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111.

A b s t r a c t .

A new curved  c r y s t a l  Xray s p e c t ro m e te r ,  w i th  a spo t  focus  

Xray source and p r o p o r t i o n a l  c o u n t e r  d e t e c t o r , h a s  been c o n s t r u c t e d  

and i t s  d e s ig n  i s  d e s c r ib e d .  The r e s u l t s  of  a  p r e l i m i n a r y  

i n v e s t i g a t i o n  i n t o  the  v a r i a t i o n  of  the  i n t e n s i t y  r e c e iv e d  a t  th e  

d e t e c t o r ,  w i th  movement of  the  s o u rc e ,  a re  d i s c u s s e d .

A s tudy of  the  My a b s o r p t i o n  l i n e  of  y t t e r b i u m  has been made 

and the M̂ y and My a b s o r p t i o n  edges of y t t e r b iu m ,  lu tec ium  and 

hafnium t o g e t h e r  w i th  the M i ü  edge of y t t e r b i u m  a re  r e p o r t e d  f o r  

the  f i r s t  t im e .  The d i s c rep a n cy  between the  observed p o s i t i o n s  of  

the  Miy and My edges and those  c a l c u l a t e d  from d a t a  on the  L 

s p e c t r a  of t h e s e  elements  i s  d i s c u s s e d .

A comparison  has been made between the  a b s o r p t i o n  of  y t t e r b i u m  

i n  the  pure meta l  and i n  compound, and the  absence  of  th e  My 

a b s o r p t i o n  l i n e  f o r  the metal  c l e a r l y  i n d i c a t e d .  The Miy and My 

edges of the meta l  have been found t o  occur  a t  e n e r g i e s  some 

14 cv lower tha n  those  of y t t e r b i u m  f l u o r i d e  ( o r  ox ide)  and the  

cause  of  t h i s  s h i f t  i s  i n d i c a t e d .  To f a c i l i t a t e  the  p r e p a r a t i o n  

of  pure metal  f o i l s  an  e v a p o r a t io n  chamber a t t a c h e d  t o  the  

s p e c t ro m e te r  tank  has been des igned  and c o n s t r u c t e d .  By t h i s  means 

t h e  f o i l s  could  be p repared  and t r a n s f e r e d  i n t o  the  Xray beam 

w i thou t  exposure to  a i r .

The measurement of the  Miy and My edges of t a n ta lu m  (ox ide )  

i s  d e s c r ib e d  and a s u g g e s t io n  made to  account  f o r  the d i f f e r e n c e  

between t h e i r  p r e v io u s l y  r e p o r te d  p o s i t i o n s .
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2.
Xray A b s o r p t io n .

The A b so rp t io n  C o e f f i c i e n t .

The a b s o r p t i o n  of  Xrays f o l l o w s  the  same l o g a r i t h m i c  law as  

a l l  e l e c t r o m a g n e t i c  r a d i a t i o n ,  thus  i f  i s  the  i n c i d e n t  i n t e n s i t y ,  

th e  l i n e a r  a b s o r p t i o n  c o e f f i c i e n t  and d the  t h i c k n e s s  of 

a b s o r b e r  t r a v e r s e d  th e n  the  t r a n s m i t t e d  i n t e n s i t y  i s  g iven  by

Here I i s  a  f u n c t id r t  of the  a tomic  number of th e  a b s o rb in g  atoms 

and th e  energy of  th e  inc iden t}  pho tons .  I t  i s  a l s o  a  f u n c t i o n  of 

t h e  d e n s i t y  of the  a b s o r b e r  and in  o r d e r  t o  remove t h i s  dependence 

on p h y s i c a l  s t a t e  i t  i s  u s u a l  toi c o n s i d e r  the  mass a b s o r p t i o n  

c o e f f i c i e n t  which i s  g iv e n  by th e  fo l lo w in g  e x p r e s s i o n

I  =

where m i s  the  mass p e r  u n i t  a r e a  of  th e  a b s o r b e r ,  from th e s e  two 

e x p r e s s io n s  i t  can be seen  t h a t  th e  mass a b s o r p t i o n  c o e f f i c i e n t  

i s  e q u a l  t o  th e  l i n e a r  a b s o r p t i o n  c o e f f i c i e n t  d iv i d e d  by the  

d e n s i t y  of  th e  s u b s t a n c e .  These a b s o r p t i o n  c o e f f i c i e n t s  a re  r e a l l y  

t h e  sum of two c o e f f i c i e n t s ,  th u s

.  IE + cr

where ^  r e f e r s  t o  a b s o r p t i o n  th ro u g h  photo e f f e c t  and (T  to  

s c a t t e r i n g  by e l e c t r o n s .  However as  Sandstrbm^^ has  p o in t e d  o u t ,  

i n  comparison w i th  Z  , O' i s  v e ry  sm al l  i n  the  r e g i o n  of  s o f t  Xrays 

and f o r  heavy atoms and so ,  f o r  t h e  purposes  of  t h e  p r e s e n t  

i n v e s t i g a t i o n  i t  may be c o n s id e r e d  t h a t  th e  mass a b s o r p t i o n  . 

c o e f f i c i e n t  i s  a  measure o f  the  photo  e f f e c t  a l o n e .



3 .
A measure of  th e  amount of  energy  abso rbed  by i n d i v i d u a l  atoms i s  

g iven  by th e  atomic a b s o r p t i o n  c o e f f i c i e n t  which i s  r e l a t e d  t o  the
i

mass a b s o r p t i o n  c o e f f i c i e n t  i n  the  fo l l o w i n g  manner:

/ ^ a  à  
N

where A i s  t h e  a tomic  weight  o f  t h e  m a t e r i a l  and N i s  Avogadro ' s  

number.

Xray A b s o r p t io n  S p e c t r a .

The i n t e r a c t i o n  between a beam of photons  and a p a r t i c u l a r  

atomic  system i s  c h a r a c t e r i s t i c  o f  t h a t  system. I t  i s  s e l e c t i v e  i n

th e  sense  t h a t  photons  of  a  c e r t a i n  energy  may be abso rbed  much
!

more r e a d i l y  t h a n  th o se  w i th  an  ene rgy  which d i f f e r s  only  by a 

smal l  amount.  The mechanism of t h i s  a b s o r p t i o n  of  energy  i s  a 

change i n  t h e  e l e c t r o n i c  s t r u c t u r e  of  th e  atom. An e l e c t r o n  i s  

removed from i t s  s t a t e  i n  the  normal c o n f i g u r a t i o n  t o  a s t a t e  of  

h i g h e r  ene rgy ;  a  s t a t e  which i s  empty o r  does not e x i s t  i n  the

normal atom. The energy  of  Xray pho tons  i s  such t h a t  th e se
i

t r a n s i t i o n s  o r i g i n a t e  from s t a t e s  w e l l  w i t h i n  the  e l e c t r o n i c  

s t r u c t u r e  of  th e  atom. The b in d in g  energy  of  e l e c t r o n s  i n  the se  

s t a t e s  i s  so l a r g e  t h a t  i t  i s  the  i n i t i a l  l e v e l s  which predominate 

over  the  c h a r a c t e r  of  t h e  a b s o r p t i o n  spec trum ,  whereas v a r i a t i o n s  

i n  th e  ene rgy  of  the  f i n a l  s t a t e  have only  a secondary  i n f l u e n c e .  

Thus a  p l o t  o f  th e  a b s o r p t i o n  c o e f f i c i e n t  of  a  s u b s t a n c e  over  a 

wide range  of  energy w i l l  show a s e r i e s  of  d i s c o n t i n u i t i e s  a t  

e n e r g i e s  j u s t  s u f f i c i e n t  to  remove an  e l e c t r o n  from the  v a r io u s  

i n n e r  l e v e l s .  Such an  a b s o r p t i o n  curve  i s  shown s c h e m a t i c a l l y  i n



4 .
Diagram 1 , 1 .  The ’’edges'* a r e  l a b e l l e d  i n  t h e  same manner a s  the 

i n i t i a l  l e v e l  of  th e  e j e c t e d  e l e c t r o n  and t h i s  i n d i c a t e s  how 

e a r l y  d e t e c t i o n  of  t h e s e  d i s c o n t i n u i t i e s  i n  a b s o r p t i o n ,  t o g e t h e r  

w i th  d a t a  on e m is s ion  l i n e s ,  formed the  b a s i s  f o r  ass ignm en t  of 

e l e c t r o n i c  l e v e l s  i n  atoms^.  ;

cne rgy

D I A G R A M  1.1 XRAY ABSORPTI ON E D G E S .

There  w i l l  be many p o s s i b l e  end l e v e l s  f o r  a t r a n s i t i o n  of an 

e l e c t r o n  from an i n n e r  l e v e l  and th e s e  p o s s i b l e  t r a n s i t i o n s  w i l l  

fo l lo w  th e  u s u a l  p a t t e r n  of  such a tomic  phenomena, a  p a t t e r n  

which i s  c o n v e n i e n t l y  d e s c r i b e d  by th e  v a r i o u s  quantum number 

s e l e c t i o n  r u l e s .  However, as  has  a l r e a d y  been mentioned,  d i f f e r e n c e s  

i n  th e  energy  of t h e s e  v a r i o u s  f i n a l  l e v e l s  e x e r t  only  a secondary 

i n f l u e n c e  on th e  a b s o r p t i o n  spec trum and t h i s  i n f l u e n c e  t a k e s  the 

form o f  a  s t r u c t u r e  on each of the  a b s o r p t i o n  edges .  From the  

s e l e c t i o n  r u l e s  i t  can be seen  t h a t  i f  the  i n i t i a l  s t a t e  i s  

c h a r a c t e r i s e d  by t h e  az im utha l  quantum number L th e n  the  s t r u c t u r e



5.
on th e  a b s o r p t i o n  edge w i l l  depend p r i n c i p a l l y  upon the  

d i s t r i b u t i o n  of  a v a i l a b l e  s t a t e s  w i th  an  (L+1) symmetry. Thus 

the  K edge s t r u c t u r e  w i l l  depend on the  a v a i l a b l e  p type s t a t e s ,  

the  L i i i  edge s t r u c t u r e  w i l l  depend upon th e  a v a i l a b l e  d type  

s t a t e s  and so on.  There w i l l  a l s o  be a dependence upon the  ( L - l )  

s t a t e s  but  from a c o n s i d e r a t i o n  of  Xray em is s io n  l i n e s  i t  seems 

t h a t  t h e s e  t r a n s i t i o n s  a r e  l e s s  p robab le  and so dependence upon 

(L+1) s t a t e s  w i l l  p redomina te^»^ .  Thus i n  an  assembly  of non 

i n t e r a c t i n g  i d e n t i c a l  atoms an  a b s o r p t i o n  edge w i l l  commence w i th  

a converg ing  s e r i e s  of  maxima c o r r e s p o n d in g  to  t r a n s i t i o n s  of  an  

i n n e r  e l e c t r o n  i n t o  the  s e r i e s  of, empty o u t e r  o r b i t a l s  w i th  the  

r e l e v a n t  a z im u th a l  quantum number,  A monatomic gas approx im ate s  

to  th e  c o n d i t i o n  of  non i n t e r a c t i n g  atoms and P a r r a t t ^  has shown 

t h a t  f o r  th e  a rg o n  K edge j u s t  t h i s  type  of  s t r u c t u r e  i s  observed  

(Diagram 1 . 2 . )

O energy in ev. lO

DIAGRAM 1.2. K ABSORPTION EDGE FOR ARGON

(a f t e r  p a r r a t t )
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S ince  an  i n n e r  e l e c t r o n  has  been  removed the  e f f e c t i v e  charge  of  

the nuc leus  i s  i n c r e a s e d  by ap p ro x im a te ly  one and so  th e  f i n a l  

bound s t a t e  of the  e l e c t r o n  w i l l  be s i m i l a r  to  an o p t i c a l  l e v e l  

of an  atom of the  next  e lement  up i n  the  P e r i o d i c  T a b l e ,  t h a t  i s  

p o ta s s iu m  i n  the  p a r t i c u l a r  case  mentioned  h e re .  So f u r  only the  

Case of  an atom f r e e  from th e  i n f l u e n c e  of  o t h e r  atoms has been 

c o n s i d e r e d ,  a  case  having  l i m i t e d  a p p l i c a b i l i t y  which does not  

i n c lu d e  w i t h i n  i t s  scope most of the observed  a b s o r p t i o n  phenomena.

