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ADVANCES I N  X-RAY O P T I C S  A T  THE N A T I O N A L  P H Y S I C A L  LABORATORY 

A .  Franks 

Division of Mechanical and Optical Metrology, National Physical Laboratory, 
Teddington, Middlesex TWll OLW, U.K. 

Resume - Les progrbs  de  l a  technologic d e  f a b r i c a t i o n  a u s s i  b i e n  que d e  
l a  me t ro log ie  donnent l a  p o s s i b i l i t 6  d e  d6velopper d e s  composants 
o p t i q u e s  ?i rayons  X d e  hau te  q u a l i t d  pour l 8 u s a g e  d e  l l a s t r o n o m i e ,  des  
r eche rches  en  r a d i a t i o n  synchrotronique,  e t  de l a  microscopic. 

A b s t r a c t  - Advances i n  manufacturing technology and metrology have made 
p o s s i b l e  t h e  development o f  h igh  q u a l i t y  X-ray o p t i c a l  components f o r  use  
i n  astronomy, synchro t ron  r a d i a t i o n  r e s e a r c h  and microscopy. 

I - INTRODUCTION 

Renewed i n t e r e s t  i n  X-ray r e f l e c t i o n  o p t i c s  i n  t h e  e a r l y  1950s came abou t  a s  t h e  
r e s u l t  o f  t h e  p ioneer ing e f f o r t s  o f ,  f o r  example Ehrenberg [ I ] ,  K i rkpa t r i ck  and 
Baez [2] and Wolter [3,4].  E f f o r t s  were f i r s t  d i r e c t e d  towards X-ray microscopy, 
b u t  t h e  i n i t i a l  enthusiasm faded a f t e r  it became e v i d e n t  t h a t  t h e  achievement o f  
h igh  r e s o l u t i o n  would r e q u i r e  a p r e c i s i o n  o f  s u r f a c e  f i g u r e  and f i n i s h  o f  t h e  
m i r r o r  s u r f a c e s  which was beyond c u r r e n t  c a p a b i l i t i e s .  X-ray astronomy provided 
a new s t imulus  i n  t h e  1960s t o  develop g raz ing  inc idence  mi r ro r s .  Synchrotron 
r a d i a t i o n  r e sea rch  provided t h e  nex t  a p p l i c a t i o n  and t h i s  was followed by t h e  
development o f  X-ray microscopes f o r  l a s e r  f u s i o n  r e s e a r c h  [51. The technology 
t o  produce r e f l e c t i o n  X-ray microscopes t o  complement o p t i c a l  and e l e c t r o n  
microscopes on ly  now appea r s  t o  be  w i t h i n  ou r  grasp.  

I1 - SPECIFICATION FOR X-RAY OPTICAL COMPONENTS 

It i s  n o t  p o s s i b l e  t o  make gene ra l i zed  s t a t emen t s  about  t h e  s p e c i f i c a t i o n s  f o r  
o p t i c a l  components excep t  t o  s t a t e  t h a t  t h e  t r e n d  is  towards ach iev ing  a r c  
second o r  b e t t e r  r e s o l u t i o n  i n  X-ray t e l e s c o p e s  and t o  sub-micrometre r e s o l u t i o n  
i n  microscopes,  which t r a n s l a t e s  t o  sub-arc second r e s o l u t i o n  i n  angu la r  terms. 
The i m p l i c a t i o n s  i n  terms o f  manufacturing t o l e r a n c e s  t o  meet t h e s e  requirements  
have p rev ious ly  been d i scussed  [61 and may be  summarized a s  fo l lows.  

The most demanding t o l e r a n c e s  are t h o s e  a s s o c i a t e d  wi th  a x i a l  s l o p e  and s u r f a c e  
roughness.  It i s  coavenient  and r e v e a l i n g  t o  s t a t e  t h e  s l o p e  e r r o r  i n  terms of 
t h e  pe rmi t t ed  ampl i tude v a r i a t i o n s  o f  t h e  s u r f a c e  f o r  t h e  range o f  s u r f a c e  
wavelengths (waviness) which may r e s u l t  from t h e  manufacturing p rocesses .  For 
t h e  X-ray t e l e s c o p e  quoted i n  C61, t h e  t o l e r a n c e s  on  s u r f a c e  ampl i tude 
corresponding t o  t h e  r equ i red  0.05 a r c  s e c  s l o p e  t o l e r a n c e  a r e  0.12 v m ,  
0.012 m, and 2.5 nm f o r  s u r f a c e  wavelengths o f  500 mm, 50 mm, and 10 mm 
r e s p e c t i v e l y .  The t o l e r a n c e s  f o r  s u r f a c e  f i n i s h  a r e  e q u a l l y  seve re .  I n  t h e  
example quoted,  t h e  p ropor t ion  o f  energy which f a l l s  w i t h i n  a 1 a r c  s e c  d iameter  
a p e r t u r e  f o r  an  on-axis po in t  sou rce  i s  no more than  50% f o r  a roughness o f  1 nm 
(rms).  S i m i l a r  c a l c u l a t i o n s  have been made f o r  an  X-ray microscope [71 which 
show t h a t  t h e  s u r f a c e  p r o f i l e  may n o t  d e p a r t  by more than  2 nm from its 
t h e o r e t i c a l  form and t h a t  t h e  s u r f a c e  roughness should  n o t  exceed 0 .2  rim (rms).  
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I11 - PRODUCTION OF X-RAY OPTICAL COMPONENTS 

