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ABSTRACT 

The general  background and t h e o r e t i c a l  bas i s  of plane g r a t i n g  mono- 

chromators (PGM'S) is reviewed and the  p a r t i c u l a r  case of grazing incidence 

PGM's s u i t a b l e  fo r  use with synchrotron rad ia t ion  is considered i n  d e t a i l ;  The 

theory of r e f l e c t i o n  f i l t e r i n g  is described and the problem of the  f i n i t e  source 

d i s t a n c e  i s  shown t o  be of spec ia l  importance with high br ightness  s torage  

r ings .  The design philosophy of previous instruments is discussed and a new 

scheme proposed, aimed at deal ing  wi th  the  problem of the f i n i t e  source 

d is tance .  This scheme, involving a parabolic  col l imating mirror  fabr ica ted  by 

diamond turning,  is  considered i n  the  context of Wolter-type te lescopes  and 

microscopes. Some p r a c t i c a l  d e t a i l s  concerning an instrument p resen t ly  under 

cons t ruct ion  using the new design are leresented. 
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m he use or' plane g ra t i ngs  for  spectroscopy, da t e s  from around 1882 whe- 

Rowland developed the  technique of r u l i n g  t o  a  s u f f i c i e n t l y  r e f ined  

l e v e l .  A t  about the  same time he discovered the  famous focuss ing  property of 

3 t h e  concave g r a t i n g  . The two types have thus developed s i d e  by s ide  and have 

competed f o r  the favor  of instrument des igne r s .  

Genera l ly  speaking, plane g ra t i ngs  a r e  cheaper t o  produce so they a r e  

p re fe r r ed  where t h e i r  use is f e a s i b l e .  This  has gene ra l l y  been i n  , t h e  range 

where lens  co l l ima to r s  can be used (A>1600 A) wi th  t y p i c a l l y  a  L i t t r o w  spectro-  

.graph4 con f igu ra t i on .  A l t e rna t ive ly ,  f o r  a  monochromator, ~ b e r t - ~ a s t  i eS  , o r  

c z e r n y - ~ u t n e r ~  arrangements have been popular.  These work best i n  t he  range 

(A >lo00 A )  where e f f i c i e n t  normal incidence r e f  l e c t o r s  a r e  a v a i l a b l e .  For 

wavelengths below 1000 A, concave g r a t i n g  spectrometers  have g e n e r a l l y  been 

p re fe r r ed .  

Concave g r a t i n g s  have the  g r e a t  advantage t h a t  co l l ima t  ion,  d . i spers ion  

and focussi.ng are a11 e f f e c t i v e l y  c a r r i e d  out by one device with only one re-  

f l e c t i o n .  Since r e f l e c t o r s  below 1000 d a r e  g e n e r a l l y  not very  e f f i c i e n t ,  t h i s  

is a  g rea t  advantage. Even below 300 L% where graz ing  angles  of incidence must 

be used the  concave g r a t i n g  s t i l l  r e t a i n s  advantages.  It is  t r u e  it s u f f e r s  

from severe  ast igmatism ( i . e . ,  i t  focusses  w e l l ,  only i n  one plane') but in '  t h i s  

range  a d d i t i o n a l  problems a r i s e  i n  using plane g r a t i n g s .  These concern the  

p rov i s ion  of co l l ima t ing  and focussing opt ' ics .  Not only a r e  t he  extra 

r e f  l e c t o r s  i n e f f i c i e n t  (degrading through-put ) , but s u f f e r  from s e r i o u s  

a b e r r a t i o n s  ( tending  t o  degrade r e s o l u t i o n ) .  The a b e r r a t i o n s  can be reduced 

(bu t  not e l imina t ed )  by use of aspheric  r e f l e c t o r s .  These i n  t u r n  a r e  expensive 

and d i f f i c u l t  t o  produce and such r e p l i c a t i o n  methods as a r e  p re sen t ly  a v a i l a b l e  

tend t o  be incompatible with the u l t r a  high vacuum environment t h a t  f requent ly  

is involved in  modem spectroscopy i n  t he  10-1000A range. Grazing incidence 

spec t rographs  using the  concave g ra t i ng  a r e  thus f a i r l y  popular ,  but for  

monochromators t h e r e  can be spec i a l  problems. 
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Son? d i scus s ion  of t h e  issues i n ~ ~ l ~ i ?  in  s i d r e s s i n g  these  probiens in 

the use of the concave g r a t i n g  with p a r t i c u l a r  r e f e r ence  t o  graz ing  incidence 

monochromators has a l r eady  been of fe red  by t he  au tho r7 .  This  d i s cus s ion  con- 

cerned the  spec i a l  case of a synchrotron l i g h t  source .  In  t h i s  case ,  the l i g h t  

source  has  considerable  n a t u r a l  co l l ima t  ion and t h i s ,  t oge the r  with c e r t a i n  

o t h e r  cons ide ra t  ions d i scussed  i n  r e f e r ence  7 ,  has  prompted va r ious  des igners  t o  

c o n s t r u c t  plane g r a t i n g  monochromators (PGM's)  f o r  use with synchrotron rad i -  

a t i o n .  It is always taken a s  a c o n s t r a i n t  t ha t  both the  synchrotron source and 

experiment a r e  immovable so t h a t  t h e  monochromator must have cons t an t ,  p re fe r -  

a b l y  zero, devlaeion.  Here we confine our a t t e n t i o n  t o  instruments  t h a t  s a t i s f y  

t h a t  cnnd i t i on ,  

S ince  t h e  number of synchrotron l i g h t  sources  e x i s t i n g ,  under con- 

s t r u c t i o n  o r  planned seems t o  i nc rease  annual ly ,  it appears opportune t o  review 

t h e  des ign  ques t ions  t h a t  a r i s e  and the  c o n t r i b u t i o n s  t h a t  can be expected from 

p lane  g r a t i n g  devices  t o  t h i s  branch of spectroscopy.  



Summarizing t h e  d i s c u s s i o n  i n  r e f e r e n c e  7 ,  we may l i s t  t n e  main cnar-  

a c t e r i s t i c s  o f  r e a l  i n s t r u m e n t s  t h a t  employ t h e  kind of p lane  g r a t i n g  approach 

which we a r e  c o n s i d e r i n g :  

( i )  Wavelength r a n g e  can be about 10-1000A. 

( i i )  The s o u r c e  i s  e f f e c t i v e l y  the  e n t r a n c e  s l i t  so  t h a t  i t s  s i z e  and d i s t a n c e  
- - from t h e  ins t rument  determine t h e  b e s t  a c h i e v a b l e  r e s o l u t i o n .  

( i  i i )  T y p i c a l l y  o n l y  t h r e e  r e f l e c t i o n s  a r e  needed. 

( i v )  Constant  d e v i a t i o n  i s  p o s s i b l e .  

(v2 R e f l e e t i o n  f i l t e r i n g  i s  possible. 

( v i )  E x c e l l e n t  p o l a r i z a t i o n  is  normal. 

( v i i )  A s imple  mechanisui ( a  s i n e  b a r )  is used f o r  wavelength s c a n .  

( v i i i )  The wavelength s c a l e  is  l i n e a r .  . 

( i x )  The l i g h t  g a t h e r i n g  power (&endue) i s  h i g h  because  o f  t h e  l a r g e  a p e r t u r e .  

It i s  c l e a r  from t h e  l i s t  t h a t  t h i s  c l a s s  of i n s t r u m e n t s  can o f f e r -  a  

l a r g e  f r a c t i o n  o f  t h e  d e a i r c d  c h a r a c t e r i s t i c s .  Tndeed, when used w i t h  a  h igh  

b r i g h t n e s s  s t o r a g e  r i n g ,  both  t h e  r e s o l u t i o n  and e tendue a r e  c o n s i d e r a b l y  b e t t e r  

t h a n  any e x i s t i n g  Rowland c i r c l e  ins t ruments  i n  t h e  d i f f i c u l t  10-100A r e g i o n .  

