r g e  values of e i n  t h e  re- 
f l e c t i o n  case the  en t r ance  a p e r a t u r e  would be about 2.5 t o  2.2 m2 and never  
need be lower than 2.1 m2.  

Assuming c r y s t a l s  of  6 cm l e n g t h  

I f  5 such c r y s t a l  r i n g s  are used then  t h e  en t r ance  

CIRCULAR 
SLIT - SYSTE 

DETECTOR - I- 

OF 
CRYSTALS 

Fig. 8. Schematic drawing of a space t e l e scope  wi th  a r i n g  of  
d i f f r a c t i o n  c r y s t a l s  focusing a p a r a l l e l  beam i n t o  a 
c i r c u l a r  s l i t .  D e t a i l s  of t he  c i r c u l a r  s l i t  and 
d e t e c t o r  are shown i n  t h e  upper l e f t  

a p e r a t u r e  w i l l  i n c r e a s e  t o  10.5 to 15 squa re  meters or d o 5  cm2. 
high q u a l i t y  c r y s t a l s  then the  throuah put of t h i s  system can be quite large 
due t o  t h e  high r e f l e c t i v i t y  of t h e  d i f f r a c t i o n  p rocess .  I f  one u s e s  t r ans -  
mission c rys ta l s  it is p o s s i b l e  t o  select  a th i ckness  f o r  t h e  c r y s t a l s  t h a t  

I f  one u s e s  
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maximizes the  product o f  r e f l e c t i o n  of the c r y s t a l  times the t r ansmiss ion  
through the c r y s t a l  so t h a t  30 t o  40% of the  i n c i d e n t  monochromatic r a d i a t i o n  
is focused on t h e  f o c a l  spo t  f o r  any s e l e c t e d  x-ray energy from 20 keV t o  
200 keV. A t  500 keV t h e  through put drops t o  13%. Table I g i v e s  r e f l e c -  
t i v i t y  and t r ansmiss ion  c o e f f i c i e n t s  f o r  optimum th i ckness  Quar t z  c r y s t a l  based 
on measurements made on high q u a l i t y  qua r t z  c r y s t a l s  a t  ANL. I n  p r i n c i p l e ,  t h i s  

Table 1. R e f l e c t i v i t y  and t r ansmiss ion  c o e f f i c i e n t s  f o r  h ighe r  q u a l i t y  
qua r t z  c r y s t a l  p l a t e s  when used as  t ransmission type d i f f r a c t i o n  
c r y s t a l s .  The th i ckness  of each p l a t e  has been optimized a t  each 

t ransmission 
photon energy ( ) f o r  t h e  h i g h e s t  product of t he  r e f l e c t i v i t y  x 

EY Thickness ( O p t . )  R e f l e c t i v i t y  Transmission Ref. x Trans.  

(keV) 

10. 

20. 

50. 

100. 

250. 

500 

1000. 

(mm) 

0.04 

0.22 

1.45 

4.50 

20.0 

30.0 

50.0 

48.2 

48.5 

46.6 

42.7 

25.7 

13 .O 

-~ 

(I&) 

.82 5a 

.872 

.897 

.829 

-670 

.499 

.430 

( X I  

37.6 

42 .O 

43.5 

38.6 

28.6 

12.8 

5.6 

aValues e x t r a p o l a t e d  from d a t a  a t  higher  e n e r g i e s .  