Developments have t aken  p l a c e  i n  t h r e e  main a r e a s  i n  o r d e r  t o  a c h i e v e  t h e  
t o l e r a n c e s  d i scussed  i n  S e c t i o n  11. 

1. Manufacturing Technology. - The r o u t e  towards e f f i c i e n t  product ion i s  by way 
o f  very  p r e c i s e  machining of  m i r r o r  s u b s t r a t e s ,  p a r t i c u l a r l y  by diamond t u r n i n g  
o f  me ta l s  and p r e c i s i o n  g r i n d i n g  of  g l a s s e s ,  fo l lowed by l app ing  and po l i sh ing .  
Lapping and p o l i s h i n g  machines f o r  components r ang ing  i n  s i z e s  approaching 1 m 
down t o  10 mm have been s p e c i a l l y  developed f o r  X-ray components [8,91. The 
s u r f a c e  q u a l i t i e s  which have been achieved by p o l i s h i n g  f l a t  d i s c s  o f  some 
m a t e r i a l s  i s  shown i n  F ig .  1. For S p e c t r o s i l ,  f o r  example, t h e  s u r f a c e  roughness 
was about  0.02 nm (rms) ,  measured wi th  a l a t e r a l  r e s o l u t i o n  o f  50 nm, on t h e  
NPL-upgraded Ta lys t ep  machine [lo].  

2. Metrology. - A range o f  in s t rumen t s  has  been developed a t  NPL t o  c a t e r  f o r  
t h e  measurement o f  a x i a l  p r o f i l e ,  and s u r f a c e  roughness,  t o  nanometre and 
sub-nanometre l e v e l s  o f  accuracy r e s p e c t i v e l y ,  a s  w e l l  a s  d iameter  and 
c i r c u l a r i t y  [6,11,123. 

Measure e n t  o f  s u r f a c e  f i g u r e  t o  a n  u n c e r t a i n t y  o f  2 nm is  i l l u s t r a t e d  i n  
F ig .  2 , t t i h i c h  shows t h e  a x i a l  p r o f i l e  and t h e  d e p a r t u r e  from t h e  t h e o r e t i c a l  
p r o f i l e  - t h e  e r r o r  cu rve  - o f  t h e  X-ray microscope, r e f e r r e d  t o  i n  S e c t i o n  I V ,  
m e a ~ u r e d ~ w i t h  t h e  NPL l a s e r  au toco l l ima to r  C121. 

3. M a t e r i a l s  Evaluat ion.  - The fundamental c r i t e r i o n  i n  s e l e c t i n g  a m i r r o r  
m a t e r i a l  i s  t h a t  i t  must be po l i shab le .  The l i m i t s  i n  s u r f a c e  f i g u r e  and f i n i s h  
which can be achieved depend on t h e  mechanical,  chemical and phys ica l  
s t a b i l i t i e s  o f  t h e  s e l e c t e d  m a t e r i a l s  a s  w e l l  a s  on t h e i r  m i c r o s t r u c t u r a l  
inhomogeneities.  Some o f  t h e  more favoured m a t e r i a l s  a r e  (i) t h e  ve ry  low 
thermal  y p a n s i o n  c o e f f i c i e n t  m a t e r i a l s ,  Corning 7971 ULE s i l i c a  and t h e  g l a s s  
ceramic  Ferodur,  a l though  t h e r e  is some doubt about  t h e i r  long term s t a b i l i t i e s ,  
( i i )  t h e  (very  homogeneous s i l i c a  g l a s s e s  such a s  s y n t h e t i c  v i t r e o u s  s i l i c a  ( eg  
~ p e c t r o s i ' l )  and r eme l t ed  qua r t z  ( e g  Homosil), ( i i i )  some o f  t h e  r e f r a c t o r y  I m a t e r i a l s  such a s  s i l i c o n  c a r b i d e  and ( i v )  where t h e  a p p l i c a t i o n  demands a metal  
s u b s t r a t e ,  e l e c t P o l e s s  n i c k e l  coa ted  m a t e r i a l s ,  such a s  beryl l ium o r  aluminium 
[10,131. 

