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X-RAY MICROSCOPY AND MICROANALYSIS : INTRODUCTORY SURVEY 

V.E. Cosslett 

Cavendish Laboratory, Cambridge, U.K. 

Rdsum6 - On observe un renouveau dans l'utilisation des rayons X en micro- 
scopie dans deux cas diffdrents : a) avec un fort pouvoir de rdsolution gSo- 
m6trique en biologie et en science des mat6riaux ; b) sans trop s'attacher 
B la rCsolution g6om6trique en biologie, par rayonnement synchrotron. 

La microanalyse par rayons X continue son dCveloppement 2 la fois dans la 
compr6hension fondamentale et dans l'instrumentation. Le choix des tdmoins 
reste le problsme le plus important. 

Abstract - In recent years there has been a certain revival in the use of X-rays 
for microscopy. It has taken place in two quite different spheres: at low 
resolution for some practical purposes in biology and materials science and at 
higher resolution in mainly biological applications with the aid of synchrotron 
radiation. 

Microanalysis with X-rays continues to develope in both fundamental under- 
standing and in instrumentation. The major problem now seems to be to establish 
reliable standards. 

1. Introduction 

At the Cambridge conference in 1956 (I), counted later as the first ICXOM meeting, 
the contributions were approximately equally divided between contact, projection 
and reflection microradiography, with small sections on microdiffraction and 
microanalysis. Through the succeeding meetings of the series the relative proport- 
ions have changed considerably, so that at ICXOM 9 in The Hague projection micro- 
radiography was represented by a single paper only and X-ray optics not at all. 
Microanalysis had become the main interest, carried out by several other methods as 
well as by X-rays. At this 10th meeting the balance has been restored to a sli-ght 
extent, mainly because of the entry of synchrotron radiation as an intense source 
of X-rays and its combination with the zone plate lens. A comprehensive survey 
of these methods of X-ray imaging has recently appeared (2). 

The technique of microanalysis by means of X-ray spectrometry has become so wide- 
spread that it is no longer possible to covez all of its applications here. The basic 
physics of it, together with the details of instrumentation on the one hand and 
on the other of the treatment of the recorded data, have been set out in a lengthy 
multi-authored treatise ( 3 ) .  At the same time manufacturers have made available 
the necessary hardware, and to some degree the associated software as well. The 
same may be said of the newer method of electron energy loss spectrometry. In both 
technologies their use has progressed faster than the laying of sound foundations: 
reliable standards have still to be devised and agreed upon. Surveys of these 
methods and related analytical techniques have recently been published by Werner ( 4 )  
and by Cazaux (5). 

2. X-ray Microscopy 

Theory As a reminder of the principles of the projection technique the essentials 
are shown in Figure 1. A point source of X-rays behind an object casts an image by 
simple geometrical projection on to a surface at a distance, so that the magnific- 
ation is given by M=a/b. The image may be recorded photographically, by an array 
of detectors or by a single detector if the source is scanned. Contrast is 
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determined by v a r i a t i o n  of X-ray absorp t ion  i n  t h e  o b j e c t ,  sharpness  (and hence 
r e s o l u t i o n )  by Fresne l  d i f f r a c t i o n  and penumbra a f f e c t s .  The pe r iod  of exposure 
w i l l  depend j o i n t l y  on t h e  i n t e n s i t y  of t h e  r a d i a t i o n  and on t h e  s e n s i t i v i t y  of t h e  
d e t e c t i o n  system. 

Fig. 1 -. Formation of Fresnel fringes by diffraction of illumination from 
source S at straight-edge 0. Right: the variation of intensity across any subne- 
quent plane of observation. 

The r e l a t i v e  in f luence  of these  f a c t o r s  has  been discussed by C o s s l e t t  and Nixon (6 )  
and o t h e r s .  The genera l  conclusion was t h a t  p r o j e c t i o n  X-ray microscopy provides  a  
use fu l  extension of o p t i c a l  methods f o r  specimens t h a t  a r e  o p t i c a l l y  opaque o r  too 
t h i c k  f o r  l i g h t  microscopy. It is  l i m i t e d  by t h e  i n t e n s i t y  of a t t a i n a b l e  sources  
of X-radiation. This i n t e n s i t y  i n  t u r n  i s  l i m i t e d  p r imar i ly  by t h e  p r o p e r t i e s  of 
the  t a r g e t  ma te r i a l :  t h e  inc iden t  e l e c t r o n  beam may be of very high i n t e n s i t y ,  b u t  
t h e  e l e c t r o n s  n o t  only d e l i v e r  h e a t  t o  t h e  t a r g e t  bu t  a l s o  a r e  s c a t t e r e d  i n  i t .  It 
i s  necessary t o  use a  t h i n  t a r g e t  i n  o rde r  t o  o h t a i n  a  we l l  def ined small  X-ray 
source. Heat d i s s i p a t i o n  then  becomes t h e  main l i m i t i n g  f a c t o r  i n  t h e  t a r g e t  and 
hence on exposure time. Some improvement can be  obta ined by scanning t h e  e l e c t r o n  
probe and some by t h e  u s e  of an image i n t e n s i f i e r  ( 7 ) .  The i n t e n s i t y  of t h e  
e l e c t r o n  beam can only be reduced, however, t o  rhe  po in t  where quantum s t a t i s t i c s  
i n  t h e  image s e t s  a  l i m i t  of i t s  own, by t h e  s i g n a l / n o i s e  r a t i o .  