approach could be extended down t o  5 keV but the optimuu t h i c k n e s s  a t  these  low 
e n e r g i e s  becomes so t h i n  t h a t  the c r y s t a l s  become d i f f i c u l t  t o  handle  and t h e  
use of r e f l e c t i o n  type c r y s t a l s  is more p r a c t i c a l .  A similar se t  of va lues  can 
be obtained f o r  t h e  r e f l e c t i o n  case.Thus the  e f f e c t i v e  c o l l e c t i o n  a rea  of the  
t e l e scope  f o r  monochromatic r a d i a t i o n  can be nade the  o rde r  of one t h i r d  of  
t h e  en t r ance  a p e r a t u r e  at any x-ray energy below 200 keV by choosing t h e  r i g h t  
c r y s t a l s  and c r y s t a l  t h i c k n e s s  f o r  t he  t r ansmiss ion  case o r  by us ing  t h e  r i g h t  
c r y s t a l s  i n  t h e  r e f l e c t i o n  case  fo r  x-rays wi th  e n e r g i e s  below 20 keV. Th i s  
g i v e s  an e f f e c t i v e  c o l l e c t i o n  a r e a  of 1.c) m 2  t o  0 .7  tu2 ( lo4  t o  7 x l o 3  cm2) 
f o r  one r i n g  and 5 m2 t o  3.5 m2 f o r  t h e  5-ring assemble.  
e f f e c t i v e  areas and assume s i n g l e  crystal  d i f f r a c t i o n  elements.  If the  cry- 
s t a l s  are bent i n  only one d i r e c t i o n  a8 i n  Figure 5 ,  t hen  a l i n e  focus  w i l l  be 
obtained and t h e  focused r a d i a t i o n  from a l a r g e  r i n g  (F igu re  8 )  would be spread 
over  an image spo t  whose d i ame te r  is equal  t o  t h e  width of the i n d i v i d u a l  d i f -  
f r a c t i o n  crystals .  
For LL f o c a l  d i s t a n c e  ( D y )  of 10 m t h i s  corresponds t o  a spo t  whose angular  
diameter  is 100 arc sec. 

These are l a r g e  

A 0.5 cm width g i v e s  a n  area of t h e  image spo t  = 0.2 cm2. 
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Better a n g u l a r  r e s o l u t i o n  ( 4 0  arc sec) and e n e r g y  r e s o l u t i o n  can  be 
o b t a i n e d  by f o c u s i n g  t h e  crystals on a c i r c u l a r  s l i t  as shown i n  t h e  uppe r  
l e f t  o f  F igu re  8. T h i s  approach  has t h e  d i sadvan tage  i n  t h a t  it w i l l  not 
allow imaging o f  ex tended  s o u r c e s .  I f  b e t t e r  imaging is d e s i r e d  t h a n  was 
o b t a i n a b l e  w i t h  t h e  c y l i n d r i c a l l y  ben t  c rys t a l s  d i s c u s s e d  above then  a doub ly  
bent  crystal  element  (see F igure  7)  w j l l  have  t o  be used  or two s ingly-bent  
c r y s t a l s  (see F igure  6 ) .  I f  t h e  l a te r  is used t h e  maximum through put  w i l l  
be  reduced from (30% t o  40%) to  (10% t o  16%).  The much b e t t e r  f o c u s  however 
w i l l  g r e a t l y  i n c r e a s e  t h e  photonslcm2 and t h e  s i g n a l  t o  background ra t io .  
The s p o t  size w i l l  now depend on t h e  q u a l i t y  o f  t h e  d i f f r a c t i o n  crystals used 
and could  have a d i a m e t e r  of  a few arc sec which c o r r e s p o n d s  to an image d i a -  
meter of 0.2 mm f o r  a f o c a l  l e n g t h  o f  10 m and a n  a n g u l a r  w id th  o f  4 arc sec. 
The p r i c e  t h a t  must be p a i d  f o r  t h i s  h igh  r e s o l u t i o n  is t h a t  t h e  in s t rumen t  
w i l l  be h i g h l y  monochromatic and o n l y  a v e r y  nar row band of wavelengths  w i l l  
be d i f f r a c t e d  a t  one t i m e .  
wid th  and a 2.57 
f r a c t i o n  wid th  o f  0.3 ev .  
or a wid th  o f  30 ev.  The d o p p l e r  broadened l i n e  wid th  (FWHM) of 6 keV l i n e  
i n  a plasma w i t h  T = 107 a would be 2.2 e v  and f o r  a 60 keV l i n e  t h e  broad- 
ened l i n e  wid th  would be 22 ev.  The 60 keV case is match i n  AE t t h e  d o p p l e r  
broadening  q u i t e  w e l l  and even  i f  t h e  plasma t empera tu re  was 108 P ~ 4 t h  t h e  
i n c r e a s e d  dopp le r  wid th  A% - 70 e v ,  t h e  loss would be less than  a f a c t o r  of 
2. The r e s o l u t i o n ,  AE, would a l so  be t h e  r i g h t  o r d e r  of magnitude to measure 
t h e  t empera tu re  of  t h e  s o u r c e  by measur ing  t h e  l i n e  wid th .  The 6 keV l i n e  Is 
no t  matched v e r y  w e l l  t o  t h e  d o p p l e r  broadening  and i t  may h e l p  t o  d e t u n e  t h e  
d i f f r a c t i o n  crystal  by changing  t h e  thermal  g r a d i e n t  so t h a t  t h e  A8 is 16 arc 
sec r a t h e r  t h a n  4 arc sec. T h i s  would g i v e  a AF. f o r  t h e  d i f f r a c t i o n  p r o c z s s  
of  1.2 e v  which would be a better match t o  t h e  d o p p l e r  broadened l i n e .  The 
t o t a l  peak c o u n t i n g  ra te  would however remain t h e  same because the  g a i n  In 
r e f l e c t i v i t y  a t  one ene rgy  i s  ba lanced  by t h e  loss  a t  a n o t h e r .  The impor tan t  
f e a t u r e  of t h i s  type of AE c o n t r o l  i s  t h a t  t h e r e  is no loss i n  r e s o l u t i o n  
e i t h e r  i n  t h e  d i f f r a c t i o n  phase  or i n  t h e  p l a n e  p e r p e n d i c u l a r  t o  t h e  d i f -  
f r a c t i o n  p l a n e .  If AE is  i n c r e a s e d  by u s i n g  a crystal  w i t h  a l a r g e  mosaic  
s t r u c t u r e  t h e  l o s s  o c c u r s  I n  bo th  p l a n e s .  I f  t h e  mosaic s t r u c t u r e  of t h e  
d i f f r a c t i o n  c r y s t a l  i s  i n c r e a s e d  from 4 sec t o  16 sec t h e n  t h e  r e f l e c t i v i t y  
o f  t h e  crystal  for  a s i n g l e  wavelength  i s  d e c r e a s e d  by a f a c t o r  of 4 as i t  
was b e f o r e  but  t h e r e  is a l s o  a n  i n c r e a s e  i n  t h e  image s p o t  s i z e  i n  t h e  d i -  
r e c t i o n  p e r p e n d i c u l a r  t o  t h e  d i f f r a c t i o n  p l ane .  T h i s  second expans ion  i n  t h e  
p l ane  p e r p e n d i c u l a r  t o  t h e  d i f f r a c t i o n  p l a n e  is o f t e n  n e g l e c t e d  i n  e f f i c i e n c y  
c a l c u l a t i o n  but  i t  c a n  s e r i o u s l y  r educc  the  s i g n a l  t o  background r a t i o  i n  a 
f o c a l  p l a n e  d e t e c t o r .  The expans ion  of t h e  image i n  t h i s  s ideways d i r e c t i o n  
is g i v e n  by Eq. (13) 