I V  - EXAMPLES OF G R A Z I N G  INCIDENCE OPTICS 

F igure  3 i l l u s t r a t e s  ext remes i n  t h e  s i z e s  o f  Wolter o p t i c s :  t h e  Ar ie s  X-ray 
Telescope [ I 4 1  which was s u c c e s s f u l l y  flown i n  1980 and an  X-ray microscope. An 
X-ray microscope j o i n t l y  developed by t h e  Lawrence Livermore Na t iona l  
Laboratory ,  AWRE and NPL f o r  l a s e r  f u s i o n  r e s e a r c h  is shown i n  F i g .  U. It has  a 
magn i f i ca t ion  of 22 X bu t  i ts geometry is  extremely unfavourable  f o r  
m i c r o s t r u c t u r a l  s t u d i e s  because o f  t h e  ve ry  l a r g e  m i r r o r  t o  image d i s t a n c e  o f  
o v e r  6 m. Th i s  r ende r s  i t  very  s u s c e p t i b l e  t o  image degrada t ion ,  p a r t i c u l a r l y  by 
s c a t t e r ,  b u t  n e v e r t h e l e s s  i t  is  capab le  o f  r e s o l v i n g  somewhat b e t t e r  t han  1 urn, 
a s  can be s e e n  i n  Fig .  5, which i s  a n  X-ray micrograph o f  a n  hexagonal gold  
g r i d .  Although t h e  peak t o  background r a t i o  is  poor ,  t h e  development work on 
t h i s  microscope has  shown t h a t  r e s o l u t i o n s  o f  100 nm o r  b e t t e r  should  now be 
ach ievab le .  

To t ake  f u l l  advantage o f  t h e  p o t e n t i a l  r e s o l u t i o n  o f  m u l t i l a y e r  m i r r o r s  used a t  
normal inc idence ,  t h e y  w i l l  r e q u i r e  t o  be  made t o  t h e  same t o l e r a n c e s  a s  Wolter 
microscopes.  A t  p r e s e n t ,  m u l t i l a y e r  s u b s t r a t e s  a r e  g e n e r a l l y ,  e i t h e r  p l a n e  o r  
s p h e r i c a l ,  and f o r  t h e s e  s imple  forms, t h e  necessary  s u r f a c e  roughness 
t o l e r a n c e s  have a l r eady  been achieved,  a s  i l l u s t r a t e d  i n  Fig .  1. 
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Fig. 1 - Talystep t r a c e s  of pol ished 
f l a t s  showing t h a t  peak-to-valley 
roughnesses of 0.1 nm a r e  now 
achievable. 
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Fig. 2 - Axial  p r o f i l e  and e r r o r  
curve of an X-ray microscope. 
Measurements can be made t o  an 
uncertainty of 1 nm. 

Fig. 4 - Wolter microscope. 

Fig. 3 - Wolter te lescope and 
microscope. 

Fig. 5 - X-ray micrograph of an 
hexagonal gold gr id  taken with 
A 1  K rad ia t ion  ( A  = 0.83 nrn). 
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Another important  c l a s s  of  focus ing  m i r r o r  developed a t  NPL is  one where t h e  
o p t i c  a x i s  is  n o t  an  a x i s  o f  symmetry. These may be made by d i r e c t l y  machining 
t h e  component t o  t h e  r e q u i r e d  shape ,  o r  by e l a s t i c a l l y  bending p lane  m i r r o r s  
i n t o  c i r c u l a r ,  p a r a b o l i c  o r  e l l i p t i c a l  c y l i n d e r s  [15,161. The advantages  o f  t h e  
bending technique a r e  t h e  s i m p l i c i t y  o f  manufacture coupled w i t h  g r e a t e r  
v e r s a t i l i t y .  For example, a  p a r a b o l i c  c o l l i m a t o r  has  been cons t ruc ted  i n  which 
t h e  a n g l e  is  v a r i a b l e  t o  c a t e r  f o r  a  range o f  wavelengths,  wh i l e  t h e  f o c a l  
l e n g t h  remains cons tan t .  

V - CONCLUSIONS 

A s  a  r e s u l t  o f  advances i n  manufacturing t echn iques ,  metrology and t h e  
unders tanding o f  m a t e r i a l s ,  i t  is  now p o s s i b l e  t o  produce h igh  q u a l i t y  X-ray 
o p t i c a l  components by wel l -def ined manufacturing procedures ,  r a t h e r  than by 
t r a d i t i o n a l ,  e m p i r i c a l  o p t i c a l  craf tsmanship .  
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