S t u d i e s  a re  u s u a l l y  made on s u b s t a n c e s  i n  the  s o l i d  s t a t e  i n  which
I ;

t h e r e  i s  an  a r r a y  of  m u tu a l ly  i n t e r a c t i n g  atoms.  The o p t i c a l  

l e v e l s  w i l l  s t i l l  be c r e a t e d  when an e l e c t r o n  i s  removed from 

i n s i d e  the  atom but  t h e y  w i l l  now be p e r tu rb e d  by th e  f i e l d  of  

n e ighbour ing  a toms.  The p e r t u r b a t i o n  of  t h e  most t i g h t l y  bound 

l e v e l s  w i l l  on ly  be s l i g h t  and t h a t  pn ly  r e a l l y  e f f e c t e d  by
; I

im media te ly  s u r ro u n d in g  atoms.  In  t h i s  case the  s t r u c t u r e  of  the  

edge may be t r e a t e d  on a "m o lecu la r"  b a s i s .  For example Hanson
I

and Beeman^ have shown t h a t  th e  K a b s o r p t i o n  s t r u c t u r e s  of the  

manganese io n  i n  s o l u t i o n  and i n  many s o l i d  manganese s a l t s  do not 

d i f f e r  in  any e s s e n t i a l  f a s h i o n ,  i n d i c a t i n g  t h a t  the  cause  of t h i s  

s t r u c t u r e  i s  e x t re m e ly  l o c a l .  Leve ls  f u r t h e r  o u t s i d e  the  atom w i l l  

be much more d i s t u r b e d  by the  l a t t i c e ,  becoming l e v e l s  of the  

c r y s t a l  l a t t i c e  r a t h e r  th a n  the  l e v e l s  of a  p a r t i c u l a r  atom. 

E l e c t r o n s  which were bound i n  the  oute rm os t  d i s c r e t e  l e v e l s  of  the  

f r e e  atom w i l l  now move "quas i  f r e e l y "  th roughout th e  c r y s t a l  i n  the  

p e r i o d i c  p o t e n t i a l  f i e l d  of a l l  th e  l a t t i c e  i o n s .  They a r e  only
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q u a s i  f r e e  s in c e  they  a r e  s t i l l  r e s t r i c t e d  t o  an energy  range o r  

band,  th e  w id th  of  which depends upon th e  exchange p r o b a b i l i t y  of 

the  e l e c t r o n s  between i n d i v i d u a l  a tomic  sys tem s .  Any e l e c t r o n  

e j e c t e d  from an i n n e r  l e v e l  of  an  atom i n  t h e  l a t t i c e  w i l l  have 

an energy  i n  one of  t h e s e  bands ,  which a r e  s e p a r a t e d  by fo rb id d e n  

energy  r e g i o n s .  The two ty p e s  of  s t r u c t u r e  a r i s i n g  from the  

l o c a l i s e d  o p t i c a l  l e v e l s  on the  one hand and energy bands of  the  

c r y s t a l  on the  o t h e r  a r e  termed Kossel^ and Kronig? s t r u c t u r e  

r e s p e c t i v e l y  a f t e r  t h e i r  f i r s ^  p ro p o n e n t s .  The energy  bands i n  the  

c r y s t a l  l a t t i c e  w i l l  have a symmetry a s s o c i a t e d  w i th  them, d e r iv e d

from t h e i r  e q u i v a l e n t  a tomic  ie j r e l ,  t h a t  i s  th e re  w i l l  be s ,  p, d
i'

bands e t c e t e r a ;  however t h e s e  i n d i v i d u a l  bands may o v e r l a p  or
; t

o t h e r  bands of  a  h y b r id  ty pe  may be formed i n  which t h e r e  i s  a

m ix ture  of  symmetries such  as  a  (d+f)  band .  Thus the  s t r u c t u r e  a t

h ig h e r  e n e r g i e s  from th e  main a b s o r p t i o n  edge w i l l  be complex but

w i l l  g ive  in f o r m a t io n  about  the  d i s t r i b u t i o n  of unoccupied  energy

bands w i t h i n  the  l a t t i c e ,  j u s t  as  em is s io n  s p e c t r a  w i l l  p rovide

i n f o r m a t i o n  about  the  l e v e l s  which a r e  f i l l e d .  Two p o i n t s  must be

remembered however; i n  t h e  f i r s t  i n s t a n c e  the  shape of an a b s o r p t i o n

edge o r  an em is s ion  l i n e  does not  g ive  a d i r e c t  p i c t u r e  of the

d e n s i t y  of  s t a t e s  s in c e  i t  i s  modified  by th e  t r a n s i t i o n

p r o b a b i l i t i e s  between th e se  s t a t e s  and the  i n n e r  atomic s t a t e s .

8Jones  and Mott w r i t e  f o r  the  i n t e n s i t y  of  a b s o r p t i o n  or  em iss ion

1(E) = N(E)T(E)

where N(E) i s  the  d e n s i t y  of  s t a t e s  and T(E) the  t r a n s i t i o n
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p r o b a b i l i t y .  A s u b s c r i p t  shou d be p laced  on N(E) s in c e  i t  i s  

r e a l l y  the  d e n s i t y  of a  p a r t i c u l a r  ty pe  of s t a t e s  ( s ,  p or  d e t c . )  

which i s  in v o lv e d .  The second im p o r t a n t  p o in t  i s  t h a t  the  d e n s i t y  

of s t a t e s  o c c u r r i n g  i n  the  a b s o r p t i o n  p roces s  i s  t h a t  f o r  the  

p a r t i c u l a r  c a s e  when the^e  i s  a  vacancy  i n  an i n n e r  l e v e l  and t h a t  

o c c u r r i n g  i n  the  em iss ion  p ro c e s s  i s  f o r  the  case  when t h e r e  i s  a 

vacancy i n  th e  va lence  or  c o n d u c t io n  band,  i f  the  e m is s ion  l i n e ,  

which i s  n e a r e s t  i n  energy t o  t h a t  of  th e  a b s o r p t i o n  edge,  i s  

c o n s id e r e d .  I t  i s  i n t e r e s t i n g  t o  note  i n  t h i s  c o n te x t  t h a t  a  s tudy
' !  I

of a b s o r p t i o n  l i n e s  and a s s o c i a t e d  e m is s io n  l i n e s  should  i n d i c a t e  

q u i t e  c l e a r l y  the  d i f f e r e n c e  between m e ta l s  and i n s u l a t o r s .  I n , t h e  

f i r s t  case  t h e r e  i s  no gap between occup ied  and unoccupied  s t a t e s  

and so the  e m is s ion  p r o f i l e  should  come c l o s e  to  the  a b s o r p t i o n  

edge whereas i n  th e  second case  t h e r e  i s  a  gap .  This  i s  i l l u s t r a t e d  

s c h e m a t i c a l l y  i n  Diagram l . j .  The i n n e r  a tom ic  l e v e l  i s  marked X 

and i n  the  m e ta l  the  Fermi s u r f a c e  r e f e r s  t o  th e  boundary between 

occupied  and unoccupied  s t a t e s  o f  th e  one band.  The o r d i n a t e  i n  

t h e s e  diagrams which r e p r e s e n t s  the  energy  of  t h e  jumping e l e c t r o n  

i s  not  drawn t o  s c a l e .  As has  been p o in t e d  out  by P a r r a t t ^  such 

"one e l e c t r o n  jump" diagrams a re  notv a  s t r i c t l y  a c c u r a t e  

r e p r e s e n t a t i o n  of  Xray a b s o r p t i o n  and em is s io n  p r o c e s s e s  s ince  

rea r rangem en t  of  o t h e r  e l e c t r o n  s t a t e s  a l s o  o c c u r s .  The a b s o r p t i o n  

or  e m is s io n  of Xrays r e s u l t s  r a t h e r  i n  a  change i n  t h e  e l e c t r o n i c  

sys tem  as  a whole,  a l b e i t  t h e  major p a r t  of  t h i s  change invo lves  

j u s t  one e l e c t r o n .



f o r b i d d e  n 
g a p
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s u r f a c e

a bs o r p t i on

I N S U L A T O R METAL

DIAGRAM 1.3. SCHEMATIC REPRESENTATION OF EMISSION AND 
ABS ORPTI ON FOR INSULATORS AND M E T A L S .

As an  o v e r a l l  d e s c r i p t i o n  of  a b s o r p t i o n  edges K i e s t r a ^  has  

summarised h i s  ex p e r i e n c e  a s  fo l lo w s :

" ( a )  I n  a r e g io n  c l o s e  to  t h e  edge th e  behav iou r  of t h e  

a b s o r p t i o n  c o e f f i c i e n t  i s  mainly a p r o p e r ty  of  the  

atom i n  q u e s t i o n .

(b )  I n  th e  fo l l o w in g  r e g io n  the f i n e  s t r u c t u r e  i s  

de te rm ined  by the  immediate s u r ro u n d in g s  of  the  atom.

( c )  I n  th e  r e g io n  of  h i g h e s t  energy ,  the  f i n e  

s t r u c t u r e  depends e s s e n t i a l l y  on the  whole c r y s t a l  

l a t t i c e " .

The e x t e n t  of  t h e se  r e g io n s  w i l l  depend very  much upon the 

s u b s tan ce  s t u d i e d .  Throughout ,  the  p h y s i c a l  p ro c e s s  i s  the  same; 

th e  d i s t i n c t i o n  a r i s e s  i n  th e  f a c t o r s  which must be cons ide red  

and th e  consequen t  t e c h n iq u e  which must be employed i n  o rde r  to



10.
o b ta in  a v i a b l e  ma thematica l  d e s c r i p t i o n .

So f a r  i n  t h e  d i s c u s s i o n  no mention has been made of  the  

p o s s i b i l i t y  of  Xray a b s o r p t i o n  l i n e s  o t h e r  than  those  a s s o c i a t e d  

with  the  a b s o r p t i o n  edges  of  r a r e  g a s e s .  For such l i n e s  t o  e x i s t  

th e r e  must be a  h igh  d e n s i t y  of  a v a i l a b l e  s t a t e s  i n  a  narrow 

reg io n  of  energy .  Th is  s i t u a t i o n  w i l l  a r i s e  when the  i n f l u e n c e  of 

the atom predominate s  over  the  i n f l u e n c e  of the c r y s t a l  l a t t i c e ,  

a  s i t u a t i o n  which would be expec ted  t o  occu r  f o r  a  t r a n s i t i o n  

s e r i e s  of e l em en t s ,  t h a t  i s  a  s e r i e s  i n  which an  i n n e r  e l e c t r o n
I

l e v e l  i s  p a r t i a l l y  empty.  But f o r  the  t h r e e  s e r i e s  which in vo lve  

the f i l l i n g  of  d l e v e l s  t h e r e  i s  s t i l l  some exchange w i th  

ne ighbour ing  atoms as  t h e s e  l e v e l s  a r e  not  r e a l l y  b u r i e d  w i t h i n  

the  e l e c t r o n i c  s t r u c t u r e  of the  atom. Thus a l though  the  d e n s i t y  

of s t a t e s  i s  c o n s i d e r a b l e  the  r e s u l t i n g  a b s o r p t i o r  l i n e  w i l l  be 

f a i r l y  broad  and not  c l e a r l y  r e s o lv e d  from the  edge.  These l i n e s  

w i l l  appea r  on edges due to  t r a n s i t i o n s  from p l e v e l s  ( e g .  t^ i i i
I

Mii M i i i )  and i n  f a c t  have been observed  by many e x p e r i m e n t e r s .

For the  l a n th a n id e  s e r i e s  of e l em en t s ,  and a l s o  f o r  the  a c t i n i d e  

s e r i e s ,  the  phenomena o f  a b s o r p t i o n  l i n e s  i s  much more c l e a r l y  

dem onst ra ted  s in c e  th e  v a ca n t  l e v e l  in v o lv e d  here i s  w e l l  b u r i e d  

w i t h i n  th e  e l e c t r o n i c  s t r u c t u r e  of  th e  atom and so th e  a b s o r p t i o n  

l i n e s  should be sha rp  and w e l l  removed from th e  edges .  The vaca n t  

i n n e r  l e v e l s  a r e  f  ty pe  and so a b s o r p t i o n  l i n e s  a re  a s s o c i a t e d  

w i th  the Miv <̂ nd My s p e c t r a .  For the  r a r e  e a r t h  s e r i e s  such l i n e s  

have been observed  by many exp e r im e n te r s  s ince  1V31, when
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Lindberg lO d i s c o v e r e d  them f o r  y t t e r b i u m  and erbium, bu t  t h e s e  

w i l l  be d e a l t  w i th  more f u l l y  below.

P rev io u s  Measurements of M A b so rp t io n  S p e c t r a .

Most of  the  e a r l y  measurements of  M a b s o r p t i o n  edges were made 

w i th  a s i n g l e  p lane  c r y s t a l  s p e c t r o m e te r  of  a  type o r i g i n a l l y  

d e s ig n ed  by Seigbahn^^ .  D e te c t io n  of the  Xrays was made 

p h o t o g r a p h i c a l l y  and measurements of  th e  wavelength  p o s i t i o n  of  

t h e  edges made by i n c l u d i n g  r e f e r e n c e  l i n e s  on th e  p l a t e  which 

was t h e n  examined w i th  a t r a v e l l i n g  microscope .  L a t e r  

microphotomete r  cu rv es  were made from the  o r i g i n a l  pho tograph .