The v a l v e  of E /AEy - 2 x lo4 a t  6 keV f o r  a 4 sec 
"d" s p a c i n g  ( q u a r t z ,  116). This c o r r e s p o n d s  to  a d i f -  

A t  60 kpV, t h e  above example g i v e s  E/AE = 2 x lo3 

A ~ A  * A& t a n  2 0  

where A% is t h e  wid th  o f  t h e  mosaic s t r u c t u r e .  
( E V  6 . 4  keV i n  t h e  above example) i t  becomes e q u a l  t o  t h e  mosaic 
s t r u c t u r e  wid th .  In t h e  above example t h i s  e f f e c t  would expand t h e  image 
s i t e  f u r t h e r  and d e c r e a s e  t h e  photons  per a n 2  i n  t h e  Image s p o t  b y  a n  
a d d i t i o n a l  f a c t o r  of 4. T h i s  a d d i t i o n a l  s p r e a d i n g  of  t h e  image w i l l  no t  o n l y  
r educe  t h e  s i g n a l  t o  backgrond r a t i o  and t h u s  t h e  s e n s i t i v i t y  o f  t h e  i n s t r u -  

For v a l u e s  of  8 0 22' 



491 

ment but a l s o  s e r i o u s l y  i n t e r f e r e  with the r e s o l u t i o n  of two nearby images. 
This  image broadening e f f e c t  is d i scussed  more throughly i n  t h e  next s e c t i o n .  