Ins t rumentat ion 

The type of X-ray p r o j e c t i o n  microscope int roduced by C o s s l e t t  and Nixon (6)  has  
continued t o  be used, b u t  t h e r e  has  been an inc reas ing  tendency f o r  t h e  technique 
t o  be  adapted t o  a  scanning EM. For moderate r e s o l u t i o n  s e v e r a l  models a r e  
manufactured by t h e  Wardray Company a t  Oxford, including one f o r  100-200kV. E e t a i l s  
of these  ins t ruments  and v a r i c u s  o t h e r s  made i n  ind iv idua l  l a b o r a t o r i e s  a r e  des- 
c r ibed  by Ely (8). The use  of an SEM f o r  X-ray radiography has  been s e t  ou t  by a  
number of au thors ,  Brfinger (9) ,  Cazaux e t  a1  ( l o ) ,  Horn and Waltinger (1 1) amongst 
o t h e r s .  The exper imental  appara tus  employed i s  t o  some e x t e n t  t r e a t e d  i n  t h e  
wider survey of ins t rumentat ion i n  e l e c t r o n  o p t i c s  and X-ray spectroscopy by Mulvey 
jn t h i s  Congress (12).  

The use  of synchrotron r a d i a t i o n  f o r  X-ray microscopy (Figure  2) has  been explored 
i n  a  number of l a b o r a t o r i e s  i n  t h e  United S t a t e s  and i n  Europe. The polychromatic 
beam may be d i spe r sed  by means of a  g r a t i n g  a t  g raz ing  incidence,  and concentra ted 
f o r  imaging by one o r  more zone p l a t e s .  Su i t ab le  arrangements have,been descr ibed 
by Schmahl e t  a 1  (13),  S i l k  (14),  Kirz  et a 1  (15),  Sayre (16) and o t h e r s .  See a l s o  
con t r ibu t ions  t o  t h i s  Congress by Hast ings  and Howells (17) ,  Schmahl e t  a 1  (181, 
Kozlenkov and Shulgin (19) and Burge e t  a 1  (20).  



Applicat ions  X-ray microscopy i s  r e s t r i c t e d  t o  a r e so lv ing  power of t h e  same o rde r  
a s  t h a t  of t h e  l i g h t  microscope, 0.2-0.5pm. Within these  l i m i t a t i o n s ,  however, it 
has  found a range of a p p l i c a t i o n s ,  mostly a t  a poorer r e s o l u t i o n  where many of t h e  
f a c t o r s  mentioned above do not  i n t e r f e r e  wi th  performance. 

Some of t h e  a p p l i c a t i o n s  i n  m a t e r i a l s  sc ience and i n  biology a r e  descr ibed i n  
"Microfocal Radiography" (8 ) .  The range of t h i s  X-ray technique i s  def ined by 
Sharpe and Par i sh  (21) a s  t h a t  f o r  which the  source  s i z e  l i e s  between 100um and 
" the  wavelength of X-rays" (0.lpm). They desc r ibe  t h e  technology involved and a 
number of a p p l i c a t i o n s  i n  engineer ing and r e a c t o r  physics:  t u r b i n e  b lades ,  in teg-  
r a t e d  c i r c u i t s ,  carbon f i b r e s ,  aluminium a l l o y s .  Some meta l lu rg ica l  a p p l i c a t i o n s  
of the  scanning techniques  a t  a beam vo l t age  of 30kV a r e  mentioned by Cazaux 
e t  a 1  (10).  

I n  biology and medicine i t  i s  usua l ly  d e s i r a b l e  t o  useoa  lower vo l t age ,  e x c i t i n g  
s o f t e r  X-rays. The wavelength range of I-lOnm (10-100A) i s  p r e f e r a b l e ,  correspond- 
ing  t o  a vo l t age  of21-O.IkV, although a much higher  vo l t age  i s  needed t o  produce an  
X-ray beam of adequate i n t e n s i t y .  Biological  a p p l i c a t i o n s  i n  t h i s  r eg ion  have 
been descr ibed by Schmahl e t  a 1  (131, who imaged diatom and b r a i n  c e l l s  of t h e  
r a t .  Fur the r  i n v e s t i g a t i o n s  wi th  synchrotron r a d i a t i o n  a r e  descr ibed by t h e  same 
au thors  i n  a fol lowing paper i n  t h i s  ses s ion  of t h e  congress  ( a b s t r a c t  p.23).  