I n  more r e c e n t  t im es  cu rved  c r y s t a l  s p e c t ro m e te r s  of t h e  Johann^^ 

ty p e  have been employed but  i n  a l l  t h e  work on t i e  M a b s o r p t i o n  

s p e c t r a  of the  r a r e  e a r t h s  and e lements  above i n  th e  P e r i o d i c  

Table  th e  t e chn ique  o f  pho tog raph ic  d e t e c t i o n  has been  employed.

The a b s o r p t i o n  s c r e e n s  used i n  t h e s e  i n v e s t i g a t i o n s  were
I

p re p a re d  i n  d i f f e r e n t  ways.  At f i r s t  s o lu b l é  s a l t s  were employed 

and the  s c r e e n s  p repared  by d ip p in g  f i l t e r  pape rs  i n  c o n c e n t r a t e d  

s o l u t i o n s  of them. O ther  f o i l s  were p repa red  by g r in d i n g  the  

me ta l  or  compound i n t o  a  f i n e  powder and th e n  mixing i t  w i th  a 

l a c q u e r  or  some o t h e r  s o l u t i o n  of  o rg an ic  s u b s tan ce  which formed 

a  s k in  once the  s o lv e n t  had e v a p o r a t e d .  Examples of  subs tances  

used i n  such a  p r e p a r a t i o n  a r e  c o l l o d i o n  i n  e t h e r  and c e l l u l o i d  

i n  amyl a c e t a t e .  Some metal  f o i l s  have been p repa red  by rubb ing  

th e  metal  on a  p iece  of  pap e r ,  o t h e r s  by e v a p o r a t i o n  or  c a t h o d ic  

s p u t t e r i n g  i n  vacuum. Sometimes meta l  f o i l s  of  th e  r i g h t  t h i c k n e s s
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were o b ta in e d  by t r e a t i n g  c o m p a ra t iv e ly  t h i c k  f o i l s  w i th  aqua 

r e g i a .

The f i r s t  e x a m in a t io n  of M a b s o r p t i o n  edges was made i n  1919 

by S ten s tr t tro l^ ,  who de te rm ined  th e  w aveleng th  p o s i t i o n s  o f  th e  My, 

Hiv and M iü  l i m i t s  f o r  Uranium and tho rium , used  i n  th e  form of 

s o lu b le  n i t r a t e s .  C o s t e r l ^  measured th e  M ii^and Mi edges  f o r  

th e s e  two e lem en ts  and a l s o  th e  My, Miy and M iü  edges f o r  b ism uth
j , ' ’

i n  1 9 2 1 . T h is  a u th o r  n o t i c e d  t h a t  t h e r e  was a  d is c re p a n c y  between 

h i s  o b s e rv a t io n s  f o r  th e  w ave leng ths  o f  th e  My and Miy edges 6f
I .

bism uth and th e  v a lu e s  o b ta in e d  from c a l c u l a t i o n s  based  on th e  L

e m iss io n  and a b s o r p t io n  r e s u l t s . ; These c a l c u l a t i o n s  can  be
I ' .

summarised by th e  e q u a t io n s

Miv “ L ii -  L/6 i 

o r  Miv * L i i i  “■ LOC 2 

and My = L i ü  — L#<i 

However i t  was assumed t h a t  th e  d is c re p a n c y  was e x p e r im e n ta l  i n  

o r i g i n .  I n  1923 R oss l^  r e p o r te d  th e  f iv e  M edges f o r  th o r iu m  

a g a in  u s in g  th e  s o lu b le  n i t r a t e .  The next elem ent to  be s tu d ie d  

was tu n g s te n  by Z um ste in l^  i n  1925* Powdered tu n g s te n  t r i o x i d e  

mixed w ith  c o l lo d io n  formed th e  s c r e e n  and th e  anomalous w ave leng ths  

o f  th e  My and Miy were n o te d .  Two y e a r s  l a t e r  w ith  th e  same 

equipment Rogers^^ measured th e  M s e r i e s  a b s o r p t io n  spec trum  f o r  

osmium, i r id iu m  and p la t in u m . A l l  th e  ed g es ,  w ith  th e  e x c e p t io n  

Mi f o r  i r id iu m  and th e  M ü f o r  p la t in u m  were d e t e c t e d  u s in g  OsO^, 

I r C l j  and P tC l^  d i s s o lv e d  i n  a  m ix tu re  of c o l lo d io n  and e t h e r  to
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form the  a b s o r p t i o n  s c r e e n s .  Two ty p e s  of  a b s o r p t i o n  were

r e p o r t e d :  "w h i te  l i n e "  a b s o r p t i o n  and l i m i t s  s e p a r a t i n g  two

r e g io n s  of  unequal  d a rk en in g  on the  p ho tog raph ic  p l a t e .  Rogers

a l s o  r e p o r t e d  a  s i m i l a r  d i s c r e p a n c y  f o r  th e  My and M^y

w aveleng ths  as  t h a t  no ted  by p rev io u s  w orkers  and s u g g e s te d  t h a t

i t  may be due to  e r r o r s  i n  t h e  L d a t a  which would l e ad  t o  l a r g e

e r r o r s  i n  th e  c a l c u l a t e d  M v a l u e s ,  and a l s o  i n  some p a r t  t o  the

f a c t  t h a t  compounds and no t  pure m e ta ls  were used .  C on t inu ing

18the  work a t  Iowa, Johnson  i n v e s t i g a t e d  th e  M a b s o r p t i o n  f o r
! i

m e t a l l i c  p la t in u m  and g o ld .  A l l  the  edges w i th  th e  e x c e p t i o n  of
T  - ' ' •

t h e  go ld  M^i were d e t e c t e d  and the  anomaly f o r  th e  My and M^y

was once more a p p a r e n t .  No "white l i n e s "  were observed  f o r

p la t inum  as  they  had been by Rogers.  In  1929 L indJerg lO  commenced

a  su rvey  o f  the  My* Miy and M iü  a b s o r p t io n  edges f o r  th e  group

I 'of  h e a v i e r  e lements  from t u n g s t e n  t o  uranium. Of t h e s e  e lements

p la t in u m , g o ld ,  t h a l l i u m ,  le a d ,  b ism uth  and tu n g s te n  were s tu d ie d
[

in  th e  m e ta l l i c  s t a t e ;  uranium , th o r iu m , le ad  and tu n g s te n  i n  th e

form of ox id e s ;  and mercury i n  t h e  form of i t s  c h l o r i d e  and
h

s u l p h i d e .  The d i s c r e p a n c i e s  o b ta in e d  f o r  the  edges  were t a b u l a t e d  

and an  e x p l a n a t i o n  of  t h e s e  d i f f e r e n c e s ,  f o l l o w in g  t h a t  of 

S iegbahn^^ ,  was s u g g e s te d .  Accord ing  to  Siegbahn th e  normal 

s e l e c t i o n  r u l e s  shou ld  ho ld  f o r  th e  a b s o r p t i o n  p ro c e s s  and so th e  

end l e v e l s  f o r  th e  L edges w i l l  d i f f e r  from those  f o r  the  My and 

Miy edges .  A f u l l e r  d i s c u s s i o n  of  t h i s  d i s c r e p a n c y  i s  re se rved  

f o r  a  l a t e r  c h a p t e r .  Lindberg d e t e c t e d  s l i g h t  d i f f e r e n c e s  f o r  the
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edges i n  pure m e ta l  and compound. These were of th e  o rd e r  of one
I

o r  two e l e c t r o n  v o l t s ,  th e  l a r g e s t  be ing  abou t 4 e , v .  f o r  uranium

in  the  m etal and o x id e .  In  1931 Whitmer^^ ex tended  th e  e lem en ts

s tu d ie d  to  ta n ta lu m ,  r e p o r t i n g  th e  My, M|y and? Mj[ü ed g es ,  and 

21K r a f f t  examined b ism uth , l e a d ,  th a l l i u m  and go ld  and r e p o r te d  

secondary  s t r u c t u r e  a s s o c i a t e d  w ith  the  main edge which was ta k en  

to  be due to  sim ple i o n i s a t i o n  of th e  atom. The s u b s i d i a r y  edges 

were found to  be mainly on th e  low energy s id e  of th e  p r i n c i p a l

edge and i t  was su g g es ted  t h a t  they  may be a s s o c i a t e d  w ith
:  1 '  '  | i

t r a n s i t i o n s  i n t o  th e  empty 0, l e v e l .  A l l  fou^ e lem en ts  were s tu d ie d  

in  th e  m e ta l l i c  s t a t e  and a l s o  i n  th e  compounds B iC l j ,  Pb(N0 ^ )2 t 

Tl(NOij) and AuCl^. P helps^^  made a  c a r e f u l  s tu d y  of m e ta l l i c  

b ism uth i n  1934 and v e r i f i e d  la rg e  d i s c r e p a n c ie s  f o r  th e  My and
I

Mj ŷ edges whereas th e  o th e r  t h r e e  edges were found to  ag ree  w ith

c a l c u l a t e d  v a lu e s .  P h o to g rap h ic  work on th e  My and Mj ŷ edges of

p r o ta c t in iu m  was c a r r i e d  out in  1936 by D o le jsek  and Kunzl^^;

th e s e  a u th o rs  r e p o r t e d  t h a t  th e re  was no d is c re p a n c y  between t h e i r

measurements and v a lu e s  c a l c u l a t e d  from L s p e c t r a .  I n  1939 

23P o laz ek  c a r r i e d  out measurements on g o ld ,  t h a l l i u m ,  le a d ,

b ism uth , tho r ium  and uranium . The My edge was measured f o r  a l l  s ix

e lem en ts  and th e  M^y fo r  uranium  and tho rium . Pure m e ta l  f o i l s

were used excep t f o r  uranium and tho rium  when o x id es  mixed in  a

zapon s k in  were p r ep a red .  A s t r u c t u r e  on the edges was r e p o r t e d

and i n  a l l  cases  the  energy of  the  edges was found t o  be
2/

anomalously  h ig h .  Also  i n  t h a t  y e a r  McGrath f i r s t  r e p o r t e d  th e
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Mii Mi edges of  l e ad  and a l s o  measured the  d i f f e r e n c e s  

between the  My and Miv edges f o r  gold  i n  the  pure meta l  and i n  a 

go ld -coppe r  a l l o y ,  r e p o r t i n g  a  s h i f t  to  h ig h e r  e n e r g i e s  of  

2 . 5  e . v .  f o r  the  My and 6 , 8  e . v .  f o r  the  Miy. The fo rmer  was 

s u b s t a n t i a t e d  w i th  more o b s e r v a t i o n s  t h a n  th e  l a t t e r ,  and t a k in g  

the  change i n  the  l a t t i c e  c o n s t a n t  i n t o  c o n s i d e r a t i o n  McGrath 

sugges ted  t h a t  the  s h i f t  f o r  the My was probab ly  about  4 e . v .

Since  1939 few i n v e s t i g a t i o n s  i n t o  the  M a b s o r p t i o n  edges  of the 

h e a v i e r  elements  have been c a r r i e d  o u t .  In  1952 measurements were 

made by Doughty and McGrath^^ on ^he My and Miy edges of  t an ta lum

fo r  which th ey  o b ta in e d  v a lu e s  markedly d i f f e r e n t  from those  of
I ■

26Whitmer.  An i n v e s t i g a t i o n  was c a r r i e d  out  i n  1957 by Mande on 

the My, Miy and M i ü  edges of  m e t a l l i c  g o ld .  The My edge of 

p lu ton ium was r e p o r t e d  by Bobin and Despres^^  i n  1961 and more
; I

a c c u r a t e  measurements were ca r r i ed j  out oh t h i s  metal  i n  1963 by
I I

Cauchois ,  Bonnel le and de Bersuder^^  who r e p o r t e d  a l l  f i v e  M 

edges t o g e t h e r  w i th  l i n e  a b s o r p t i o n s  accompanying the  My and Miy
I

edges . The r e s u l t s  of th e  work mentioned above a re  summarised i n  

Table 1. (Page 97)

AS has been p r e v io u s l y  mentioned,  l i n e  a b s o r p t i o n  i n  the  r a r e  

e a r t h  s e r i e s  of  e lements  was f i r s t  d e t e c t e d  by Lindberg  i n  1939 • 

I n  1945 Rule27 observed such a phenomenon f o r  samarium and i n  t h i s  

depar tment Zandy observed  the  l i n e s  a s s o c i a t e d  wi th  t h e  My and 

Miv s p e c t r a  of praseodymium, neodymium, samarium and europium and 

s in c e  t h a t  time an e x t e n s i v e  survey of t h i s  a b s o r p t i o n  phenomenon
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has been c a r r i e d  out  by t h i s  d e par tm en t^^ .

I
The P re s e n t  I n v e s t i g a t i o n .