The o n l y  impor tan t  q u a n t i t y  which is  compromised is throughput compared t o ,  say ,  a  

t o r o i d a l  g r a t i n g  monochromator. But t h e  compromise is  no t  s e r i o u s  ( s e e  l a t e r ) .  

Good s c i e n c e  h a s  a l r e a d y  been done wi th  p r e s e n t l y  e x i s t i n g  i n s t r u m e n t s .  And f o r  

t h e  f u t u r e  we should n o t e  t h a t  t h e  modern d e d i c a t e d  synchro t ron  l i g h t  sources  have 

much h i g h e r  b r i g h t n e s s  than  e a r l i e r  ones and so it is  on t h e s e  t h a t  PGM's a r e  

expec ted  t o  g e t  t h e  b e s t  r e s o l u t i o n  and, i n  t h i s  a u t h o r ' s  o p i n i o n ,  come i n t o  t h e i r  

own a s  t h e  s i n g l e  b e s t  g e n e r a l  purpose ins t rument  i n  t h e  10-10001 range.  

A l l  o f  t h e  e x i s t i n g  d e s i g n s  o p e r a t e  on t h e  g e n e r a l  p r i n c i p a l  shown i n  

f i g .  1 .  L igh t  from t h e  source  is  i n c i d e n t  d i r e c t l y  on t h e  g r a t i n g .  Normally, r 

i s  l a r g e  so  t h a t  t h e  l i g h t  i s  approximately  c o l l i m a t e d .  It i s  d i f f r a c t e d  by t h e  

g r a t i n g  as  shown and then  focussed by a  m i r r o r  on to  an e x i t  s l i t .  



. .. . -""; ;.n:.rr; . .  ; . s 2 - . - . .  ..: :.. . .. . . . . . . .. . , - v  - -  - 
0 - - '  

. l . , : ; . . . . d  ;. -..:,,,I ..,, ciie i;:-'::ing & o u t  22 =:is t h r i t c g h  its 

The mir ror  remains fixed during scanning as do tne ingoing and outgoing d i r ec -  

t i o n s  a t  the g r a t i n g .  For d i f f e r e n t  angles of the g r a t i n g ,  d i f f e r e n t  wave- 

l eng ths  a r e  d i f f r a c t e d  i n  the c o r r e c t  d i r e c t i o n  f o r  being focussed a t  the e x i t  

s l i t .  Using the n o t a t i o n  of f i g .  2 and the s ign  convention of ~amson8 ,  for  

example, we can s t a t e  t h i s  as :  

a -  B = 2 8  (1) 

NkX = Sina + Sing  (2 

Where k i s  the  o r d e r .  Obviously, we can'  so lve  (1) and (2) fo r  n and fn r  any 

X i f  we f i r s t  choose 'N and 8. 

Another e f f e c t  of  working with constant  dev ia t ion  i s  t h a t  t he re  is a  l i m i t  t o  

t h e  wavelength scan a t  some 'hor izon '  wavelength AH f o r  which a or  B = 9 0 " .  

This  i s  g iven  by: 

We can d e r i v e  another  express ion  of r a t h e r  genera l  a p p l i c a t i o n  by cons ider ing  

t h e  g r a t i n g  equat ion as  appl ied t o  the p r i n c i p l e  ray  a t  given a and B i n  f i g .  

1. I f  we cons ider  a  neighboring ray with angular  d i f f e r e n c e  Aa coming from a 

poin t  near  S on an extended source,  then we have NUX = cosa '  Aa. We thus. see  

t h a t  t he  e f f e c t  of a  source of f i n i t e  s i z e ( s )  i s  t o  in t roduce  a  source s i z e  

l i m i t  AX, t o  the  r e s o l u t i o n  given by: 

cosa S 
AX = 

s Nkr 
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~ h-nere q i s  a  l a t e r a l  co-ord ina te  i n  the  plane of the  s l i t  and L i s  t h e  m i r r o r  

s l i t  d i s t a n c e .  

One can e a s i l y  compute t h e  l i g h t  g a t h e r i n g  power of t h e  i n s t r u m e n t .  

Suppose we have a  g r a t i n g  wi th  r u l i n g s  of l e n g t h  R a c r o s s  a  width  w . The 

I E tendue,  E ( l i g h t  c o l l e c t i o n  a r e a  x  s o l i d  ang le )  i s  g iven  by: 

For comparison purposes we g i v e  t h e  e q u i v a l e n t  r e l a t i o n  f o r  a  Rowland C i r c l e  in-  

s t rument .  I n  t h i s  c a s e ,  w e  can speak of w e l l  d e f i n e d  f  numbers, say  £: i n  t h e  

p r i n c i p a l  p lane  and i n  t h e  p lane  p e r p e n d i c u l a r  t o  t h a t .  I f  t h e  e n t r a n c e  

s l i t  h a s  wid th  x and l e n g t h  h ,  t h e n  
ERC = hx 

F ~ F S  

For t h e  PGM c a s e  t h e  ' e n t r a n c e  s l i t '  i s  t h e  s o u r c e  and i s  always t h e  same s i z e .  

Consequent ly ,  E i s  independant o f  t h e  band pass  s e t t i n g ,  A X .  For t h e  Rowland 

c a s e  E depends on v i a  t h e  s l i t  width  x. We can s e e  from t h i s  t h a t  ( 9 )  and 

(10)  p r o v i d e  t h e  p roper  way t o  compare t h e  l i g h t  g a t h e r i n g  power o f  i n s t r u m e n t s  

provided x i s  chosen so  t h a t  they  have e q u i v a l e n t  r e s o l u t i o n .  

REFLECTION FILTERING OF HIGHER DIFFRACTED ORDERS 

One o f  t h e  prime advantages  o f  PGM's is t h a t  i t  i s  p o s s i b l e  t o  i n c l u d e  

i n  t h e  d e s i g n  a  p r o v i s i o n  f o r  f i l t e r i n g  out  d i f f r a c t e d  o r d e r s  h i g h e r  t h a n  t h e  

f i r s t .  ~ i ~ a k e 9  gave  t h e  p r e s c r i p t i o n  f o r  doing t h i s  and i t  is  o f  p a r t i c u l a r  

importance f o r  c e r t a i n  s o l i d  s t a t e  phys ics  exper iments .  It is  e s p e c i a l l y  

n e c e s s a r y  wi th  synchro t ron  s o u r c e s  s i n c e  t h e  . source  spectrum u s u a l l y  c o n t a i n s  

c o n s i d e r a b l y  more second o r d e r  l i g h t  than f i r s t .  The method depends on the  f a c t  

t h a t  t h e ,  r e f l e c t i n g  e f f i c i e n c y  o f  m a t e r i a l s  a t  wavelengths below about. 500A 

d e c r e a s e s  wi th  d e c r e a s i n g  wavelength and i n c r e a s i n g  g r a z i n g  a n g l e .  Thus, an 

a n g l e  o f  i n c i d e n c e  can always be found t h a t  g i v e s  high e f f i c i e n c y  f o r  f i r s t  

o r d e r  l i g h t  and low e f f i c i e n c y  f o r  h igher  o r d e r s .  A p a r t i c u l a r  c h o i c e  of a n g l e  

w i l l  o n l y  be a p p r o p r i a t e  over  a  l i m i t e d  wavelength range so we a r r i v e  a t  t h e  



c o n s t a n t s .  