I V .  IMAGING 

The g r e a t  success  o f  t h e  g r a z i n g  i n c i d e n t  t e l e scope  flown on t h e  E i n s t i e n  
Observatory i n  g e n e r a t i n g  h igh - re so lu t ion ,  two-dimensional images of extended 
sources  has made everyone aware of t he  importance of imaging i n  x-ray a s t r o -  
nomy. I t  is, t h e r e f o r e ,  of interest  to see i f  t h e  high r e s o l u t i o n ,  monochro- 
matic, x-ray t e l e s c o p e  d i scussed  above can be used t o  imege extended sources .  
I n  most c a s e s  a d i f f r a c t i o n  c r y s t a l  can be d e s c r i b e d  as  a c o l l e c t i o n  of small 
nearly-perfect  crystall i tes whose rocking cu rves  or d i f f r a c t i o n  wid ths  are 
much narrower than t h e  width of  t h e  mosaic s t r u c t u r e .  I n  high q u a l i t y  q u a r t z  
t h e  d i f f r a c t i o n  width of  t hese  small crystal-.ites can be the  o rde r  of 0.1 a r c  
s e c  f o r  50 keV r a d i a t i o n .  The mosaic s t r u c t u r e  width is thus  a measure of t h e  
misa: gnment of t hese  small c rys ta l l i t es  and f o r  v e r y  monochromatic r a d i a t i o n  
from a d i s t a n t  point  sou rce  o n l y  a small f r a c t i o n  of t hese  crygtall i tes w i l l  
be a v a i l a b l e  for d i f f r a c t i n g  t h e  incoming beam. The rest w i l l  be o r i e n t a t e d  
a t  ang le s  t h a t  do not s a t i s f y  t h e  Bragg c o n d i t i o n .  I f  t he  d i f f r a c t i o n  width 
of  t he  c r y s t a l l i t e s  were the o n l y  t h i n g  c o n t r i b u t i n g  t o  s i te  of t h e  image on 
the  f o c a l  p l ane  and t h e  crystal  had a n  o v e r a l l  mosaic s t r u c t u r e  (Ah) of 10 a r c  
sec. ,  then an image would be formed wi th in  t h i s  LO a r c  s e c  range wi th  0.1 arc 
sec  r e s o l u t i o n .  Unfo r tuna te ly  t h e  c r y s t a l l i t e  d i f f r a c t i o n  width is not t he  
o n l y  c o n t r i b u t o r  t o  t h e  image spo t  s i z e .  As was mentioned in t h e  p rev ious  
s e c t i o n  t h e  o v e r a l l  mosaic s t r u c t u r e  of the c r y s t a l  s p r e a d s  o u t  t he  image 
spo t  i n  t h e  d i r e c t i o n  p repend icu la r  to  t h e  d i f f r a c t i o n  plane.  The amount of 
spreading is given by Eq. ( 1 3 ) .  where b e  
of 9 t h i s  s p r e a d i q  w i l l  be n o t i c e a b l e ,  ( e  = S o ,  A 8  = 10 x t a n  10" = 1.8 a r c  
s e c )  and for 8 - 20" (e - 22.5', A0 - 10 x t a n  45"  - 10 arc s e c )  or l a r g e r ,  
t he  spread w i l l  be equal  t o  or l a r g e r  than the  mosaic s t r u c t u r e  of t he  whole 
c r y s t a l  and make i t  more d i f f i c u l t  t o  r e s o l v e  images i n  t h i s  d i r e c t i o n .  Th i s  
e f f e c t  is shown i n  Figure 9. The above examples assumed ve ry  monochromatic 
r a d i a t i o n .  Most as t ronomical  l l n e  sou rces  have a f i n i t e  l i n e  width e i t h e r  due 
t o  t h e  l i f e  t i m e  of t he  x-ray or due t o  doppler  broadening. I n  t h i s  c a s e  d i f -  
f e r e n t  s u b s e t s  of c r y s t a l l i t e s  w i l l  reflect  d i f f e r e n t  wavelengths a t  s l i g h t l y  
d i f f e r e n t  Bragg a n g l e s .  This  r e s u l t s  i n  a sp read ing  of t h e  image spo t  i n  t h e  
d i f f r a c t i o n  plane.  If t he  l i n e  is v e r y  broad then  t h e  s p r e a d i r g  i n  t h i s  
d i r e c t i o n  w i l l  approach the  mosaic s t r u c t u r e  width.  The image spo t  s i ze  f o r  
a range of va lues  for @ is shown i n  Figure 10. Off-axis sou rces  w i l l  a l s o  be 
imaged on the  f o c a l  plane but w i t h  some d i s t o r t i o n .  For a s i n g l e  element fo- 
cus ing  crystal  like t he  one shown i n  Figure 7 .  The f i e l d  of view is q u i t e  
wide i n  t h e  d i r e c t i o n  pe rpend icu la r  t o  t h e  d i f f r a c t i o n  p l ane  (p l ane  con ta in ing  
t h e  s o u r c e ,  c e n t e r  of the c r y s t a l  and c e n t e r  of a n  axis image). For monocro- 
matic r a d i a t i o n  imaging i n  t h e  d i f f r a c t i o n  p l ane  is l i m i t e d  t o  an angular  width 
similar t o  t h e  mosaic s t r u c t u r e .  Images o f  sou rces  w i t h  broad s p e c t r a l  l i n e s  
w i l l  be formed i n  t h i s  o f f - a x i s  d i r e c t i o n  w i t h i n  t h e  rang? of a n g l e s  t h a t  cor- 
respond t o  t h e  s p e c t r a l  l i n e  width.  I f  the t e l e s c o p e  c o n s i s t s  o f  a l a r g e  ring 
of focusing crystals then Rome p a r t  of the r i n g  w i l l  always be  a v a i l a b l e  for  
o f f - a x i s  d i f f r a c t i o n  so l a r g e  angular  areas (10 min x 10 min) can be imaged 
wi th  dec reas ing  s e n s i t i v i t y  as  one moves f a r t h e r  o f f - ax i s .  The d i s t o r t i o n  of 
t h e s e  images w i l l  not be too g r e a t  even i f  l a r g e  d i ame te r  circular rings are 
used. For t h e  case of a 20 m diameter  r i n g ,  8 - IO", and an o f f - ax i s  d i s t a n c e  