The purpose of t h i s  i n v e s t i g a t i o n  was t w o - f o l d .  In  the  f i r s t  

i n s t a n c e  the  r o l e  of the  v a c a n c ie s  i n  the  4-f s h e l l  i n  the  l i n e  

a b s o r p t i o n  of  th e  r a r e  e a r t h s  was to  be c l e a r l y  e s t a b l i s h e d  by 

s tudy ing  the  My a b s o r p t i o n ! l i n e  f o r  y t t e r b iu m  i n  the  pure meta l  

and i n  a chemical  compound. Since  i t s  o u t e r  e l e c t r o n  s t r u c t u r e  i n  

the  m e t a l l i c  s t a t e d ?  i s  4 f^^Gs^ t h e r e  should  be no l i n e ,  whereas 

i n  compound i t  i s  normal ly  p r i v a i e n t  having  one gap i n  the  4 f  

s h e l l  g iv in g  r i s e  to  a  s i n g l e  a b s o r p t i o n  l i n e .  The second p a r t  of
' I

the  work was to  be an  a t t em p t  t o  c l o s e  the  gap,  i n  th e  s tudy  of
I  !  ' i

h e a v i e r  e lements ,  between th o se  which e x h i b i t  the  predominan t ly
: !

l i n e  type of  a b s o r p t i o n  and those  which e x h i b i t  the  edge s t r u c t u r e .  

Th is  was to  be done by a c a r e f u l  exam ina t ion  of y t t e r b i u m ,  

lu tec ium  and hafnium f o r  any edge a b s o r p t i o n  and f i n a l l y  a s tudy  

of tan ta lum  to  a f f o r d  a compar ison between t h i s  and p rev ious  

work.
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Xray Spec t ro scopy  w i th  a Curved C r y s t a l  S p e c t ro m e te r .

As has a l r e a d y  been i n d i c a t e d  the  f i r s t  Xray s p e c t ro s c o p y  t o

28be c a r r i e d  out  i n  t h i s  l a b o r a t o r y  was performed by Zandy , i n

12t h a t  i n v e s t i g a t i o n  a  cu rved  c r y s t a l  s p e c t ro m e te r  of  the  Johann 

type was used and thë  X r a d i a t i o n  was d e t e c t e d  by means of  a  

pho tograph ic  f i l m .  This  type  of  s p e c t ro m e te r ,  i n  which the  Xrays 

a r e  r e f l e c t e d  from the  su r facL  of a  curved c r y s t a l ,  i s  more

s u i t a b l e  f o r  work witlh s o f t  r a d i a t i o n  than  the  t r a n s m i s s i o n  type

32 i  I '  'of  Cauchois , and co n s eq u en t ly  has found much use i n  t h i s  

l a b o r a t o r y .  The p r i n c i p l e  o f ( t h e  s p e c t ro m e te r  i s  i l l u s t r a t e d  

s c h e m a t i c a l l y  i n  Diagram 2 . 1| By analogy w i th  the g r a t i n g
r

sp e c t ro m e te r  used in  th e  o p t i c a l  r e g io n  the  fo c u s s in g  c i r c l e  i s
I

termed th e  Rowland c i r c l e .  The c r y s t a l  i s  bent  so t h a t  i t  forms 

p a r t  of  th e  s u r f a c e  of  a  c y l i n d e r  of r a d i u s  R. The Rowland c i r c l e  

i s  t h e n  a  c i r c l e  of d i a m e te r  R Which passes  through th e  midpoint  

of  th e  c r y s t a l  and i t s  c e n t r e  of, c u r v a t u r e .  The f o c u s s in g  

p r o p e r t i e s  of t h i s  ar rangem ent a re  i n d i c a t e d  i n  the  diagram and 

a r e  such t h a t  a  p o in t  source  of Xrays s i t u a t e d  a t  w i l l  g ive  a 

focussed  l i n e  a t  S |  of  wavelength  g iv e n  by the Bragg

r e l a t i o n :

n A ■» 2d s i n  6

i n  which n i s  the  o rd e r ,  d the  l a t t i c e  s p ac in g  and 0 the  ang le  

between the  r e f l e c t e d  beam and the  ta n g en t  t o  the  r e f l e c t i n g  

l a t t i c e  p l a n e .  S i m i l a r l y  a source  a t  $2 w i l l  g ive  a focussed  l i n e  

a t  S2  of a  d i f f e r e n t  wavelength  The focussed  l i n e  i s
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p e r p e n d i c u l a r  t o  the  pian» of  the  diagram and a r i s e s  because  the  

c r y s t a l  i s  on ly  curved i n  one d i r e c t i o n .  T h e o r e t i c a l l y  i t  i s  only  

p o s s i b l e  t o  ach ieve  p e r f e c t  f o c u s s in g  w i th  an ex tended c r y s t a l  i n  

which the  r e f l e c t i n g  l a t t i c e  p la nes  a re  curved  t o  a r a d i u s  tw ice  

t h a t  of t h e  Rowland c i r c l e  and the  f r o n t  s u r f a c e  of  which has 

been ground out  to  a  r a d iu à  equa l  to  t h a t  of  th e  Rowland c i r c l e .  

However th e  s imple curved c r y s t a l  was used  i n  t h e s e  i n v e s t i g a t i o n s .
I

In  p h o to g rap h ic  work a r e g io n  of  wavelengths  i s  examined 

w i th  one exposure  and so a | c o n t i n u o u s  source  from S |  to  S2 » f o r

example,  i s  r e q u i r e d .  Th is  miy be ach ieved  by p la c in g  a l i n e
' 1 .

source  i n s i d e  the  Rowland c i r c l e  a s  i n d i c a t e d  in  the  diagram. I n
I

t h i s  case  no p a r t s  of  the; s p e c t ro m e te r  need to  be moved d u r in g  

e xposu re .  The a b s o r p t i o n  : s c re e n  i s  p laced  between the  source  and 

th e  c r y s t a l  and a p i c t u r e  of  the  a b s o r p t i o n  of the  m a t e r i a l  over  

a  f a i r l y  wide w avelength  r e g io n  i s  o b ta in e d .  I f  a  G e ig e r  or  

p r o p o r t i o n a l  c o u n t e r  i s  employed as  d e t e c t o r ,  however, the  

a b s o r p t i o n  c o e f f i c i e n t  w i t h i n  a ve ry  small  wavelength r e g io n ,  

d e f i n e d  by the  s l i t  i n  f r o n t  of the  c o u n te r  window, i s  measured.

To o b t a i n  an a b s o r p t i o n  p r o f i l e  over  a  w ider  range the  d e t e c t o r  

must be moved i n  measured s t e p s .  I f  a l i n e  source s t a t i o n a r y  wi th  

r e s p e c t  t o  the  c r y s t a l  i s  used th e n  the  wavelength r e g io n  which 

can  be i n v e s t i g a t e d  i s  l i m i t e d  by the  l e n g th  L L*. I f  a  moveable 

l i n e  o r  p o in t  sou rce  i s  used th e n  the  r e g io n  i s  i i m i t e d  by the  

l a t t i c e  s p ac in g  of  the  a n a l y s i n g  c r y s t a l .  In  t h i s  case the  

maximum w avelength  obse rvab le  i s  equa l  to  twice the spac ing  of th e
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r e f l e c t i n g  l a t t i c e  p l a n e s ,  a l th o u g h  tne  p h y s i c a l  dimensions  of  

th e  v a r io u s  components of  th e  system u s u a l l y  l i m i t  the  range  t o  

a va lue  l e s s  t h a n  t h i s .  S ince  w i th  a p r o p o r t i o n a l  c o u n t e r  an 

a c c u r a t e  measurement of  th e  i n c i d e n t  and t r a n s m i t t e d  i n t e n s i t y  

can  be made, t h i s  t e chn ique  i s  t o  be p r e f e r r e d  t o  t h a t  employing 

pho tograph ic  d e t e c t i o n .  I t  i s  d i f f i c u l t  t o  c o r r e c t  the  

pho tog raph ic  o b s e r v a t i o n  f o r  v a r i a t i o n s  of  i n t e n s i t y  a long  the  

l i n e  source  and a b s o l u t e  i n t e n s i t y  measurements by f i l m  

c a l i b r a t i o n  would show an e r r o r  of about  4/w. From t h i s  i t  can  be 

s een  t h a t  v a lu e s  of  r e l a t i v e  a b s o r p t i o n  c o e f f i c i e n t s  o b ta in ed  i n
I '

Ij I
such  a manner would be i n  e r r o r  by about  10^ and be s u s c e p t i b l e  

t o  f l u c t u a t i o n s  i n  t a r g e t  em is s io n .  The e r r o r s  invo lved  i n
I

c o n v e r t i n g  r e l a t i v e  v a lu e s  of| th e  a b s o r p t i o n  c o e f f i c i e n t ,  by

weighing th e  a b s o r p t i o n  s c r e e n ,  would be the  same f o r  both
i

t e c h n i q u e s .  Examinat ion  of  the  pho tograph ic  f i l m  by microphotomete r  

w i l l  broaden  any s t r u c t u r e  i n  the  same way as  does the  s l i t  i n  

f r o n t  of a  c o u n t e r  window. I f  the  f i l m  i s  p la ced  round the  Rowland 

c i r c l e  b roadening  w i l l  a r i s e  from the  ob l ique  in c id en ce  of  th e  

Xrays .  O ther  f i l m  p o s i t i o n s  a r e  t a n g e n t i a l  t o  t h e  Rowland c i r c l e  

o r  p e r p e n d i c u l a r  t o  the  Xray beam and i n  bo th  th e s e  cases  

b roaden ing  w i l l  occur  due to  s l i g h t  d e f o c u s s in g .  Bor isov  and 

Nemoshkalenko^^ have p o in ted  out  t h a t  the  t h r e e  main geom etr ic  

c o n d i t i o n s  g iv i n g  r i s e  t o  l i n e  b roadening  a r e  in a ccu racy  of  

fo c u s s in g  of the  r ay s  a t  the  p o i n t  of o b s e r v a t i o n ;  v e r t i c a l  

d ive rgence  of the  beam; and o b l iq u e  i n c i d e n c e  of  the  beam on the
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ph o to g rap h ie  f i l m .  For t i e  case  of  c o u n t e r  d e t e c t i o n  t h i s  l a t t e r

i s  r e p la c e d  by th e  e f f e c t  of the  d e t e c t o r  s l i t .  I f  the  sp e c t ro m e te r

i s  s e t  a t  a  Bragg ang le  8 t h e n  th e  w avelength  b roaden ings  due t o

t h e s e  t h r e e  e f f e c t s  a r e  g iven  by th e  fo l low ing  t h r e e  equat ions : :

( i )  a A i *= x^d cotO cosO
l6nR^

( i i )  Zi = h^jd cotD COSÔ
I W ?

( i i i )  A  .^1, = ' qd cotO
' ' . nR

; j  :
where R i s  the  r a d i u s  of  the  Rowland c i r c l e ,  x and h the  wid th  and

: .1
h e i g h t  of  the  c r y s t a l ,  q the  I w id th  of  the  d e t e c t o r  s l i t ,  d the

■ i  ■ ] ;  ■ ;
l a t t i c e  spac ing ,  and n th e  o r d e r .  The f i r s t  two e x p r e s s io n s  a re  

b a s i c a l l y  those  g iv e n  i n  the  paper  r e f e r r e d  t o  above and the  t h i r d  

i s  d e r iv e d  from s t r a i g h t f o r w a r d  geom etr ic  c o n s i d e r a t i o n s .  These 

e f f e c t s  t o g e t h e r  w i th  o th e r s  i n c l u d i n g  d i f f r a c t i o n  and d i f f u s e  

t h e r n a l  s c a t t e r i n g  by the  c r y s t a l  go t o  make up the  o v e r a l l  s p e c t r a l  

re sponse  or  " s p e c t r a l  window" of th e  s p e c t ro m e te r .  The a b s o r p t i o n  

p r o f i l e  ob ta ined  i s  t h e n  the  f o l d  of  the t r u e  p r o f i l e  w i th  the  

" s p e c t r a l  window" o r  a p p a r a tu s  f u n c t i o n .  The i n f l u e n c e  of  the  

" s p e c t r a l  window" on the  cho ice  of t h i c k n e s s  of  the  a b s o r p t i o n  

s c r e e n  i s  d i s c u s s e d  l a t e r  i n  the  c h a p t e r .  For the  p r e s e n t  i t  i s  

s u f f i c i e n t  t o  note t h a t  i n t e r p r e t a t i o n  of  the  observed a b s o r p t i o n  

s t r u c t u r e  i n  terms of  the  w id th s  and d i s t r i b u t i o n  of e l e c t r o n  

s t a t e s  must be made wi th  c a u t i o n .