I n  o r d e r  t o  choose tne  c o r r e c t  a n g l e s ,  we f o l l o w  t h e  argument s e t  out 

f i r s t  hy ~ i ~ a k e 9  and e l a b o r a t e d  by West, e t  a110. Consider  t h e  c a s e  of a  

l i g h t  wave e n c o u n t e r i n g  a  d i f f r a c t i o n  g r a t i n g  c o a t e d  w i t h  m a t e r i a l  of r e f r a c t i v e  

index  n  and c o n s i d e r  t h e  r e f r a c t e d  wave p r o g r e s s i n g  i n t o  t h e  m a t e r i a l  with angle  - 

of  r e f r a c t i o n  y .  The o p t i c a l  pa th  c o n d i t i o n  t h a t  must be s a t i s f i e d  f o r  t h e  

d i r e c t i o n  y  t o  b e  a d i f f r a c t i o n  maximum is :  

-NkX = S i n a - n ~ r n ~  

To de te rmine  t h e  cu t -o f f  wavelength,  we a r e  i n t e r e s t e d  i n  t h e  c a s e  Y = 90' o r  i f  

t h e r e  i s  a blaze a n g l e  8~ then Y = 90' + BE. T h i s  l e a d s  t o :  

NkX = S i n a  - n coseg ( 1  1 )  

For r e a s o n s  t h a t  w i l l  become c l e a r  l a t e r ,  we w i l l  work w i t h  k = -1. We a l s o  use  

t h e  approximat i o n l 2 .  

where 

No i s  ~ v a g a d r o ' s  number, p t h e  d e n s i t y ,  N e f f  t h e  number o f  ' e f f e c t i v e l y  

f r e e '  e l e c t r o n s / a t o m ,  e t h e  e l e c t r o n i c  charge, m, t h e  alectrnnir mass, c the 

v e l o c i t y  o f  l i g h t  and A t h e  atomic weight .  (11) and ( 1 2 )  then g i v e :  

[ I+  46Cise~ (13 )  

2 6 ~ 0 ~ 0  
BIN 

T h i s  g i v e s  t h e  t h r e s h o l d  wavelength which j u s t  beg ins  t o  be d i f f r a c t e d  a t a  . 
u s i n g  (11)  and (12)  a g a i n  wi th  X+A/2 and k=-2, we g e t  t h e  f i r s t  o r d e r  

wavelength ); a t  which second o r d e r  j u s t  beg ins  t o  be p r e s e n t  

G [ l+ x 2 = 6 c 0 s e ~  N ( ~ 0 s ~ ~ -  S i n a  ) ] ' -1 

6cose 
(14)  

2~  



I n . L h e  iisi: as 3 + (13) and (14) a p p i y  t o  a in i r ro r  and we g e t :  

- 

An obvious ex tens ion  enables  the  t h i r d  order  t h re sho lds  t o  be included. The bes t  

t a b u l a t i o n s  of  N e f f  a r e  those of Hagernan, e t  .a113. Some add i t i ona l  

informati.on is  c o l l e c t e d  by Williams and ~ o w e l l s l 4 .  

G G G M  M M 
Fig.  3  shows p l o t s  of  X i  Xp A3 h l  A2 and .A3 f o r  gold 

us ing  t h e  d a t a  i n  Table 6 of r e f .  13. The g r a t i n g  p l o t s  apply t o  a  600EImn g r a t i n g .  

The d o t t e d  lixies represent  t he  r e l a t i o n s h i p  between X and a a s  the  g r a t i n g  is r o t a t e d  

using' t h e  8 va lues  shown. We note var ious  f e a t u r e s  from t h i s  p lo t .  

( i )  We see  how t o  cover the wavelength range and achieve the  b e s t .  

pos s ib l e  r e f l e c t i o n  f i l t e r i n g  of second order .  We must fol low wave- 

l e n g t h ' s c a n  pa ths  which l i e  between the  and Curves. For 
1 2 

example, .one might choose: 

and, t h e r e f o r e ,  use four  mi r ro r s .  I f  second order  were absent ,  as i t  

might be,  f o r  o t h e r  reasons,  then f i l t e r i n g .  out t h i r d  order  would be 

s i m i l a r .  

( i i )  We can see  why opera t ing  i n  nega t ive  order  (a '  i nc reas ing  as A i nc reases )  

i s  d e s i r a b l e  f o r  higher  order  suppression.  



( i i i )  One can sse q u a l i t a t i v e l y  what would happen for  N va lues  o ther  than 

600 f/-. Coarser g ra t ings  a r e  more s imi l a r  to  a  mir ror  so tha t  300!L/mm 

g r a t i n g . c u r v e s  would be c l o s e r  t o  the mirror  curves ,  1200~/mm ones 

f u r t h e r  away. 

Using t h e  arguments i n  t h i s  s e c t i o n ,  we can choose a  va lue  or values for  8 .  

It is a l s o  c l e a r  from f i g .  3 t h a t  good order  s o r t i n g  ( a t  low wavelengths) i s  e a s i e r  

w i th  a  60011/mm g r a t i n g  than a  1200L/mrn. I n  f a c t ,  f o r  very g raz ing  app l i ca t ions  aimed 

a t  t h e  one k i l o v o l t  reg ion ,  we can hard ly  use a  1200Rlmn g r a t i n g  because by (6 )  i f  we 

had 8 = 88', then AH would be about 20&. This  would be a  severe  l i m i t a t i o n .  A t  

l onge r  wavelengths when s l i g h t l y  smaller  8 va lues  a r e  pe rmis s ib l e ,  the  1200L/u1m g r a t i n g  

could  be used, bu t  t h e  improved r e so lu t ion  it  would g ive  is  not so  important.  60024m 

is thus  a  good working gro6ue densicy fo r  t he  high energy region.  

OPTICAL DESIGN OF EXISTING PGM'S 

Turning t o  t h e  focussing mir ror  i n  f i g .  1 we encounter a  number of poss ib i l -  

i t ies .  The s imples t  is a  sphe r i ca l  mir ror .  Whether the  l i g h t  i nc iden t  on the mi r ro r  

from t h e  g r a t i n g  i s  e x a c t l y  o r  approximately p a r a l l e l ,  t he re  w i l l  always be consider- 

a b l e  a b e r r a t i o n s .  Astigmatism w i l l  produce a  l i n e  image a t  the e x i t  s l i t  and sphe r i ca l  

a b e r r a t i o n  and coma w i l l  broaden and curve t h e  l i n e  causing a  s e r ious  degradat ion of 

r e s o l u t i o n  which can on ly  be con t ro l l ed  by fedtieing the  mir rur  ape r tu re .  .While t h e  

o v e r a l l  e f f e c t  is a  cons ide rab le  l o s s  of f l ux ,  t h e r e  is an advantage t o  the  sphe r i ca l  

mi r ro r .  We can s e e  from the  geometry of f i g .  1 (us ing  the express ion  R Cos8 f o r  t h e  

t a n g e n t i a l  foca l  length  of  the  mir ror )  t h a t  

y  = ~ R C O S ~  -xcot28 (17) 

Fo r ,  g iven  x ,  y  and R, it t u r n s  out t h a t  t h i s  equat ion  y i e l d s  two s o l u t i o n s  f o r  8. One 

can  thus  use one mir ror  fo r  two 8  s e t t i n g s ,  as  d id  Miyake who f i r s t  employed the 

method, o r ,  two m i r r o r s  f o r  four  s e t t i n g s  (wes t ,  e t  a l l 0  and Howells, e t  a l l l ) .  

This  approach i s  economical on mir rors  but expensive on mechanisms. 



I .  
1 An a l t e r n a t i v e  approach  i s  t o  use a s i n g l e  f i x e d ,  focussing ~ i r r o r  o f  

I very  graz ing  angle ( i  . e . ,  not doing any f i l t e r i n g )  and use some o ther  method 
I 

f o r  f i l t e r i n g .  This  i s  the approach adopted by the Hamburg group. They were 

a b l e  t o  o b t a i n  a  good q u a l i t y  of f -ax is  paraboloid "which, having zero sphe r i ca l  

I a b e r r a t i o n ,  was ab le  t o  g ive  an image a t  i t s  focus with n e g l i g i b l e  degradat ion.  