For t h i c k e r  b i o l o g i c a l  specimens, and e s p e c i a l l y  f o r  hard t i s s u e s ,  more pene t ra t ing  
X-rays and hence a higher  vo l t age  a r e  required.  Using apparatus  ope ra t ing  i n  t h e  
range 1-30kV Saunders (22) has  s tud ied  t h e  microangiography of t h e  nervous system, 
p a r t i c u l a r l y  t h e  human c e r e r b a l  co r t ex ,  a f t e r  i n j e c t i o n  of c o n t r a s t  m a t e r i a l .  For 
examining h i s t o l o g i ~ a l  s e c t i o n s  he has  cons t ruc ted  a low v o l t a g e  X-ray tube f o r  
wavelengths of 2-12A (Saunders (23) ) .  For t h e  purposes of X-ray microtomography 
Brunger ( 9 )  uses  a beam a t  30kV. 

A comprehensive survey of t h e  b i o l o g i c a l  use of t h e  p r o j e c t i o n  X-ray microscope, 
a t  beam vo i t ages  up t o  80kV, has been given by Buekland-Wright (24).  He d e a l s  
wi th  t h e  r e l e v a n t  techniques ,  inc lud ing  specimen p repa ra t ion  and image recording,  
a s  wel l  a s  t h e i r  a p p l i c a t i o n  i n  t h e  s tudy of both  ha rd  and s o f t  t i s s u e s .  For the  
former type of specimen a higher  vo l t age  a s  we l l  a s  s p e c i a l  p repa ra t ive  methods a r e  
needed. These a r e  discussed by Fearnhead and Knight (25) i n  connection wi th  the  
microradiography of mineral ized t i s s u e s ,  both tooth  and bone. Other a p p l i c a t i o n s  
t o  a wide v a r i e t y  of b i o l o g i c a l  m a t e r i a l ,  b o t a n i c a l  a s  we l l  a s  zoo log ica l ,  a r e  
descr ibed by Van Emden and Ely (26).  They a l s o  d i scuss  t h e  e f f e c t  of low doses of 
X-rays on l i v i n g  organisms, which a r e  sometimes radiographed i n  t h a t  cond i t ion  i n  
a i r .  
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Future  P rospec t s  

The p o s s i b i l i t i e s  f o r  f u r t h e r  development of t h e  X-ray microscope have been 
discussed i n  some d e t a i l  by S t u a r t  (27) i n  a long survey with  many re fe rences .  He 
s e t s  out  t h e  r e l a t i v e  advantages of " the  19 most s i g n i f i c a n t  opt ionsr '  i n  four  t a b l e s .  
He concludes t h a t  " the  e l e c t r o n  bombarded s o l i d / f o i l  t a r g e t  source  i s  an  obvious 
p re fe rence  un less  t h e r e  i s  a compelling requirement,  such a s  a v e r y  h igh  radiance 
o r  very shor t  du ra t ion  pulsed opera t ion ,  which d i c t a t e s  otherwise". The d i s -  
advantage of a synchrotron source i s  t h e  need t o  rake an experiment t o  a c e n t r a l  
i n s t a l l a t i o n ,  though i t  has  high radiance even a f t e r  monochromatization. The 
plasma type  of X-ray source  i s  " ra the r  cos t ly" ,  bu t  is "well s u i t e d  t o  micro- 
radiography of moving objects" .  Be desc r ibes  a l s o  an  unconventional s i n g l e  pole  
microfocus tube due t o  Pugh and West (28) i n  which t h e  magnetic l e n s  (of t h e  Mulvey 
type)  i s  combined with  a s tandard t r i o d e  e l e c t r o n  gun; it g ives  a l a r g e  output  
(up t o  50uA) a t  a vo l t age  of 1-25kV. S t u a r t  ends by s t r e s s i n g  t h e  growing 
importance of a n  image process ing system f o r  i n t e r p r e t i n g  t h e  image. 

3 .  X-ray Microanalysis  

The technique of us ing  X-rays f o r  l o c a l i s e d  a n a l y s i s  was pioneered by Castaing (29) 
and developed by Duncumb (30).  It i s  e s s e n t i a l l y  a ma t t e r  of microspectrometry, 
r e l y i n g  on t h e  v a r i a t i o n  i n  c h a r a c t e r i s t i c  l i n e  emission through t h e  p e r i o d i c  
t a b l e .  The o r i g i n a l  simple ins t rumentat ion has  become inc reas ing ly  complicated, 
a s  descr ibed l a t e r  i n  t h i s  Congress by Mulvey (12).  It i s  now p a r t  of t h e  hardware 
b u i l t  i n t o  t h e  modern a n a l y t i c a l  e l e c t r o n  microscope, a l though some microprobe 
ins t ruments  dedicated t o  X-ray a n a l y s i s  a r e  s t i l l  produced. 