For the  p r e s e n t  i n v e s t i g a t i o n  a  sp e c t ro m e te r  was des igned
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u s i n g  a p o in t  source  s i t u a t e d  on th e  Rowland c i r c l e .  The p o s i t i o n  

o f  t h e  source  was f i x e d  w i th  r e s p e c t  to  the  base of th e  s p e c t ro m e te r  

and the  p o s i t i o n s  of  the  c r y s t a l  and d e t e c t o r  were c o n t r o l l e d  by a 

sys tem of gea rs  such t h a t  the a n g u l a r  movement o f  the  d e t e c t o r  was 

always twice t h a t  o f  the  c r y s t a l .  The r ea sons  f o r  t h i s  cho ice  of  

d e s i g n  a r e  d i s c u s s e d  i n  the  d e t a i l e d  d e s c r i p t i o n  of  th e  in s t rum en t
I

g iv e n  below. The a b s o r p t i o n  of s o f t  X r a d i a t i o n  by a i r  i s  such
. ' 1

t h a t  s pec t ro scopy  i n  t h i s  r e g io n  must be c a r r i e d  out  under vacuum

and f o r  t h i s  purpose the  sp e c t ro m e te r  was enc lo se d  i n  a l a rg e
r  i !c y l i n d r i c a l  s t e e l  t a n k  which was ev ac u a ted  by an  o i l  d i f f u s i o n  

pump and a r o t a r y  back ing  pump. <
: I

'  1 i ’ :
I I  !

Exper im en ta l  Equipment.
I ' ; !

E l e c t r i c a l  A p p a r a t u s : ' ^

The g e n e ra l  ar rangement of  the  e l e c t r o n i c  equipment a s s o c i a t e d  

w i th  the  sp e c t ro m e te r  i s  i l l u s t r a t e d  i n  b lo c k  form i n  Diagram 2 . 2 .  

The sp e c t ro m e te r  was ope ra ted  i n  the  second o r d e r  and pu lse s  from 

the  p r o p o r t i o n a l  c o u n t e r  were fed  v i a  a  ca thode f o l l o w e r  i n t o  a 

wide band a m p l i f i e r  ( I .D . L .  Type 652) c o n t a i n i n g  a d i s c r i m i n a t o r  

c i r c u i t  by means of which p u l s e s ,  r e s u l t i n g  from the lower energy  

f i r s t  o r d e r  Xrays,  were e l i m i n a t e d .  The a m p l i f i e d  p u l s e s  passed 

i n t o  a T r i p l e  Gate R a t io  Counter  (Labgear.  Type D4107) which 

in c o rp o r a t e d  a source  of  IQO p u l s e s  p e r  second which was connected 

t o  a Dekat ron  Counte r  (Labgear.  Type D4104/B) and used f o r  t im ing  

pu rposes .  The case  of the p r o p o r t i o n a l  co u n te r  was held a t  a
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n e g a t i v e  v o l t a g e  of  1 .4  kv o b ta in e d  from the  E.H.T.  u n i t  

( I . D . L ,  Type 532/A),  The Xray sou rce  was d r i v e n  by a 0 t o  5 kv 

s t a b i l i s e d  E.H.T .  u n i t  (A .P .T .  Model 5705/1) o p e ra t e d  i n  

c o n j u n c t i o n  w i th  a s t a b i l i s e d  f i l a m e n t  supply  u n i t  (A .P .T .  Model 

5 7 0 6 /1 ) ,  the  f i l a m e n t  of the Xray tube  be ing  h e ld  n e g a t iv e  and 

t h e  anode e a r t h e d .  The mains supply  to  E.H.T.  and f i l a m e n t  u n i t s  

and to  the  o i l  d i f f u s i o n  pumps was c o n t r o l l e d  by a  r e l a y  system 

which t r i p p e d  o f f  i f  th e  c o o l in g  w a te r  c i r c u l a t i o n  f a i l e d .  The 

ar rangement of  t h i s  p r o t e c t i o n  c i r c u i t  i s  shown i n  Diagram 2 . 5 .

The p r e s s u re  i n  the  vacuum syètero was measured by means of  a
' ' I

Penning gauge (Genevac Type P . N . G . l ) .

The Vacuum System.

The s p e c t ro m e te r  was mounted i n  a c y l i n d r i c a l  s t e e l  t a n k .

T h i s  tank  was made up of  a  base p l a t e  l ĝ inches  t h i c k  and 25 inches  

i n  d ia m e te r ;  a  c y l i n d r i c a l  wall  % of  an inch  t h i c k ,  8 inc hes  high 

and 2 5 % in ches  i n t e r n a l  d iam ete r ;  and a l i d  % of an inc h  t h i c k  

and 26 inches  i n  d i a m e te r .  Va.cuum t i g h t  s e a l s  between the  t h r e e  

components were e f f e c t e d  by two l a r g e  rubber  r i n g s  s e t  i n  r e t a i n i n g  

g rooves .  A l l  c o n n ec t io n s  t o  the  t a nk  were se a le d  in  a  s i m i l a r  

f a s h i o n  with  rubber  “0" r i n g s .  The system was evacua ted  by an o i l  

d i f f u s i o n  pump and a  r o t a r y  back ing pump t o  a p r e s s u r e  b e t t e r  than  

10 ^  mm of mercury.  A w a te r  cooled  b a f f l e  va lve  was mounted 

between the  d i f f u s i o n  pump and base p l a t e  so t h a t  the  system could  

be l e t  down to  a i r  w i th o u t  w a i t i n g  f o r  the  d i f f u s i o n  pump to  

c o o l .
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The S p e c t ro m e te r .

The s p e c t ro m e te r  c o n s i s t e d  e s s e n t i a l l y  of  t h r e e  p a r a l l e l  

s id e d  b r a s s  arms p iv o t e d  on a  c e n t r a l  s t e e l  column. These arms 

c a r r i e d  th e  d e t e c t o r ,  c r y s t a l  and Xray source  on a Rowland c i r c l e  

o f  4-0.6 cms d i a m e te r .  The f i r s t  two arms were a t t a c h e d  to  g e a r  

wheels  and were suppor ted  on t h r e e  f l a t  b r a s s  pads so t h a t  the  

b e a r i n g  on the  c e n t r a l  column was not  s u b j e c t  t o  s t r a i n .  The arm 

c a r r y i n g  th e  Xray source  was b o l t e d  t o  the  base p l a t e  of  th e  

s p e c t ro m e te r  and c o n s i s t e d  of  a  c i r c u l a r  p l a t e  w i th  th e  arm 

p r o t r u d i n g  from one s i d e .  The c i r c u l a r  p o r t i o h  formed th e  run  f o r  

two of the  c r y s t a l  arm suppor t  pads ,  the  t h i r d  r e s t i n g  on the  

s p e c t ro m e te r  base p l a t e .  The g e a r s  on the  c o u n t e r  and c r y s t a l  arms 

were d r i v e n  by a  system of s m a l l e r  g e a r  wheels  coupled  t o  a  s p i n d l e  

which passed  th rough  th e  base of the vacuum t a n k .  The base p l a t e
i '

of  the  s p e c t ro m e te r  was l o c a te d  on th e  bottom of the  vacuum tank  

by t h r e e  b r a s s  s t u b s .  Both the  c o u n t e r  and the  Xray source  were 

f i x e d  on r o t a t i n g  mountings and were p o in t e d  towards  th e  c r y s t a l  

by s t e e l  t a p e s  which were d r i v e n  by p u l l e y s .  The s c a l e  was marked
M

o f f  i n  h a l f  deg rees  and was b o l t e d  t o  the  co u n te r  arm. The 

f i d u c i a r y  l i n e  was f i x e d  to  the  anode arm and w e l l  i l l u m i n a t e d  

t h u s  e n a b l in g  the s c a l e  to  be c l e a r l y  v i s i b l e  th rough  the  perspex  

window i n  th e  l i d  of th e  t a n k .  With t h i s  ar rangement of  the  s c a l e  

and f i d u c i a r y  l i n e  a change of  one degree  i n  s c a l e  r e a d i n g  was 

e q u i v a l e n t  to  a  change i n  the  Bragg ang le  of 15 m inu tes .  A p la n  

view of the  s p e c t ro m e te r  i s  shown i n  Diagram 2 . 4 . ,  and the
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arrangement of the  system on the  c e n t r a l  column i s  i l l u s t r a t e d  

by th e  p a r t i a l  s e c t i o n  i n  Diagram 2 , 5 .  A system of g e a r s  o u t s i d e  

t h e  vacuum t a n k  was a r r an g ed  so t h a t  f o u r  r e v o l u t i o n s  of  the  

d r i v e  handle  changed th e  s c a l e  r e a d in g  by one d eg ree .  Th i s  system 

cou ld  be moved out  of mesh so t h a t  the  s p e c t ro m e te r  cou ld  be 

q u i c k ly  a d j u s t e d  t o  a n o t h e r  waveleng th  r e g i o n  by d i r e c t  d r i v e .
I

The Xray S o u rce . I
I

The source  of  Xrays was |a s lo p in g  anode p o in t  focus  tu b e ,  

g iv i n g  an  i n c re a s e d  i n t e n s i t y  a t  i^he d e t e c t o r  over t h a t  of a  l i n e
I

; I i ,
source  f o r  a  g iven  tube c u r r e n t  and v o l t a g e .  A b r i e f  s tudy  was 

made of  the  v a r i a t i o n  of  i n t e n s i t y  r e c e iv e d  a t  th e  d e t e c t o r  when
' ' .  r

t h e  spo t  source  of  Xrays was' moved towards th e  c r y s t a l .  The 

i n t e n s i t y  was found t o  f a l l  o f f ,  fo l lowi i ig  f a i r l y  c l o s e l y  a curve
I ■ 1

c a l c u l a t e d  from simple geom etr ic  c o n s i d e r a t i o n s ,  i n  which the  

source  was reduced t o  one dimension .  For a  Bragg ang le  of  45 

d eg ree s  and the  c o n d i t i o n  of  th e  c o u n te r  s l i t  w id th  be ing  equal  

t o  the  spo t  wid th  th e  t h e o r e t i c a l  i n t e n s i t y  was found to  be 

governed by the  fo l lo w in g  e q u a t io n

I x  « ___________ ^ -  0 .17x)

( ^  -  X ) ( rT I  -  X )

where i s  the  i n t e n s i t y  w i th  the  spo t  on the  Rowland c i r c l e ,  R 

th e  d ia m e te r  of  the  Rowland c i r c l e  and x the  d i s t a n c e  moved in  

from the  c i r c l e .  The te rm 0 .17  i s  de te rmined  by the  d ia m e te r  of 

the  c i r c l e ,  t h e  wid th  of the  c r y s t a l  and th e  width  of the  c oun te r
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s l i t  and spo t  which was put  equa l  to  0 . 8  mm in  t h i s  c a s e .  This  

e x p r e s s i o n  i s  on ly  a p p l i c a b l e  over  a  range  f a i r l y  c l o s e  to  the  

c i r c l e ,  a  range  e x tend ing  f o r  about  3 cms i n  t h i s  p a r t i c u l a r  

i n s t a n c e ,  a f t e r  which th e  i n t e n s i t y  d e c r e a s e s  l e s s  r a p i d l y .  A 

g raph  of  the  d ec re a se  i n  i n t e n s i t y  i s  g iv e n  i n  F igure  2 . 1 .  and 

i t  can  be seen  from t h i s  t h a t  the  range of  movement i s  somewhat 

l i m i t e d ,  i n d i c a t i n g  t h a t  the  agreement between th e o ry  and 

exper iment cannot  be t a k e n  to  have been r i g o r o u s l y  dem o n s t r a ted .

o e x p e r im e n t ,  

t h eo ry .

2 3 X in cms.
F IG U R E  2.1. IN TEN SITY  VARIATION WITH SPOT MOVEMENT. 

However i t  i s  c l e a r  t h a t ,  f o r  a source  ot g iven  t o t a l  power, 

h ig h e r  i n t e n s i t y  i s  o b ta in e d  i f  i t  i s  i n  th e  form of a  p o i n t  focus  

s i t u a t e d  on the  Rowland c i r c l e .  More c l e t a i l e d  c a l c u l a t i o n s  have 

been c a r r i e d  out  by Wienmann^^ from which i t  can  be seen  t h a t  f o r  

a n  ex tended source  of  g iven  power pe r  u n i t  l e n g th  g r e a t e r  

i n t e n s i t y  i s  o b ta in e d  i f  i t  i s  moved nea r  to  th e  c r y s t a l .  These 

two cases  a re  i l l u s t r a t e d  by th e  g raphs  shown i n  F igure  2 . 2 .

From th e se  curves  i t  can be seen  t h a t  f o r  a l i n e  Xray source  the 

i n t e n s i t y  r e c e iv e d  a t  th e  d e t e c t o r  i s  in c re a s e d  by a f a c t o r  of
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a p p r o x i m a t e l y  two i f  t h e  s o u r c e  i s  p l a c e d  i m m e d i a t e l y  i n  f r o n t  

o f  t h e  c r y s t a l  i n s t e a d  o f  on t h e  Rowland c i r c l e .

s p o t  s i z e s ,  

a  0 . 0 0 8  c m

3.2  c m .

xtalxtpl .
 L

I
20 x.in cms .lO lO

SAME TOTAL POWER. ' SAME POWER PER UNIT
j L E N G T H .