Their  f i r s t  scheme t o  achieve f i l t e r i n g  of h igher  o rde r s  incorporated an 

ingenious ,  double rhombus, mechanism which r o t a t e d  the g r a t i n g  and r o t a t e d  and 

s u i t a b l y  t r a n s l a t e d  a  plane pre-mirror . The arrangement had the important e x t r a  

b e n e f i t  o f  main ta in ing  t h e  g r a t i n g  always on b laze .  From an o p t i c a l  point of 

view t h i s  scheme, due t o  D i e t r i c h  and ~ u n z l 5 ,  is  probably the most e legant  

ye t  produced, however, from a  p r a c t i c a l  po in t  of view it  proved d i f f i c u l t  t o  

. ' !  

implement. The t o l e r a n c e s  involved were severe  and cons iderable  time was 

requi red  f o r  succes s fu l  alignment and commissioning. For t h e i r  next ins t rument ,  

1 t h e  Hamburg group c h 0 s e . a  s imp l i f i ed  ve r s ion  of the  Dietrich-Kunz des ign  which 

' addressed  the  modern need f o r  u l t r a  high vacuum compa t ib i l i t y .  The r e s u l t  was 

t h e  so-cal led ' ~ l i ~ ~ e r ' l 6 .  This  instrument uses  a  pre-mir ror  which remains 

I s t a t i o n a r y  duririg scanning but which can be. s e l e c t e d  from a  bank of 6 m i r r o r s  

wi th  a  range of d i f f e r e n t  8 values  and su r f ace  coa t ings .  This g ives  a  simple 

scanning mechanism but t h e  mir ror  interchange s . t i l l  involves some d i f f i c u l t  

1 t o l e r ances .  This  F l i p p e r  monochromator has now been ope ra t iona l  for  about 

I 3 years  us ing  0.75 m r  of r a d i a t i o n  from the  DORIS s to rage  r ing .  It has achieved 

! t h e  b e s t  r e s o l u t i o n  o f  t he  e x i s t i n g  PGM's and has operated succes s fu l ly  with a  

I UHV experimental  chamber. 

I One can see  t h a t  t he  h i s t o r y  of grazing '  incidence PGM's is q u i t e  shor t  

~ and we t a b u l a t e  the  s a l i e n t  f ea tu re s  i n  Table I. We a l s o  inc lude  information 

1 about two o ther  instruments  which a r e  planned or  under cons t ruc t ion .  Before we 

can d i scuss  the  philosophy of these schemes, w e  must consider  some f u r t h e r  

a spec t s  of  the o p t i c a l  system of f i g .  1 .  



The use of PGM's has h i s t o r i c a l l y  been assoc ia ted  e i t h e r  with 

co l l imated  l i g h t  or  very d i s t a n t  sources.  For the synchrotron r a d i a t i o n  

a p p l i c a t i o n s  on DESY, NINA and DORIS, the source was about 40 m away. This  

was s u f f i c i e n t l y  f a r  t h a t  even with source s i z e s  of around 2 m ,  one could s t i l l  

g e t  source  s i z e  l imi t ed  r e s o l u t i o n s  (eqn 7) t h a t  were reasonably accracc ive .  We 

must now cons ider  t he  o p t i c a l  e f f e c t  of the  f i n i t e  source d i s t a n c e  on the  

imaging system t o  see  what is  requi red  fo r  the  source s i z e  l i m i t  t o  be 

r e a l i z e d .  

Various au tho r s  have s tudied  the  plane g r a t i n g  i n  non-paral le l  

l i g h t  17 ,  18 ,  19,  For example, Pfurty17 used the  standard theory 

o f  t h e  s p h e r i c a l  g ra t ing20,  21 with the  r a d i u s  equal  t o  i n f i n i t y .  Most 

of t h e  a b e r r a t i o n  terms a r e  s t i l l  non-zero and i n  p a r t i c u a l r  the  focussing term 

o f  t h e  s p h e r i c a l  g r a t i n g :  

2 2 
50 r ' R c o s  r I 0 - c o s ~ ) ]  R cos  a - c o s a )  + ( = +  [ (  

g i v e s  us t h e  foca l  p rope r ty  of  the  plane g r a t i n g .  P u t t i n g  R a and C20=0, 

we f i n d  : 

r '  = _r [CD] 
cosa  

implying t h a t  t h e r e  is a  v i r t u a l  image I d i s t a n t  r 'behihd  the  g r a t i n g .  This  

image has  a l l  t h e  a b e r r a t i o n s  inc luding  ast igmatism, coma and s p h e r i c a l  

a b e r r a t i o n ,  t h a t  we would expect f o r  the  non-Rowland sphe r i ca l  g r a t i n g  case.  I 

a c t s  a s  a  v i r t u a l  o b j e c t  f o r  t he  focussing mi r ro r  t o  image on t o  the e x i t  s l i t .  

Using t h e  a b e r r a t i o n  expansion terms and t h e i r  geometr ical  o p t i c s  i n t e rp re -  

t a t i o n 7 ,  one can show t h a t  the  image degrada t ion  due t o  a b e r r a t i o n s  i s  not 

normally s e r i o u s .  The major e f f e c t  i s  the wavelength dependance of r ' .  



'This t u rns  out t o  be Gery s u b s t a n t i a l  f o r  cases  of  p r a c t i c a l  i n t e r e s t  zq,j so I 

i s  c o r r e c t l y  imaged a t  the e x i t  s l i t  f o r  on ly  the one wavelength fo r  which I an6 

S a r e  conjugates ' .  A l l  o the r  wavelengths are out of focus.  T n e  s i z e  of the 

e f f e c t  can be es t imated  using ( 1 8 )  and the  conjugate  r e l a t i o n s h i p  f o r  the 

focuss ing  mir ror .  For r>>f  where f  is  t he  foca l  length of t he  m i r r o r ,  we f ind 

t h a t  t he  image d i s t a n c e  v  i s  given by: 

Aber ra t ions  i n  t h e  mi r ro r  a r e  not considered i n  t h i s .  

Using (18) and (19) we can a r r i v e  at. a  number of u se fu l  

g e n e r a l i s a t i o n s :  

(i) C l e a r l y  from (19) we want t he  square bracket  t e r m  t o  be small  
. . 

s o  t h a t  from t h i s  po in t  .of view p o s i t i v e  order  is  s t r o n g l y  . , .*. , 
p r e f e r r e d .  Using nega t ive  o rde r  r' can  change by as much as  an 

o rde r  o f  magnitude f o r  a  f a c t o r  of  4 change i n  wavelength! 

( i i )  The e f f e c t  is worse fo r  smal le r  r va lues  and f i n e r  g r a t i n g s .  

( i i i )  There is a  t rade-off  with a p e r t u r e .  Defocus is l e s s  harmful 

f o r  smal le r  ape r tu re s .  

( i v )  The e f f e c t  is  worse fo r  h igh  b r igh tnes s  dedica ted  synchrotron 

sou rces .  This  is  because smal le r  va lues  of r a r e  n e c e s s a r i l y  

used and because i n  s p i t e  of  t he  smal le r  r va lues  t h e  source 

s i z e  l i m i t e d  r e s o l u t i o n  is s t i l l  much b e t t e r .  The r e s u l t  i s  

inc reased  s e n s i t i v i t y  t o  defocussing.  