- A% t a n  28. Even f o r  small va lues  

. 
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Fig. 9 .  Image spot s i z e  as a funct ion of e - 2 " .  5 " ,  10". and 20' and 
mosaic s tructure  width A ~ M  - 2 sec  and 10 sec for a double 
focusing s i n g l e  c r y s t a l  system for a point source and mono- 
chromatic rad ia t ion .  The s o l i d  f i l l e d  area in the 50% height  
contour while the open l i n e  is  the 10% height  contour 
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Pig. 10. Image spot s i z e  as a function of 9 = 2".  5 " .  10'. and 20' 
for a s ingle  crystal  system with a mosaic structure w i d t h  
A% = 2 sec when imagjng continuum or very broad l ine  sources 
from a distant  point nource. The shaded area is the 50% 
height contour w h i l e  the outer ring i s  the 10% height contour. 



of 20 arc sec  t h e  d i s t o r t i o n  of the image, AJ,D, is only 2.5 a r c  sec. I n  
general  A$D given by Eq. (14)  

A$D = JI s i n  28 tan  29 (14) 

where J, is the off-axis angle  of the source. Note tha t  the angular d i s t o r t i o n  
is not a func t ion  of the size of the instrument o r  the foca l  length and the  
r a t i o  of A$Dl$D is only a func t ion  of the Brag8 angle  9. 