F I GURE 2.2 .  INTENSITY VARIATION WITH SPOT SIZE AND POSITION.

However, as  has been p o in ted  out  by G oldsz taub^^  and Oosterkamp^^,  

t h e  l o a d in g  c a p a c i t y  (energy  absorbed  p e r  u n i t  a r e a )  of  a  

p a r t i c u l a r  t a r g e t  m a t e r i a l  i s  in c re a s e d  as  th e  a r e a  bombarded by 

e l e c t r o n s  i s  d im in i s h e d .  They have shown t h a t  i f  th e  r a d i u s  of  

t h e  s p o t  i s  reduced  to  d imens ions much s m a l l e r  th a n  the t h i c k n e s s  

o f  t h e  anode th e n  the  lo a d in g  c a p a c i t y  i s  i n v e r s e l y  p r o p o r t i o n a l  

t o  t h e  r a d i u s .  Thus a  spo t  of 15 microns d ia m e te r  can be loaded 

30 t o  40 t im es  a s  h igh  as a  spo t  of about  mm^^. I t  fo l low s  

from t h i s  argument t h a t  f o r  a d e t e c t o r  which i s  s e t  a t  a  

p a r t i c u l a r  w ave leng th ,  g r e a t e r  i n t e n s i t y  i s  r e g i s t e r e d  w i th  a 

f i n e  focus  Xray sou rce  p laced  on th e  Rowland c i r c l e  tha n  w i th  a 

l i n e  source  s e t  n e a r  to  the a n a l y s i n g  c r y s t a l .  I d e a l  c o n d i t i o n s  

w i l l  o b t a i n  i f  t h e  w id th  of the  source  spo t  i s  eq u a l  to  t h a t  of
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t h e  d e t e c t o r  window.

The Xray source  used  was a m o d i f i c a t i o n  of  t h a t  d e s c r ib e d  

by Ehrenberg and S p ea r^^ ,  and i s  shown i n  Diagram 2 . 6 .  The 

h a i r p i n  shaped tu n g s t e n  wire f i l a m e n t  was s i t u a t e d  i n  a  of 

an  inc h  ho le  i n  the  blot tom. of a  copper  tube t o  which a  n e g a t iv e

b i a s  was a p p l i e d .  Th i s  a c t e d  as  a  g r i d  i n  s u p p r e s s i n g  em iss ion
:  I  ■

from the  s id e s  of the  f i l a m e n t .  The f l a t  bottom s u r f a c e  of t h i s
I

g r i d  was p laced  7 thousand ths  pf an in ch  from the  anode which

■ i  ̂ 'c o n s i s t e d  of  a  s l a b  of  p la t inum  s i l v e r  s o ld e r e d  i n t o  a w a te r
i  ! ;

co o led  b r a s s  c y l i n d e r .  The complete Xray source  was mounted on a  

r o t a t i n g  aluminium c y l i n d e r  d r i v e n  by a s t e e l  t a p e  which passed 

round a p u l l e y  mounted on the c e n t r a l  column of the  s p e c t ro m e te r
I ■ !

and a t t a c h e d  to  the  c r y s t a l  arm. The r a t i o  of the  d ia m e te r  of
i

t h e  p u l l e y  to  t h a t  of the  aluminium c y l i n d e r  was so a r r an g ed  

t h a t  once the  Xray source  was p o in t e d  a t  the  c r y s t a l  i t  remained 

so p o in t e d  f o r  any s e t t i n g  of  t h e  s p e c t ro m e te r .  I n c o r p o r a t e d  

i n  the  source  mounting were two p e r p e n d i c u l a r  s l i d e s  moved by 

screw t h r e a d s  a t t a c h e d  t o  f l e x i b l e  d r i v e s .  Th is  a r rangement 

enab led  the  source  to  be moved i n  the  d i r e c t i o n  of the  Xray beam 

o r  t r a n s v e r s e  to  i t .  Thus once the  a x i s  of  r o t a t i o n  of th e  anode 

assembly had been s e t  i n  i t s  p o s i t i o n  on the  Rowland c i r c l e  the n  

under  runn ing  c o n d i t i o n s  the  source  cou ld  be moved t r a n s v e r s e l y  

u n t i l  maximum i n t e n s i t y  was r e g i s t e r e d  by the  d e t e c t o r .  The 

method of  s e t t i n g  up,  which w i l l  be d i s c u s s e d  l a t e r  i n  the  

c h a p t e r ,  proved q u i t e  s a t i s f a c t o r y  i n  t h a t  over  the range  of
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o p e r a t i o n  of the s p e c t ro m e te r  the s p o t ,  once a d j u s t e d ,  wandered 

only  by a  n e g l i g i b l e  amount from t h i s  p o s i t i o n .  The movement 

towards the c r y s t a l  was in c o rp o r a t e d  to  f a c i l i t a t e  th e  p r e l im in a ry  

i n v e s t i g a t i o n  mentioned above.  No a t t e m p t  was made t o  produce a 

r e a l l y  f i n e  focus  Xriiy source but  the  p r e s e n t  d e s ig n  was easy  t o  

c o n s t r u c t  and use and c o n s i s t e n t l y  produced a spo t  of  about  

0 . 8  mm d ia m e te r .  A p l o t  of the  i n t e n s i t y  v a r i a t i o n  a c r o s s  th e
I

s p o t  s i t u a t e d  on the  Rowland c i r c l e  and moved 3 .6  cms towards  the 

c r y s t a l  i s  shown i n  f i g u r e  |2 .3 .  The f o i l  h o ld e r s  were a l s o  mounted 

on the anode assembly and the  movement of  f o i l s  i n  and out  o f  the 

Xray beam was e f f e c t e d  by a i jhird f l e x i b l e  d r i v e .

3 0 0

2 00

I O O

cou nt s / sec

X X X X

I O I mm.
F I GURE 2.3 .  I N T E N S I T Y  OF  XRAY S OURCE .

P a r r a t t  e t  a l ^  have shown t h a t  the  b e s t  p o s i t i o n s  f o r  the 

a b s o r p t i o n  f o i l  a re  d i r e c t l y  i n  f r o n t  of  th e  Xray source  o r  i n  

f r o n t  of the  d e t e c t o r  and t h a t  w i th  r e s p e c t  t o  the  va lue  of 

t r a n s m is s i o n  ob ta ined  t h e r e  i s  no a p p r e c i a b l e  d i f f e r e n c e  between
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t h e s e  two p o s i t i o n s .  Because of tne number of leads  and f l e x i b l e  

d r i v e s  r e q u i r e d  f o r  the anode system i t  was dec ided  t h a t  t h i s  

component should be f i x e d  r e l a t i v e  to  th e  s p e c t ro m e te r  base and so 

i t  was a l s o  chosen f o r  the  mounting of the  f o i l s .  Those f o i l s  

p repa red  i n  the main e v a p o r a t i o n  p l a n t  were mounted on the  windmi ll  

f o i l  h o ld e r  shown i n  Diagram 2 . 6 .  This  f o i l  h o ld e r  cou ld  c a r r y  s i x  

p a i r s  of  f o i l s ,  which were he ld  i n  the  Xray beam by means of a
I

s p r i n g  loaded b a l l  b e a r i n g  and twelve l o c a t i n g  s o c k e t s .  When the  

e v a p o r a t io n  p l a n t  connec ted  to  t h e , s p e c t ro m e te r  t ank  was used only 

a s i n g l e  coa ted  f o i l  was p repa red  and t h i s ,  t o g e t h e r  w i th  a p iece  

of  uncoated  p l a s t i c ,  was mounted in  ^he s i n g l e  h o ld e r  which i s  a l s o
I

shown i n  Diagram 2 . 6 .  Th is  h o ld e r  c l i p p e d  i n t o  a frame mounted on
I

the  anode assembly and moved t o  the two r e q u i r e d  p o s i t i o n s  by means 

of a r ack  and p in i o n .

The C r y s t a l .

A c r y s t a l  b lock  and mica c r y s t a l  a l r e a d y  used i n  t h i s  

depar tment was f i t t e d  to  t h i s  s p e c t r o m e te r .  The c r y s t a l  was clamped 

between two s t e e l  b locks  which had been lapped t o g e t h e r  tp a 

c u r v a t u r e  of r a d i u s  40 ,6  cms. The two b locks  were he ld  t o g e t h e r  by 

fo u r  screws which a l low ed  some ad jus tm en t  of the  bending of the 

c r y s t a l .  The mounting of the  c r y s t a l  b lock  onto the s p e c t ro m e te r  

i s  i l l u s t r a t e d  i n  Diagram 2 . 7 .  The mounting was c o n s t r u c t e d  so 

t h a t  the  b lock  was p e r p e n d i c u l a r  to the  c r y s t a l  arm, however the 

ad ju s tm en t  screws i n d i c a t e d  i n  the  d iagram ensured  a c e r t a i n  degree  

of  r o t a t i o n a l  freedom about t h r e e  p e r p e n d i c u l a r  axes ,  one v e r t i c a l
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and two h o r i z o n t a l ,  so t h a t  any smal l  c o n s t r u c t i o n a l  e r r o r  could 

be c o r r e c t e d  f o r .  The waveleng th  range  to  be i n v e s t i g a t e d  was 

between 5 and 9 kxu and f o r  t h i s  r&nge mica,  w i th  i t s  l a t t i c e  

s pac ing  of  9927.38 xu i s  an ex t remely  s u i t a b l e  c r y s t a l .  I t  i s  

r e a d i l y  c leaved  i n t o  t h i n  s h e e t s  which may be ben t  w i thou t  

d i s t o r t i o n ,  and i t  i s  s t a b l e  under vacuum. R'.ica has ,  however,  the  

d i s a d v a n ta g e  of having a  l a t t i c e  spac ing  which v a r i e s  s l i g h t l y

from specimen to  specimen,  but  the  p a r t i c u l a r  specimen used  i n
|!

t h i s  sp e c t ro m e te r  has  been found riost r e l i a b l e  by many workers i n  

t h i s  l a b o r a t o r y .  The c r y s t a l  arm was a t t a c h e d  to  a f i v e  inch  

d ia m e te r  g e a r  wheel the  d r iv e  f o r  which was t a k e n  from a g e a r  box 

b o l t e d  to  th e  s p e c t ro m e te r  base p l a t e .  The o p e r a t i o n  of  t h i s  g e a r  

box can be seen  from Diagrams 2 . 4  Lnd 2 . 3 .

The D e t e c t o r .

A s e a l e d  p r o p o r t i o n a l  c o u n t e r  was employed a s  d e t e c t o r .  I t  

was manufactured  by 20th  Century  E l e c t r o n i c s  and was f i l l e d  with 

a  neon-methane m ix tu re .  The window m a t e r i a l  was b e r y l l i u m  one 

thousand th  of  an inch t h i c k ,  and the  window s i z e  was 9 by 1 mms.

The co u n te r  and i t s  mounting a re  shown in  Diagram 2 . 8 .  Some 

p r e l i m i n a r y  work was done with  an aluminium windowed co u n te r  but 

i t  soon became ap p a re n t  t h a t  the  s i t u a t i o n  of the  aluminium K 

a b s o r p t i o n  edge (7935.1  xu) w i t h i n  th e  wavelength range to  be 

i n v e s t i g a t e d  was a c o n s id e r a b le  inconven ience .  To make rueusurements 

on the  high energy s id e  of t h i s  edge ex t remely  low count  r a t e s  had 

t o  be contended w i th .  The b e ry l l iu m  windowed c o u n t e r  was ope ra ted
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a t  1 .4  kv and the  pu ls e s  were l e d  v i a  a  ca thode  fo l l o w e r  t o  the  

a m p l i f i e r  and d i s p l a y  u n i t s .  The s l i t  i n  f r o n t  of the  c o u n t e r  

window was s i t u a t e d  on the  a x i s  of  r o t a t i o n  of  the  mounting and 

was s e t  to  a  width  of 15 microns ,  which i s  e q u i v a l e n t  t o  about  

0 . 4  xu i n  the  middle of  tlje wavelength  range  i n v e s t i g a t e d .  The 

d e t e c t o r  mounting was o r i e n t a t e d  by means of  a  s t e e l  t a p e  p a s s in g  

round a p u l l e y  f i x e d  to  the  c e n t r a l  column of t h e  s p e c t r o m e te r .

The c o u n t e r  arm was a t t i i ch^d  to  a  f iv e  inch  d ia m e te r  g e a r  wheel
: ;

d r iv e n  i n  a s i m i l a r  manner to  the  c r y s t a l  arm. A t e n  inch  d ia m e te r

d iv id ed  c i r c l e  was b o l t e d  on top  of  the  c o u n t e r  arm and t h i s  was
, I

read  w i th  r e f e r e n c e  to  a f i d u c i a r y ]  l i n e  f i t t e d  t o  the  anode arm.
: i|

I

P r e p a r a t i o n  of the A b so rp t io n  S c r e e n s .