To s e e  t h e  e f f e c t '  fo r  a  p r a c t i c a l  ca se  we show i n  f i g .  4 the  r e s u l t s  

o f  a  de s ign  s tudy c a r r i e d  out a t  Brookhaven for  a  PGM for  t he  ~ a t i o n a l  

Synchrotron L igh t  Source.  For each of t he  four  0 values  s e l e c t e d ,  a  wavelength 

near  t h e  c e n t e r  of the  range was chosen as  a  wavelength of exact  focus.  



Slnce no o the r  a b e r r a t i o n s  were considered,  the r e s o l u t i o n  a t  these  four  wave- 

l eng ths  was equal  t o  the source s i z e  l i m i t  r epresented  by the s t r a i g h t  l i n e s  i n  

t h e  f i g u r e .  We can see  from the f i g u r e  t h a t  the  degradat ion due t o  defocussing 

a t  a l l  o t h e r  wavelengths would be q u i t e  unacceptable .  

I t  i s  of i n t e r e s t  t o  consider  what f i g .  4 would look l i k e  fo r  the  case 

o f ,  say ,  t h e  DESY synchrotron.  For t h i s  ca se ,  we would have about a  f a c t o r  of 

four  l a r g e r  AX, and wi th  the  l a r g e r  r va lue  the  problem would look more manag- 

a b l e .  For N I N A ,  t h e  same app l i e s .  For DORIS, which has a smaller  source ,  one 

would expect  the  problem t o  be correspondingly more se r ious .  D i e t r i c h  and Kunz 

were, o f  course ,  aware of  t he  defocussing problem and discussed it i n  t h e i r  1972 

paper.  However, they  point  out t h a t  i n  t h e i r  ca se  the  foca l  s h i f t s  of  the  image 

a t  t h e  s l i t  were small  enough t o  be compensated by a  + 30- adjustment of t he  

s l i t  p o s i t i o n .  

With t h e s e  understandings,  we see  t h a t  t he  improvements i n  t he  techno- 

logy of  synchro t ron  sources  have mandated a  new approach t o  the design o f  PGMs. 

We can no longer  fo l low the  e x i s t i n g  des igns  without  s e r ious  l o s s  of 

performance. 

NEW OPTICAL - ARRANGEMENTS 

The fundamental problem of defocussing can only be resolved by the use 

of a  co l l ima to r .  We then have r = o. i n  (18)  and (19)  so t h a t  r' = - and v = f  

and t h e  focuss ing  system is no longer wavelength dependent. It is easy t o  see 

t h a t  our c o l l i m a t o r  should be an off -ax is  parabolo id  with a s u f f i c i e n t l y  graz ing  

ang le  t o  pass  t he  s h o r t e s t  wavelengths of  i n t e r e s t  and s u f f i c i e n t  ape r tu re  not 

t o  unduly l i m i t  t h e  system a t  long wavelengths. These con t r ad ic t ing  requi re -  

ments lead  t o  a  cons iderable  problem of o p t i c a l  f a b r i c a t i o n .  However, assuming 

we wish t o  minimize the  number of r e f l e c t i o n s  by doing our r e f l e c t i o n  f i l t e r i n g  

with the  g r a t i n g  and focussing mir ror ,  we now have a  more less de f ined '  t h ree  re- 

f l e c t i o n  system, c o n s i s t i n g  of the  t r a d i t i o n a l  components of a  spectrometer ,  

namely a  c o l l i m a t o r ,  d i s p e r s e r  and focussing device .  



I f  we need a hor i zon ta l  0utp1-1~ bean  t h e n  we ~ 2 s ;  a r r a n g e  t!lat ci;? d.n'! L - - - - - A L n s  r . . - r ;  .> 'It 

the t h ree  o p t i c s  add t o  zero .  Let us suppose tha t  the  four d i f f e r e n t  r e f l e c t i o n  

angles  shown e a r l i e r  a r e  used and a l s o  suppose t h a t  we want the bes t  focussing 

mir rors  f o r  p a r a l l e l  l i g h t ,  namely paraboloids  of r evo lu t ion .  Then we conclude 

t h a t  we need f i v e  of f -ax is  paraboloids! The a l t e r n a t i v e  would be to  use an 

instrument l i k e  t h e   lippe per' with col l imated l i g h t .  This involves only two 

parabolo ids  but  t he  p r i c e  i s  an e x t r a  r e f l e c t i o n .  There i s  obviously a  good 

dea l  of judgement involved i n  dec id ing  which system is bes t  i n  p a r t i c u l a r  ca ses ,  

but  i t  is  c l e a r  t h a t  we cannot avoid addressing the  problem of manufacturing 

of f -axis  parabolo ids .  

Our requirement is  f o r  a  mirror  formed by r o t a t i n g  a  segment of the 

parabola  y2 =. 4ax about t he  x ax i s .  The segment is centered on the  mir ror  
, . .  

pole  which is a t  xo, yo. ( s ay ) .  For a  mirror  of angle  of incidence 0  and 

foca l  length  f  we have: 

a  = f c 0 s 2 ~  (20) 

xo = a t  an28 (21 

yo = fs in28 (22)  

The va lue  of yo e s s e n t i a l l y  determines how d i f f i c u l t  it w i l l  be t o  

make the  mir ror  and we can see  immediately t h a t  any co l l imat ing  mir ror  we des ign  

w i l l  be d i f f i c u l t  because df i ts long foca l  length.  I n  f a c t ,  the d i f f i c u l t i e s  

a r e  so  severe  t h a t  t he  only r e a l i s t i c  approach i s  t o  use the new technology of 

diamond turning22-25. Th i s  involves using a  numerical ly  programed 

l a t h e  with a  diamond t o o l  which i s  i n t e r f e r o m e t r i c a l l y  con t ro l l ed .  The 

programmability means t h a t  a l l  shapes a r e  equal ly  easy t o  f i gu re  and i t  i s  

poss ib le  t o  s imultaneously tu rn  as  many mir rors  as  w i l l  f i t  around the f i x t u r e .  

This  la t te ' r  f e a t u r e  i s  a t t r a c t i v e  for  s i t u a t i o n s  where the set-up c o s t s  can be 

amortized over s eve ra l  instruments .  



T h e  technology of  diamond turn ing  has become very re f ined  i n  a  shor t  

time and i t  i s  now pos.sible t o  work with f a i r l y  well  t r i e d  m a t e r i a l s .  The 

combina~ ion  of 6061-T6 Aluminium a l l o y  p la ted  with a l aye r  of e l e c t r o d e l e s s  

n i c k e l  has been used successfu l ly26 ,27 .  The e l e c t r o d e l e s s  n icke l  

l a y e r  i s  necessary because i t  i s  the only m a t e r i a l  which can be both diamond 

turned  and o p t i c a l l y  pol i shed .  The o p t i c a l  po l i sh  i s  needed because the diamond 

turned s u r f a c e ,  although very  accu ra t e ,  has t he  pe r iod ic  p a t t e r n  of t oo l  marks 

l e f t  by t h e  diamond. These must be removed by a  l i g h t  cosmetic pol i sh ing  

process28,29 which i s  designed not t o  a l t e r  t he  f i gu re .  

Diamond turned o p t i c s  q u i t e  s i m i l a r  i n  p r i n c i p l e  t o  those needed f o r  a  

PGM have been produced t o  a  coneiderable  ex t en t  a l r eady  for  X-ray te lescopes  and 

microscopes30-36. They a r e  a l l  based on an i dea  o r i g i n a l l y  introduced 

by ~ o l  t e r 3 7  ~ 3 8  t o  improve the  imaging of  the g raz ing  incidence 

r e f l e c t i n g  te lescope .  