The technique i n  a l l  i t s  a spec t s ,  including t h e  phys ica l  b a s i s  and t h e  process ing 
of d a t a ,  is  descr ibed i n  t h e  book by Hren e t  a 1  (3 ) ,  of which a new e d i t i o n  i s  i n  
t h e  p r e s s .  Its use  i n  p a r t i c u l a r  a r e a s  of sc i ence  f o r  q u a n t i t a t i v e  purposes involves  
s tandard re fe rence  samples and/or a complicated system of experimental c o r r e c t i o n s .  
I n  metal lurgy and m a t e r i a l s  sc i ence  t h i s  is  sometimes a s t r a igh t fo rward  ma t t e r ,  b u t  
can become d i f f i c u l t  when t h e  sample i s  a t h i n  f o i l  ( ~ o s s i b l y  of varying thickness)  
r a t h e r  than a bulk  specimen. The problem has  been d i scussed  i n  some d e t a i l  by 
Goldste in  and by Zaluzec i n  chap te r s  3 and 4 of r e fe rence  3.  The l a t t e r  s e t s  out  
a procedure f o r  s t andard less  a n a l y s i s  i n  both  t h i n  f i l m  and bulk samples. There i s  
con t inu ing  d i scuss ion  of the  a p p l i c a b i l i t y  and accuracy of c o r r e c t i o n  methods i n  
o the r  ses s ions  of t h i s  Congress. 

I n  biology t h e  s i t u a t i o n  i s  somewhat d i f f e r e n t  because of t h e  na tu re  of t i s s u e s ,  
so t h a t  sample p repa ra t ion ,  specimen thickness  and mode of mounting must be taken 
i n t o  account.  These problems a r e  descr ibed i n  chapter  5 of r e fe rence  3 by Hal l  
and Gupta, and i n  many o t h e r  pub l i ca t ions .  A very u s e f u l  guide t o  t h e  complex- 
ities of t h e  a p p l i c a t i o n  of X-ray microanalysis  i n  biology i s  t h e  compila t ion of 
papers  from the  annual SEM meetings (31).  One s e c t i o n  of it s e t s  ou t  t h e  va r ious  
s t e p s  i n  q u a n t i t a t i v e  s t u d i e s :  "spectrum handling and background removal procedures,  
s t andards ,  theory of q u a n t i t a t i o n  problems and sources  of e r ro r" .  A p a r t i c u l a r l y  
va luab le  paper i s  t h a t  by Chandler ( 3 2 ) ,  which d i s t i n g u i s h e s  between t h i c k ,  t h i n  
and u l t r a t h i n  samples, t h a t  r e q u i r e  d i f f e r e n t  t r ea tmen t s  f o r  q u a n t i t a t i o n .  

The ques t ion  of t h e  use  of s t andards  i n  b i o l o g i c a l  microprobe a n a l y s i s  i s  s t i l l  
very much a sub jec t  of content ion,  but  a t  a poorer l e v e l  of e r r o r  ('1.5-10%) than i n  
metals .  It has  been d i scussed  by Roomans (33) and by Russ (34) a s  w e l l  a s  by t h e  
au thors  mentioned above. The r e c e n t  work by Hagler e t  a 1  (35) seems t o  promise a 
d e f i n i t i v e  answer t o  t h e  problem. The e f f e c t  of t h e  e l e c t r o n  beam on t h e  specimen 
i s  a s e p a r a t e  ma t t e r ,  however, which i s  d iscussed i n  many of these  papers ;  i t  may 
be minimised by cryo-techniques,  b u t  not  completely avoided. 

Conclusion 

It i s  tempting t o  make a comparison of t h e  X-ray probe technique wi th  o t h e r  micro- 
a n a l y t i c a l  methods. This i s  p o i n t l e s s  i n  any r e a l i s t i c  sense ,  however, because they 
d i f f e r  widely i n  t h e  type of a p p l i c a t i o n  f o r  which each i s  b e s t  s u i t e d .  Energy l o s s  



spectrometry may be optimal for detecting very small aggregations of a single 
element, but X-ray microanalysis is likely to be the only means of elemental 
analysis of a multi~om~onent specimen. In a broader view the principles and limits 
of accuracy of the various methods have been discussed and tabulated by both Cazaux 
(5) and by Werner (4). The extent to which some technique is applicable to a 
particular problem can often be judged in meetings such as the present occasion. 
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