A b so rp t io n  sc reen s  of a l l  the  s u b s t a n c e s ,  excep t  hafnium ox ide ,  

were p rep a red  by e v a p o r a t io n  onto a melinex  s u b s t r a t e  0 .25  

thousand ths  of  an  inch  t h i c k .  The hafnium oxide s c r e e n  was p re p a re d  

by mixing t h i s  s u b s t a n c e ,  i n  a  f i n e l y  powdered form, wi th  a s o l u t i o n  

of c o l l o d i o n  i n  e t h e r .  The m ix ture  was sp read  onto  a  g l a s s  p l a t e  

and al lowed  to  p a r t i a l l y  dry o f f .  A s e l e c t e d  p iece  was the n  

s t r e t c h e d  and mounted i n  the  f o i l  h o l d e r .  Such a  s c r e e n  could  only 

be used t o  p rov ide  i n f o r m a t io n  concern ing  the  wavelength p o s i t i o n  

of  a b s o r p t i o n  s t r u c t u r e  and not  f o r  a b s o l u t e  measurements of 

a b s o r p t i o n  c o e f f i c i e n t .  The evap o ra ted  s c r e e n s  were used f o r  such 

a b s o l u t e  measurements,  an  uncoated  p iece  of  p l a s t i c  being cu t  from 

the  shee t  a d j a c e n t  to  the  coa ted  p o r t i o n  and used i n  c o n j u n c t i o n  

w i th  t h i s  co a t e d  p iece  to  o b t a i n  a measure of  the  t r a n s m i s s i o n  of



41.
t he  evapo ra ted  l a y e r .  The e v a p o r a t io n  was c a r r i e d  out  i n  an  

evacua ted  chamber d e s c r i b e d  p r e v io u s ly  by both  R u s s e l l  and 

W ill iams^^ .  A photograph  of  the  base p l a t e  of  t h i s  chamber i s  

g iven  a t  the  end of  th e  c h a p t e r .  The s ubs tance  to  be e v ap o ra ted  

was loaded i n t o  a  t a n ta lu m  boa t  above which a s h ee t  of  melinex 

was p la c e d .  The melinex was masked by a b r a s s  p l a t e  i n  which fo u r  

h o l e s ,  a % of an inch  i n  d ia m e te r ,  were c u t .  The p l a s t i c  was he ld  

about  6 cms from the  t a n t a lu m  boat  and so a r r an g ed  t h a t  the  

c e n t r e  of  the  l i n e  of h o le s  was d i r e c t l y  over  the  c e n t r e  o f  th e  

b o a t .  A p r e l i m i n a r y  weighing  of fo u r  s c re e n s  p repared  i n  t h i s  

f a s h io n  showed t h a t  th o s e  due t o  the  two innermost  h o le s  were 

almost  equa l  i n  weight  a s  were those  due t o  the  two ou te rm os t  

h o le s ,  but  the  former werr  s l i g h t l y  h e a v i e r  th a n  the  l a t t e r .

Thus, when s e l e c t i n g  two f o i l s  f o r  An a b s o r p t i o n  run ,  e i t h e r  of
I '

th e se  s e t s  cou ld  be u sed .  A s e l e c t e d  f o i l  was mounted, t o g e t h e r  

w i th  a p l a i n  p iece  of melinex ,  on one of  the  s e c t i o n s  of  the  

windmill  f o i l  h o l d e r .  This  method of  p r e p a r a t i o n  was found to  be 

s a t i s f a c t o r y  f o r  a l l  s u b s t a n c e s  excep t  lu t e c iu m  oxide  and 

y t t e r b iu m  m e ta l .  In  the  f i r s t  case  the  h igh  t em pera tu re  r e q u i r e d  

to  produce a p p r e c i a b l e  e v a p o r a t i o n  a l s o  caused some e v a p o r a t io n  

of  the ta n ta lu m  b o a t .  This  was c l e a r l y  shown by the  a b s o r p t i o n  

curve o b ta in e d .  I n  the second ca se  the  y t t e r b i u m  metal  f o i l s  were 

found to  c o n t a i n  an a p p r e c i a b l e  amount of o x ide .  This  may have 

been due to  the  g rad u a l  h e a t i n g  of  the  metal  arms which suppor ted  

the  ta n ta lum  b o a t .  Such a h e a t i n g  would give r i s e  to c o n t in u a l
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o u tg a s s i n g  which would be d i f f i c u l t  t o  e l i m i n a t e .  F u r t h e r  

o x i d a t i o n  may have occur red  i n  the  t r a n s p o r t  of  the  p repared  f o i l  

th rough  a i r  from the  e v a p o ra t io n  chamber to  the  s p e c t ro m e te r  t a n k .  

However, the  degree  of  o x id a t i o n  was c o n s id e r a b l e  and,  as  i t  was 

l a t e r  observed  t h a t  the  metal  r e a d i l y  formed a t h i n  p r o t e c t i v e  

l a y e r  of  oxide which p reven ted  f u r t h e r  o x i d a t i o n ,  i t  i s  d o u b t f u l  

whether  t h i s  l a t t e r  was the  s o le  cau s e .  The manner i n  which the
I

amount of o x i d a t i o n  was a s s e s s e d  w i l l  be d i s c u s s e d  i n  the  s e c t i o n  

d e a l i n g  with  the y t t e r b i u m  r e s u l t ^  i n  the  next c h a p t e r .

To overcome the  d i f f i c u l t y  encoun te red  i n  the  p r e p a r a t i o n  of 

pure y t t e r b iu m  meta l  by the  method O u t l ined  above a new

e v a p o r a t io n  p l a n t ,  connec ted to  the  s p e c t ro m e te r  t a n k ,  was
i

des igned  and c o n s t r u c t e d .  This  System enab led  th e  whole p rocess  

of e v a p o r a t io n  and subsequent  t r a n s f e r  i n t o  the  s p e c t ro m e te r  tank  

t o  be c a r r i e d  out  under  vacuum. The e v a p o r a t io n  chamber, which 

c ou ld  be i s o l a t e d  from the s p e c t ro m e te r  t ank  by means of  a  s l i d i n g  

vane v a l v e ,  was evacua ted  by an o i l  d i f f u s i o n  pump backed by a 

mechanical  pump. A l i q u i d  a i r  c o o l in g  t r a p  f o r  the  d i f f u s i o n  pump 

was c o n s t r u c t e d  w i th  a c o n i c a l  system of f i n s  mounted on the  

bottom of the c o o la n t  c o n t a i n e r  and d i r e c t l y  over  the  pump o r i f i c e .  

By t h i s  dev ice  the  backs t reaming  of o i l  vapour  was c o n s id e r a b ly  

r e s t r i c t e d .  Mechanical  b a f f l e s  of t h i s  type  have been d e s c r ib e d  

by Morse^^,  who found them ex t remely  e f f e c t i v e ,  and in  the  case 

d i s c u s s e d  here  no ev idence  of o i l  was found i n  the  system 

th roughout i t s  usage .  The d i f f u s i o n  pump and t r a p  were b o l t e d  t o
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a  lug  a t  the  edge of  the  l i d  of the  s p e c t r o m e te r  t ank  and a b r a s s  

be l lows j o i n t  p rov ided  some f l e x i b i l i t y  i n  the  c o n n e c t io n  between 

t h i s  u n i t  and the  e v a p o r a t io n  chamber.  The u l t i m a t e  p r e s s u r e  

ach ieved  by t h i s  pumping system was l e s s  t h a n  5*10 mms of
I

mercury.  The e v a p o r a t io n  chamber i s  shown i n  Diagram 2 . 9 .  The 

t h i c k  aluminium p l a t e  between the  s l i d i n g  vane va lve  and the  l i d  

of  the  sp e c t ro m e te r  ta n k  a l s o  co n ta in e d  a  perspex  window through 

which the  s c a l e  was read  and the  f o i l  p o s i t i o n  checked.  The
i'

y t t e r b i u m  metal  was p laced  i n  a  small  tube  made from ta n ta lu m  

s h e e t .  This  tube was mounted on t h i n  p i e c e s  of  mica i n s i d e  a
t ;  !

h o r i z o n t a l  g l a s s  tube which a c t e d  As a s h i e l d  f o r  t h e  l a r g e r

vacuum tube  of  the  chamber.  The t a n ta lu m  oven was h e a t e d  by a
i

r a d io  f requency  i n d u c t i o n  c o i l  fed |*rom a Rady ne R . f .  u n i t .  A 

f l a t  copper r i n g  was p la ced  round the  o u t e r  g l a s s  tube t o  s h i e l d  

th e  meta l  p a r t s  of the  chamber from th e  f i e l d .  Thus only  th e  oven 

was h e a t e d  and by c a r e f u l  p l a c in g  of the  c o i l ,  and c o n t r o l  of  the 

power o u tp u t  of the  R . f .  g e n e r a t o r  t h i s  cou ld  be s u c c e s s f u l l y  

degassed  p r i o r  to  e v a p o r a t io n .  The f o i l  h o l d e r  was hooked onto a 

long s t e e l  rod p a s s in g  th rough  the top  of the  chamber and a f t e r  

e v a p o r a t io n  t h i s  was lowered and the  f o i l  i n s p e c t e d  th rough  the  

v e r t i c a l  g l a s s  tube .  I f  the  f o i l  was s a t i s f a c t o r y  th e  s l i d i n g  

vane va lve  was opened and the  h o ld e r  lowered i n t o  the  p r e v io u s l y  

evacuated  s p e c t ro m e te r  t a nk  u n t i l  i t  c l i p p e d  i n t o  the  frame on 

the anode assembly.  I t  d id  so w i th  the  c o a ted  f o i l  i n  the  p o s i t i o n  

of  the  Xray beam, and by moving the frame so t h a t  the b lank  f o i l
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was i n  t h i s  p o s i t i o n  th e  h o ld e r  was unhooked from th e  c a r r y i n g  

rod  which could  th e n  be l i f t e d  back i n t o  th e  e v a p o r a t i o n  chamber.

A l l  evapo ra ted  f o i l s  were weighed on. a  micro b a l a n c e .  The 

f o i l s  were c u t  out  with, a  c i r c u l a r  punch and the  weigh t  of  the 

u ncoa ted  p l a s t i c  s u b t r a c t e d  from th e  weight  of  the  c o a t e d .  In  

ch o o s in g  an  optimum th i c k n e s s  of a b s o r p t i o n  s c r e e n s  f o r  the  

r e c o r d i n g  of  a b s o r p t i o n  s t r u c t u r e  two main f a c t o r s  must be t a k e n  

i n t o  c o n s i d e r a t i o n .  These a r e  the  e f f e c t s  of  t h i c k n e s s  on the  

e r r o r  of  a  s i n g l e  a b s o r p t i o n  measurement and on the  r e s o l u t i o n  of 

th e  s t r u c t u r e .  The f i r s t  f a c t o r  has been c o n s id e re d  by Rose and 

S h a p i r o ^ l  the  c o n d i t i o n  of c o n s t a n t  background r a d i a t i o n ,  and 

by N ordfors^^  f o r  the  case  when the  background i s  a f f e c t e d  by the  

a b s o r b e r .  This  l a t t e r  i s  a  more a c c u r a t e  assessm ent  of  the  

c o n d i t i o n s  a r i s i n g  i n  Xray s p e c t ro s c o p y ,  but  i n  the  p r e s e n t  

i n v e s t i g a t i o n  no c o r r e c t i o n  was made f o r  the  a b s o r p t i o n  of  

background r a d i a t i o n  by th e  f o i l .  The second f a c t o r  has been 

i n v e s t i g a t e d  by P a r r a t t  e t  a l  . From c o n s i d e r a t i o n  of  co u n t in g  

s t a t i s t i c s  a lone  i t  has been deduced^^ t h a t  about  10% minimum. 

t r a n s m i s s i o n  i s  optimum when the  background i s  low and t h i s  g ives  

the  e x p r e s s i o n

™ = 111 
yu.

f o r  the  optimum mass pe r  u n i t  a r e a .  Thus f o r  an  a b s o r p t i o n  

c o e f f i c i e n t  of 2500 cm /gm the  optimum t h i c k n e s s  would be 

app rox im a te ly  1 mgm/cm^. However P a r r a t t ^ ^  has shown t h a t  the  

t h i c k e r  th e  a b s o r p t i o n  f o i l  tl\e- more th e  a b s o r p t i o n  s t r u c t u r e  i s
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“washed out" by the  a c t i o n  of the s p e c t r a l  window of the  

i n s t ru m e n t ,  and so to  o b t a i n  a  r e l i a b l e  p r o f i l e  of  the  a b s o r p t i o n  

s t r u c t u r e  the  f o i l  should  be as  t h i n  as p o s s i b l e .  Thus a 

compromise must be made between the  r e d u c t i o n  of  s t a t i s t i c a l  

e r r o r  on th e  one hand land f a i t h f u l  r e p r o d u c t i o n  of  the  a o s o r p t i o n  

s t r u c t u r e  on the  o t h e r .  I n  the  p r e s e n t  i n v e s t i g a t i o n ,  which 

invo lved  an a t tem p t  t o  measure s t r u c t u r e s  t h a t  had proved 

u n d e t e c t a b l e  p h o t o g r a p h i c a l l y ,  the  f o i l s  were made of  the  o r d e r  

of  0 . 2  mgm/cm^ which i s  somewhat t h i n n e r  t h a n  t h a t  d i c t a t e d  by 

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

i i| '

S e t t i n g  up and C a l i b r a t i o n  of  the S p e c t ro m e te r .