WOLTER TYPE OPTICAL INSTRUMENTS 

The problem addressed by Wolter a rose  because for  good of f -ax is  

imaging f o r  any o p t i c a l  instrument  it is necessary  t o  c l o s e l y  s a t i s f y  t h e  Abbe 

Sine  ~ o n d i t i o n 3 9 , 4 0 -  Th i s  i s  normally s t a t e d  a s  t he  condi t ion  t h a t  

an a x i a l l y  symmetric system which is f r e e  of s p h e r i c a l  abe r r a t ion  should a l s o  be  

f r e e  of  coma, i . e . ,  be ' ap lana t i c . '  The condi t ion  i n  t h i s  case i s :  

Sin U = Sin  U'. - 
u u1 

where U and U' a r e  t he  convergence angles i n  ob jec t  and image space and u and 

u' a r e  t h e  equiva len t  angles  i n  t h e  paraxia l  region.  This  i s  shown i n  f i g ,  5 .  

The cond i t i on  is  equiva len t  t o  saying tha t  t h e  ' p r i n c i p l e  s u r f a c e ' ,  which i s  t h e  

locus  of  i n t e r s e c t i o n s  of t he  ingoing and outgoing r a y s ,  should be a  sphere.  



. - 

z2e ~ ~ 3 ~ r e  i n t e r s e c t s  the 2:-;is a t  a ?o in t  & i c h  d iv ides  01 i n  a r a t i o  equal .to 

the pa rax ia l  magni f ica t ion ,  i . e . ,  r l / r  = n  ( s ee  f i g .  5 ) .  The objec t  and image 

a r e  harmonic conjugaces with respec t  to  the d i a m t e r  of t h i s  c i r c l e  which i s  

thus of r ad ius  r r l / r - r '  . 
The e f f e c t  of not s a t i s f y i n g  the s i n e  condi t ion  has been e luc ida ted  in 

d e t a i l  by ~ o ' n r a d f i l ,  bu t  one can see e a s i l y  t h a t  a l l  s i n g l e  graz ing  

inc idence  r e f l e c t o r s  v i o l a t e  the condi t ion  i n  a  fundamental way s ince  in  t h i s  

case'  t h e  pr inc i .p le  su r f ace  i s  the  r e f l e c t o r  i t s e l f .  Wolter recognized tha t  the 

only way f o r  a  graz ing  incidence r e f l e c t i n g  instrument t o  approach s a t i s f y i n g  

t h e  s i n e  condi t ion  was t o  have a  second r e f l e c t i o n .  His f i r s t  proposal,  the so- 

c a l l e d  Wolter I t e l e scope ,  i s  shown schemat ica l ly  i n  f i gu re  6.  This configur- 

a t  i on  of conic  s e c t i o n s  approximately s a t i s f i e s  t he  s i n e  condi t ion  and by means 

of  ' a sphe t i z ing '  i t  a  l i t t l e 3 8 ,  it can be made t o  exac t ly  s a t i s f y  the 

cond i t i on .  I ts  performance as an imaging device ,  while poor by any normal 

I o p t i c a l  s t anda rds ,  brought about a  cons iderable  improvement i n  X-ray te lescopes  

which had previous ly  been based on the  much cruder  ~ i r k ~ a t r i c k - ~ a e z 4 2  

des ign .  The technology of  Wolter te lescopes  depends very l a r g e l y  on diamond 

tu rn ing .  

It r e q u i r e s  only a  small s t e p  from the scheme i n  f i g .  6  t o  conceive a  

1 microscope based on the  same ideas .  One simply rep laces  the parabola by an 

e l l i p s e  and the  r e s u l t  i s  point  t o  point imaging. Microscopes with magnifi- 

c a t i o n s  up t o  about 10X have been designed and used33-36 and t y p i c a l l y  

they can r e so lve  s t r u c t u r e  of about 1p width over a  f i e l d  of about 5 0 0 ~  with an 

o b j e c t  d i s t a n c e  of 300nm and graz ing  ang1,es of 1 " .  



. . 
3ecigners o f  i n z s e  i n sc r : zencs  aiways r e j e c t  the o b v i o u s  va r l ac ron  a f  

the e l l i p s e / n y p e r b o l a  des ign:  namely the parabola /parabola .  This has one l e s s  

degree of freedom i n  t h e  des ign  equat ions with no compensating advantages from 

the  poin t  of view of designing microscopes. However, from the poin t  of view of 

des igning  spec t rometers  ( g r a t i n g  or  c r y s t a l )  , i t  has the g rea t  advantage th'at 

between the  two r e f l e c t i o n s  at: the parabolas  the rad iae ion  i s  p a r a l l e l .  

A PGM WITH WOLTER DERIVED OPTICS 

We now r e t u r n  t o  t h e  PGM ope ra t ing  with a  co l l ima t ing  mi r ro r .  This  i s  

shown schemat i ca l ly  i n  f i g u r e  I .  We see chac che only e f f e c t  of tho  planc 

g r a t i n g  a t  zero o r d e r  is  a  l a t e r a l  invers ion ,  i.e., the  top  and bottom rays  a re  

interchanged.  This  is  equiva len t  t o  i n v e r t i n g  the mir ror  and i f  we imagine the  

two parabola  system t h a t  would r e s u l t  from doing t h a t  we see  i t  is  very  s imi l a r  

t o  a  parabola /parabola ,  Wol t e r  I microscope. The main d i f f e r e n c e s  a re :  

( i )  It works l i k e  a  microscope i n  reverse  with magni f ica t ion  

about 0.1 . 
( i i )  The o b j e c t  d i s t a n c e  i s  much l a rge r .  From (7)  i t  needs t o  

be about 10m. f o r  t h e  Brookhaven PGM. 

( i i i )  The two parabolas  no longer n e c e s s a r i l y  have the  same axis 

of  symmetry (See f i g .  7 ) .  

( i v )  Taking the  Brookhaven VW r i n g  as  a  t y p i c a l  dedica ted  

synchrotron r a d i a t i o n  source,  the required f i e l d  of view 

i s  about 200 x 1 0 0 0 ~ 2  or  about 4 x 20 arc  seconds2: 

much smal le r  than any e x i s t i n g  microscopes o r  t e l e scopes .  

( v )  The o p t i c s  a r e  no longer complete c i r c l e s .  



. . 

. . 

@ ~ r  svs ten  i s  thus a gene ra l i za t ion  of the !.!alter I microscope working in  . . 

r eve r se .  C lea r ly  a g rea t  deal  of work would be d e s i r a b l e  in  order  t o  understand 

tile o p ~ i c s  o f  our non-axisyrunetric conf igura t ion  zs w 2 l l  as the symnetric one is 

understood. However, u n t i l  tha t  i s  done we can only look to  c e r t a i n  genera l  

s ta tements  which have be6n e s t ab l i shed  fo r  convent ional  Wolter Systems. 

1. Exact ray-tracing i s  an appropr ia te  way t o  p red ic t  performance. 

2 .  Parabolalhyperbola te lescopes  and e l l i p se /hype rbo la  microscopes 

have pe r f ec t  imaging f o r  the a x i a l  ob jec t  po in t .  Adjustments t o  

t h e  f i g u r e  t o  improve the o f f - ax i s  imaging, e .g . ,  t o  e x a c t l y  

1 s a t i s f y  t h e  Sine Condition, can only achieve t h i s  a t  the expense 
I I 

1 o f  t he  pe r f ec t  a x i a l  imaging38. I n  view of our extremely 

small  f i e l d  angles ,  we a r e  probably b e t t e r  o f f  with the exac t  

con ic  s ec t ions .  

3 .  Aberra t ions  sca l e  with magnif i ca t ion33  so our low magnifica- 

t i o n  is favorable .  

4 .  Aberra t ions  sca l e  with mir ror  length33. So i f  we a r e  working 

I i n  nega t ive  order  (beam compressed by the g r a t i n g )  then zero order  

i s  the  worst case fo r  . abe r r a t ions .  