The use of a l a r g e  c i r c u l a r  r ing of c r y s t a l s  generates  an image spot t h a t  
is a composite of the super imposed images from each c r y s t a l .  This composite 
image can be generated from the  s i n g l e  crystal  images i n  Figures 9 and 10 by 
r o t a t i n g  these images through 360" aroung t h e i r  cen ters .  The off-axis images 
are generated i n  a similar way except t ha t  as the image rotates around i ts  
cen te r ,  the center  moves around a circle whose angular diameter (A$D) is 
given by Eq. (14).  This d i s t o r t i o n  tends t o  disappear when the  off-axis  angle  
is l a rge  because the c r y s t a l  elements responsible  f o r  t he  d i s t o r t i o n  a r e  no 
longer a t  the r igh t  angle t o  d i f f r a c t  the beam. In  many of the  cases shown i n  
Figures 9 and 10 the  image is much l a r g e r  i n  one dimension than the o ther  and 
t h i s  r o t a t i o n  w i l l  generate an image with an appreciable  l a r g e r  area than the  
s ing le  c r y s t a l  image. This w i l l  reduce the s e n s i t i v e  of the sys tem and can 
considerably degrade the a rgu la r  reso lu t ion .  This image degradat ion can be 
p a r t i a l l y  eliminated by using narrow pie-shaped s e c t o r s  covered with c r y s t a l s  
r a the r  than a continuous r i n g  and focus each sec to r  on a separa te  pos i t i on  
s e n s i t i v e  de t ec to r .  This would requi re  the cons t ruc t ion  of sets of c r y s t a l s  
with d i f f e r e n t  average c r y s t a l  spacings but it could improve the imaging a t  
least in  one d i r e c t i o n  by a f a c t o r  of 5 t o  10 depending on the angular width 
of the s e c t o r s  (12" to  6") .  

As mentioned above, i f  one increases  A& i n  order t o  increase the range 
of wavelengths focused a spreading of the image i n  the  d i r e c t i o n  perpendicular 
t o  the  d i f f r a c t i o n ,  A ~ A ,  a l s o  occurs.  This  l o s s  in  reso lu t ion  and s e n s i t i v i t y  
can be avoided i f  one grows a ref lect ion-type c r y s t a l  so t h a t  the "d" spacing 
va r i e s  with depth in to  the  c r y s t a l  a s  w e l l  a s  with the pos i t i on  along the  sur- 
face  of the  c r y s t a l .  This v a r i a t i o n  of "d" with d is tance  in to  the  crystal has  
been used t o  increase the i n t r e g a l  r e f l e c t i v i t y  of a c l a s s i c a l  type instrument 
( see  Figure 1) by varying the  amount of Boron added t o  a s i l i c o n  c r y s t a l  g r o w  
e p i t a x i a l l y  on a s i l i c o n  c r y s t a l  subs t r a t e  (Fukuhara and Takano, 1980). The 
width of the d i f f r a c t i o n  peak was increased from a few a r c  sec f o r  the  undcw? 
Si c r y s t a l  t o  80 sec f o r  the  e p i t a x i a l  l ayer  with graded Boron concentrat ion 
t h a t  was 28 um th ick .  This  ccrresponds t o  f r a c t i o n a l  change Ad/d = -10-3 and 
an enhancement of the rocking curve f o r  the  Cu K, x-ray by a f ac to r  of 4 when 
using the  220 d i f f r a c t i o n  planes.  
estimated t o  be 1.2 x 

The sur face  concentrat ion of Boron was 
atoms/m3 (0.24%). 

V. SUMMARY 

The above d iscuss ion  should not be considered as a formal proposal f o r  an 
x-ray te lescope but r a t h e r  an i l l u s t r a t i o n  of the p r i n c i p a l s  of the new focusing 
system and how i t  might be appl ied t o  t h e  focueing and imaging of x-rays from a 
d i s t a n t  astronomical source.  The real breakthrough f o r  t h i s  app l i ca t ion  is the 
a b i l i t y  t o  image p a r a l l e l  beams ( d i s t a n t  sources) of x-rays and t h e  l a rge  con- 



495 

vergency ang le s  t h a t  allow one t o  c o l l e c t  high energy x-rays from l a r g e  areas 
without  u s ing  impossibly long f o c a l  l eng ths .  

The abi1, ty  t o  change the  width of t he  wavelength increment,  Al, being 
d i f f r a c t e d  without changing t h e  image size and t h e  a b i l i t y  t o  s c a n  the  l i ae  
i n  wavelength without  changing a n y  of t he  p h y s i c a l  dimensions of  the i n s t r u -  
ment add t o  t h e  a t t r a c t i v e n e s s  of t h i s  approach. The main des ign  problems are 
how t o  apply thermal  g r a d i e n t s  t o  t h e  bent  crystals i n  a unlform and con t ro l -  
l a b l e  manner and how t o  p o s i t i o n  and a l i g n  a l a r g e  a r r a y  o r  r i n g  of crystals 
t o  o b t a i n  t h e  good r e s o l u t i o n  t h a t  is t h e o r e t i c a l l y  p red ic t ed .  
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