5 .  Manufacturing to le rances  using diamond turned o p t i c s  a r e  such t h a t  

b l u r  c i r c l e s  i n  the  image plane of l e s s  than an a rc  second can be 

obta ined  on te lescopes  with much l a r g e r  c o l l e c t i o n  a p e r t u r e s  and 

f i e l d  angles  than we propose. The same i s  t r u e  of microscopes 

except t he  c o l l e c t i o n  ape r tu re  i s  smal le r .  I n  f a c t ,  our 

requirement ( f o r  the. Brookhaven PGM) f o r  a 2 a r c  second b l u r  

, c i r c l e  c a p a b i l i t y  over a 4 x 20 a rc  second2 f i e l d  of view with a 

c o l l e c t i o n  area, < 4 cm2 i s  q u i t e  modest. - 



'4 PGX FOR THE BROOKHAVEN SYL<CHfiClTtiOX LiGi iT  SOURCE 

  he ideas  d iscussed  above have been incorporated i n t o  a d e s i g k 3  f o r  

u s e  a t  t h e  Brookhaven VUV s torage  r i n g .  TWO' u n i t s  are  under manufacture at  time 

of w r i t i n g .  D e t a i l s  of the o p t i c a l  parameters a r e  shown i n  Table 11. The 

geometr ica l  o p t i c a l  p r o p e r t i e s  of t h i s  con f igu ra t ion  have been explored by exact 

r a y  and i t '  has  been shown tha t  a b e r r a t i o n s  cause a  n e g l i g i b l e  broad- 

ening of  the  geometr ica l  image. The ope ra t ing  p r i n c i p l e s  a r e  i l l u s t r a t e d  i n  

f i g .  8. A 2 '  graz ing  angle  co l l imat ing  mir ror  is  used a t  10m d i s t a n c e  from the 

source c o l l e c t i n g  4mr of r a d i a t i o n .  The co l l imated  l i g h t  i s  then inc idcnt  on 

t h e  g r a t i n g  a l s o  a t  2 O  graz ing  angle fo r  the  zero order  p o s i t i o n  of the  most 

g raz ing  range. The focussing mir ror  f o r  the  l a t t e r  working range thus has a  4' 

graz ing  angle t o  r e s t o r e  t he  l i g h t  t o  t he  h o r i z o n t a l  d i r e c t i o n .  There a r e  two 

g r a t i n g s  which can be interchanged manually using a  l i n e a r  t r a n s l a t o r .  Wave- 

l eng th  scan i s  by s imple r o t a t i o n  of the g r a t i n g  about i t s  cen te r .  Normally, 

t h e  g r a t i n g s  would both be 600 9.h lamina groove g r a t i n g s  with d i f f e r e n t  groove 

dep ths  ( h )  f o r  optimum b laze  p rope r t i e s .  The v a r i a t i o n  of the wavelength of 

maximum e f f i c i e n c y  (A,) with graz ing  angle fo r  t h r e e  d i f f e r e n t  groove depths 

i s  shown i n  f i g .  3 .  There a r e  four  focussing m i r r o r s ,  each with a  d i f f e r e n t  

g raz ing  angle,  and t h e s e  a r e  interchanged using a second i d e n t i c a l  l i n e a r  

t r a n s l a t o r .  The p la t form shown i n  f i g .  8 r o l l s  along r a i l s  and each mi r ro r  i s  

p rea l igned  a t  i t s  ope ra t ing  pos i t i on  and angle.  I n  order  t o  keep the number of 

r e f l e c t i o n s  down t o  t h r e e ,  a  s p e c i a l l y  designed a d j u s t a b l e  s l i t  mechanism i s  

used which al lows the  e x i t  s l i t  t o  be placed i n s i d e  an experimental  chamber 

c l o s e  t o  the  sample p o s i t i o n .  The whole system i s  engineered t o  UHV s tandards .  

F ig .  9 shows t h e  gene ra l  layout  and f i g .  10 the  source s i z e  l imi t ed  t e s o l u t i o n .  

It is d i f f i c u l t  t o  c a l c u l a t e  r e a l i s t i c  numbers f o r  throughput,  but i f  we make 

t h e  assumption t h a t  t he  s to rage  r ing  source achieves i t s  t h e o r e t i c a l  b r ightness  

and assume c lean  gold r e f l e c t i n g  su r f aces ,  then we can a r r i v e  a t  a  s o r t  of i d e a l  

monochromator performance and t h i s  i s  shown in  f i g .  11 . 



C l s a r l y  , t h e s e  t h e o r e t i c a l  performance' f i g u r e s  a r e  v e r y  promising and 

i t  vili be of g r e a t  i n t e r e s t  t o  s e e  how f a r  they a r e  r e a l i z e d  i n  p r a c t i c e .  biosc 

o f  t h e  sys tem u s e s  q u i t e  s imple  and w e l l  e s t a b l i s h e d  t echn iques .  The o n l y  major 

new element  i n v o l v i n g  some u n c e r t a i n t y  is  t h e  use o f  diamond turned o  f f -ax i s  

p a r a b o l o i d s .  The e f f e c t i v e n e s s  of t h e s e  has  been confirmed e x p e r i m e n t a l l y  on ly  

i n  s i t u a t i o n s  s l i g h t l y  d i f f e r e n t  t o  t h e  p r e s e n t  one.  However, t h e r e  i s  no 

r e a s o n  t o  expec t  any s e r i o u s  problems and i t  i s  p robab le  t h a t  no o t h e r  o p t i c a l  

f a b r i c a t i o n  method could  l e a d  t o  a  f u l l  e x p l o i t a t i o n  of t h e  p o s s i b i l i t i e s  of t h e  

h i g h  b r i g h t n e s s  source .  
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TABLE I ' 

* Lower Figure Corrcsponds t o  Lowest Wavelength, 

110s - lligh Order Suppression 

I 

: I 

N I  = I4ormal Incidence. 

Rcsolvinp,f~ 
Poucr - 
12OOf./11ln1 E X I : I . I # ~  
'Jl~c:rc! Stnt.rcl.---.--, . 

Not known 

- . -. -. 

300-400 

. 

500-2500 
a t  rctluced 
apcr tu rc  
(600 E/nlm)_ 

300-1000 
(600 E/mm) 

1250-5600 

1500-5000 
(cs t in~a ted  
f o r  600t/m1n) 

- - - 
Not know1 

High Energy 
'Limiting Graz- 
ing Angle (0) 

. '8 

5.7 

7 

7 

5.7 

4 .  

Not Known 
. . 

. . 

A l::ill-..~ ._ . .- . . . - 

IIS- . ' !~I  

- . - . -. -- . 
145. !lQ:l 

- 
140--!00 

50-,500 

.-. .- 

110- 1 Q I ) O  

. --- 

20-.I Y.:,) 
(r.ql. i:n.-::,d 

Tor 
GOO e /!I~.:I) 

. . - -. . - . - 
l8-./1O(Yl 

( e s t f ~ n : ~ t ~ - d )  

-- 

NO. of 
Mirror . 

Options 

2 (moves) 

1 (moves) 

2 (move) 

2 (move) 

6 (f ixed)  

4 ( f ixed)  

1 (moves) 

Special  Die- 
Advantages 

Limited range 
spher ica l  foc. 
mirs. 

D i f f i c u l t  
~ e c h a n i s ~ n .  

Two Exit S l i t s  
. f ipl~erical  foc. 
mirs. 

Three Automated 
dr ives ,  spheri- 
c a l  foci  mirs. 

Mirror Caliricn- 
t ion problems. 

' D i f f i c u l t  
mechanism 

i 

Vacuum 
( t o r r )  

lo-6 

~ X I O - ~  

1 0 - ~  

. . 
UHV 

UHV 

. 

UHV 

NooE , 

~wa-mirrors . 

0 

0 

0 

1 

Z(p1ane) 

0 

0 

Special  
Advantages . 

Good HOS. 
Simple 
Wechnriism 

Always on 
blaze,  good 
110s. 

Good HOS, 
Simple 
Mechanism, 
Remote Control. 

Good HOS, re- 
mote control .  

Good HOS 

Good 110s. 
Multiple g ra t -  

, ing, col l imeting 
m i r .  avoids fo- 
c a l  s h i f t .  

Always on blaze 
I n t e g r a l  NI 
monitor 
Good 110s 

1 

NO. of 
Mirrors 
in  Elon'r. ' 

2 

3 

2 

2 

3 

3 

3 

I 

I 
. 

Pliyakc 

~ u n z l ~ i c t r i c h  

\Jest,  c t  n l  

Ilouells,  c t  a1 

Fl ippcr 

Brookhnven PG>l 
(UndcrCo~is t r ' tn . )  

BESSIE 
SX: 700 (Planned) 



The va lues  given i n  t h i s  Table r e f e r  to  a  600 ~ / m ,  g r a t i n g  of ru l ed  width 50mm, 
used i n  nega t ive  o rde r .  The r a d i a t i o n  i s  co l l imated  as descr ibed  i n  the t e x t  by a 
m i r r o r  with 2' g r az ing  angle and 40 x 10m2 acceptance aper ture  placed lorn from 
t h e  sou rce .  A l l  o p t i c s  a r e  presumed gold coa ted .  

......................................................................................... 
I I I I I I 
I RANGE I 1 I 2 I 3 I 4 I 
I I I I I 
I-,------,,,,,,,,,,-------------4-------------4-----------b------------&-----------------l 
I I I I I I 
I I nc idence  angle a t  I I I I I 
I I I I I I 
I grating z e r o  o r d e t  (deg.)  I I 86 I X 0 I 6 7 I 88 I I I I I .......................... i i i a ~ ~  , - - - ,  -.-l----------- F------------'-----------------' 
I I I 1 I 
I Mi r ror  ~ l i t l d i s t a n c e  (nun) I 1000.0 1 1084.4 1 1170.4 1 I 
I 1219.7 , 
I I I I I I 
I Range of 2nd order  re- I I I I I I I I I I 

I f l e c t i o n  f i l t e r i n g ( A 1  I 20-35 1 3 0 - 9 0  1 75-160 1 150-350 1 I 

I - - - - - - - - - - , - - - - - , - - - - - - - - - - - - - - J - - - - - - -  ---,,-------A---=iia---------- f. 7' 
i I I Range of  3rd order  re- I I 

I 1 I I I 
I f l e c t i o n  f i l t e r i n g  (8)  I 
I I 20-40* f 30-150 i 75-315 1 150-600 1 
l--,----------------------------J-------------4-----------L------------&----------------4 
I I I I I I 

A,,, f o r  g r a t i n g  groove 
dep th  110A (A) 

I I I 1 I I 
I & f o r  g r a t i n g  groove I I I I I 
I I I I I 

I -* 1 
I 

I d ep th  200A (A) 1 92 1 181 350 I 
I I I I - I - I 
I-----------,,,,----------------4-------------4-----------b------------A----------------A 
I I I I I I . . 
I 
I Dispers ion  a t  t he  under- 
I l i n e d  )h, v a l u e  (Almm) I 
I I 

I i I 
AA, source  l imi t ed  a t  I I 

1 
unde r l ined  & v a l u e  (A) I 0.017 1 . 0.024 1 

I-------------------------------4-------------4-----------L-----da------&----.--,-d--------A 
I I I I I I 
I I nc idence  angle a t  fo- I I I I I 
I I 1 I I I 
I c u s s ing  mi r ro r  (deg.) I I 84 I 7 8  I 65 I 86 I I I I I I 
1,-----------------------------4-------------4-----------L------------&----------------4 

*Note t h a t  t h e  horizon wavelength i s  40A, which s e t s  upper 
l i m i t  i n  t h e s e  cases .  



I FIGURE CAPTIONS 

i .  a a s i c  layout  of a .PC..: witn no ta t ion  ior o p t i c a i  a n a i y s i s .  

1 2 .  
Notation f o r  d i f f r a c t i o n  g ra t ing  equat ion.  

G C, 
3 .  F i r s t ,  second and t h i r d  order  th resholds  fo r  d i f f r a c t i o n  by a  g ra t ing  ol, A2 

and ~ 5 ) a n d  r e f l e c t i o n  by a  mirror  (A:, and A?). These a re  shown as heavy 
continuous l i n e s  ( g r a t i n g )  and dashed l i n e s  ( m i r r o r ) .  Also shown are  p l o t s  of  
wavelength aga ins t  incidence angle ( d o t t e d )  f o r  var ious  va lues  of 8 (88",  
86',80° and 6 7 " ) .  P l o t s  of A, t he  wavelength of maximum e f f i c i e n c y  of the 
600 Llm lamina g r a t i n g  fo r  var ious  va lues  of the groove depth  (h )  a re  a l s o  
shown 3s l i g h t e r  continuous l i n e s .  

4 .  Bandpass as a  func t ion  of wavelength f o r  var ious  8 values  with f i n i t e  source 
d i s t a n c e .  The s t r a i g h t  l i n e s  show the  i d e a l  (source s i z e  l i m i t e d )  bandpass 
f i g u r e s  and the  curves show the  e f f e c t  of a  source a t  12.5m ins t ead  of 
i n f i n i t y .  The curves and s t r a i g h t  l i n e s  show the  bandpass as  being the same 
f o r  one wavelength fo r  each value.  This  is the  wavelength fo r  which the 
focussing mi r ro r  was presumed t o  be i n  focus. A 600 L / m  g r a t i n g ,  5 0 m  wide, 
working i n  p o s i t i v e  order  i s  assumed. The aper ture  is taken t o  be such as  t o  
f u l l y  i l l u m i n a t e  t he  g r a t i n g .  

1 5 .  I l l u s t r a t i o n  of  t h e  Abbe Sine Condition: See Text .  

6. The p r i n c i p l e  of t he  Wolter I te lescope  u t i l i z i n g  a  paraboloid and hyperboloid 
of  r evo lu t ion .  

Layout of t he  PGM with co l l imat ing  mir ror .  The crosshatched o p t i c s  a re  the - 
normal con f igu ra t ion .  Light from the source i s  rendered p a r a l l e l  by the  
c o l l i m a t i n g ' m i r r o r ,  d i f f r a c t e d  by the g r a t i n g  and ( s t i l l  p a r a l l e l )  i s  inc ident  
on the  focussing mir ror  which focusses  i t  t o  the  e x i t  s l i t .  . From an imaging 
poin t  of view t h e  g r a t i n g  merely in te rchanges  the top  (dashed) and bottom 
(cha in  d o t t e d )  r ays .  I f  we imagine t h a t  the mir ror  is  pos i t ioned  to  r ece ive  
the  r ays  t h a t  way round without the in t e rven t ion  of the g r a t i n g ,  then 'we ge t  
the  ar=angment shown with the dot ted  mi r ro r .  This con f igu ra t ion  i s  q u i t e  
s i m i l a r  t o  a  Wolter I microscope ( s e e  t e x t ) .  

A r t i s t ' s  impression of the mechanism of t h e  Brookhaven PGM. 

9 .  General layout  of Brookhaven PGM. 

10 .  Source s i z e  l imi t ed  bandpass f i gu res  fo r  the Brookhaven PGM. The quoted 
f i g u r e  of 200 is used f o r  the source s i z e . .  

11. I d e a l  output  curves for  the Brookhaven PGM assuming c l ean  gold r e f l e c t o r s .  
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