The d e t e c t o r ,  source  and c r y s t a l  were s e t  on the  c i r c l e  

d e s c r ib e d  by a r a d i u s  of  20 .3  cms about  the c e n t r a l  a x i s  of  th e  

s p e c t ro m e te r .  The p o s i t i o n  of  the c r y s t a l  was th e n  a d j u s t e d  to  be 

t a n g e n t i a l  to  t h i s  c i r c l e  by obse rv ing  the  r e f l e c t e d  image of  a 

p in  s e t  on the  Rowland c i r c l e  d i a m e t r i c a l l y  o p p o s i t e  t o  the  

c e n t r e  of  the  c r y s t a l .  The c r y s t a l  was r o t a t e d  u n t i l  t h i s  

r e f l e c t e d  image was brought i n t o  c o in c id e n c e  w i th  the  o b j e c t  p in .  

The source» and d e t e c t o r  mountings were the n  p o in t e d  a t  the  

c r y s t a l  and the  s t e e l  t a p es  f i t t e d .  With th e  e l e c t r o n  gun removed 

from the source  a  lamp was p la ced  behind the  d e t e c t o r  s l i t  and 

the  r e f l e c t e d  image of the  s l i t  observed w i th  a microscope .  The 

p o s i t i o n  of the  a x i s  of the  anode assembly was t h e n  brought i n t o  

co inc idence  w i th  t h i s  r e f l e c t e d  image.  This  p ro ces s  was c a r r i e d  

out  f o r  the two extreme p o s i t i o n s  of the  s p e c t r o m e te r ,  the  a x i s
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being  moved t a n g e n t i a l i y  to  th e  Rowland c i r c l e  when the c r y s t a l  

was f u r t h e s t  from the  source  and r a d i a l l y  when the two were c l o s e  

t o g e t h e r .  When no f u r t h e r  ad ju s tm en t  was n e c e s s a ry  o t h e r  s e t t i n g s  

were checked and found t o  be i n  good a l ig n m e n t .  The g e a r  box was 

des igned  to  be i n  mesÿi.with the  main gea r  wheels  bu t  i t s  p o s i t i o n  

could  be moved t o  c o r r e c t  f o r  any s l i g h t  c o n s t r u c t i o n a l  e r r o r s .  

The main d r i v e  th rough  th e  base of  th e  vacuum ta n k  was he ld  i n  

an e c c e n t r i c  c o l l a r ^  r o t a t i o n  of which gave the  degree  of  freedom 

necessa ry  to  ensu re  w ell  a l i e n e d  c oup l ing  w i th  the  g e a r  box.  On 

com ple t ion  of t h i s  s e t t i n g  up the  s p e c t ro m e te r  was put  i n t o  

o p e r a t i o n  and v a r i o u s  forms of| the  Xray source  t e s t e d  u n t i l  

f i n a l l y  the  d e s ig n  d e s c r i b e d  above was adop ted .

I n i t i a l  c a l i b r a t i o n  of the  s p e c t r o m e te r  was c a r r i e d  out  w i th
I

the  l i n e  of  ca lc ium .  Th is  l i n e  was r eco rd ed  i n  th e  t h i r d  and

f i f t h  o r d e r s  which appea red  a t  e i t h e r  ends of  the  r e g i o n  of  the  

s c a l e  which was to  be used  i n  a b s o r p t i o n  measurements.  A f t e r  the  

a b s o r p t i o n  measurements had been made th e  o b s e r v a t i o n  of  t h i s  

l i n e  i n  th e  f i f t h  o r d e r  was r e p e a te d  and no change i n  p o s i t i o n  

d e t e c t e d .  T h e o r e t i c a l l y  on ly  one c a l i b r a t i o n  l i n e  i s  r e q u i r e d  f o r  

t h i s  s p e c t r o m e te r  s i n c e  th e  r e l a t i o n s h i p  between s c a l e  r e a d in g  

and Bragg ang le  i s  g iven  by

6 -  X T S
4

and so ,  once th e  va lue  of  X has been e s t a b l i s h e d  by o b ta i n i n g  th e  

s c a l e  re a d in g  S f o r  a  known l i n e ,  o t h e r  wavelengths  may be 

o b ta in e d  d i r e c t l y .  However i n  t h i s  i t  i s  assumed t h a t  the  system
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moves p e r f e c t l y ,  always  main t a i n i n g  the  same a n g le  between the 

c r y s t a l  and d e t e c t o r  a s  between th e  c r y s t a l  and s o u r c e ,  t h a t  the  

s c a l e  i s  p e r f e c t l y  i n s c r i b e d  and t h a t  th e  c o u n t e r  s l i t  c o i n c i d e s  

e x a c t l y  w i th  th e  a x i s  of  r o t a t i o n  of  i t s  mount ing .  To check the  

i n i t i a l  va lue  of  X o b ta in ed  w i th  the  ca lc ium l i n e  o t h e r

e m is s io n  l i n e s  were examined.  These l i n e s ,  t o g e t h e r  w i th  the  o rd e r  

i n  which th ey  were d e t e c t e d ,  a r e  shown i n  f i g u r e  2 . 4 .  A good 

r e f e r e n c e  l i n e  should  be w e l l  d e f in e d  i n  shape ,  easy  to  r e s o l v e  

from ne ighbour ing  l i n e s ,  u n a f f e c t e d  by chem ica l  e f f e c t s ,  and easy  

t o  p roduce .  Such l i n e s  a r e  s c a r c e ,  e s p e c i a l l y  i n  th e  lo n g e r

wavelength  r e g i o n s ,  and so s h o r t e r  wavelength  l i n e s  observed i n
I

h ig h e r  o rd e r s  have t o  be u s e d .  Even so,  of  the  a v a i l a b l e  l i n e s  

on ly  the  molybdenum and can  be s a i d  t o  f u l f i l  the

r eq u i re m en ts  s e t  out  above .  The ca lc ium compound used was s u lp h a t e  

bu t  as  t h e r e  have been no measurements of  th e  Ko<^ l i n e  i n  t h i s  

compound the  v a lu e s  p u b l i sh e d  f o r  the  oxide were used .  The 

w ave leng ths  of the  c a l i b r a t i o n  l i n e s  t o g e t h e r  w i th  r e f e r e n c e s  a r e  

l i s t e d  below.

Wavelengths of  c a l i b r a t i o n  l i n e s .

Calcium (ox ide )  KoC  ̂ 3351.85 t  0 .1  xu Haglund^^

S i l i c o n  (ox ide )  KoC  ̂ 7108.5  1 0 .3  xu Flemberg48

Molybdenum Lo(^ 5395.35 t  0 .2  xu Haglund^?

L / 0 |  5166.35  -  0 .2  xu Haglund^?

P la t inum  Mc<  ̂ 6034 1 1 xu LindberglO
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The graph  of  the  ca lc ium  l i n e s  i n  the  f i f t h  o r d e r  shows th e  

oCi a n d c < 2  w e l l  r e s o lv e d  and the v a lu e  of  3 .1 0  xu he re  o b ta in ed  

f o r  t h e i r  s e p a r a t i o n  a g re e s  w e l l  w i th  th e  3 .11  xu o b ta in e d  by 

Haglund .  The f u l l  w id th  a t  h a l f  maximum of the  l i n e  ob ta in ed  

i n  th e  f i r s t  o b s e r v a t i o n  was 1.85 xu and i n  the  second 1.62  xu.

The d i s c re p a n c y  may be e x p la in ed  i n  t h a t  i n  the  f i r s t  i n s t a n c e  

t h e  c o a t i n g  on the  anode was c o n s i d e r a b l y  t h i c k e r  t h a n  i n  the

second .  The b roaden ing  due t o  the  g e o m e t r i c a l  e f f e c t s  was c a l c u l a t e d
!; ;

i n  th e  manner o u t l i n e d  on Page 22 and found to  be 0 .65  xu.

P a r r a t t 4 9  has g iv e n  the  w id th  of  t h i s  l i n e ,  c o r r e c t e d  f o r  the 

o v e r l a p  of the  ^ 2  l i n e ,  us 0 . 9 2  xu and as  no such c o r r e c t i o n  was 

c a r r i e d  out  i n  t h i s  c a l c u l a t i o n  i t  can  be seen  t h a t  i n  the  p r e s e n t  

s p e c t r o m e t e r ,  o t h e r  broadening! e f f e c t s  a r e  min imal .

The va lue  of t h e  s c a l e  pojint X o b ta in e d  f o r  each  of the  

c a l i b r a t i o n  l i n e s  i s  p l o t t e d  a g a i n s t  the  s c a l e  p o s i t i o n  of  the  

l i n e  i n  F igure 2 . 5 .
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The v e r t i c a l  l i n e s  shown i n  t h i s  d iagram r e p r e s e n t  the  e r r o r s  

quo ted  by the  a u t h o r s  of  the  waveleng th  v a lu e s  u sed .  For the 

s c a l e  r e g io n  110^ t o  160^ th e  wandering of the  "ze ro"  i s  very  

s l i g h t  and the  use of  any one of  the  fo u r  l i n e s  i n  t h i s  r e g io n  

f o r  c a l i b r a t i o n  would give  w ave leng ths  f o r  the  o t h e r  t h r e e  i n  

good agreement w i th  those  quoted above.  I t  was i n  t h i s  r e g io n  t h a t  

most of the  a b s o r p t i o n  measurements were made. At l a r g e r  s c a l e  

r e a d i n g s  the "zero"  s h i f t s  a p p r e c i a b l y  and when c a l c u l a t i n g  

w ave le ng ths  i n  t h e s e  reg ions  t h i s  s h i f t  was a l low ed  f o r .

The Measurement of Transm iss ion  of  the  A bso rp t ion  S c r e e n s .
I ■

The t r a n s m i s s i o n  of  the f o i l s  was o b ta in ed  f o r  a  s e r i e s  of 

p o i n t s  th rough the  range i n  which the  M a b s o r p t i o n  s p e c t r a  was 

ex p ec ted  to  a p p e a r .  This  range was e s t im a te d  from L em iss ion  and 

a b s o r p t i o n  d a t a .  The r e s u l t s  a r e  the  ave rages  f o r  t h r e e  such runs  

th rough  the  r e g i o n .  To overcome any g radua l  d r i f t  i n  the  i n t e n s i t y  

t h e  f o i l s  were examined f o r  each p o in t  i n  la b la n k  -  coa ted  -  

c o a t e d  -  b lank  sequence .  The time f o r  1000 coun ts  was ta ken  f o r  

each  r ead ing  and the  v a lu es  of  i n c id e n t ,  or  t r a n s m i t t e d  i n t e n s i t y  

f o r  each waveleng th  s e t t i n g  were th e  r e s u l t  of  twelve such read ings ,  

Thus the  s t a n d a rd  e r r o r  i n  each va lue  of  the  t r a n s m i s s i o n  was 

a bou t  2%. The t r a n s m i s s i o n  measurements were c o r r e c t e d  f o r  

background which was counted f o r  10^ seconds a t  t h e  beg inn ing  and 

end of  each s e r i e s  of  measurements.
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D is c u s s io n  of  E r r o r s .

The e r r o r s  a f f e c t i n g  .hese measurements may be d iv i d e d  i n t o

two groups ;  th o se  a f f e c t i n g  the  a b s o r p t i o n  c o e f f i c i e n t ,  and those

a f f e c t i n g  the  wavelength  v a l u e s  of  the  a b s o r p t i o n  s t r u c t u r e ,

a l th o u g h  an  u n c e r t a i n t y  i n  the  former w i l l  o bv ious ly  produce a n  ,

u n c e r t a i n t y  i n  the  l a t t e r .

The s t a n d a r d  e r r o r  i n  th e im easured  t r a n s m i s s i o n  w i l l  g ive

an  e r r o r  i n  the  a b s o r p t i o n  c o e f f i c i e n t  which i s  dependent  upon

th e  mass t h i c k n e s s  m of the  f o i l ,  being  g iven  by

^  -  0 .0 2  
mI

The method of  weighing the  e v a p o ra te d  l a y e r s  gave r i s e  t o  a
I

s t a n d a rd  e r r o r  i n  the mass t h i c k n e s s  of  0 .017  mgnv/cm^ and t h i s  

l e ad s  t o  a f u r t h e r  e r r o r  i n  the  a b s o r p t i o n  c o e f f i c i e n t  g iv e n  

by the  e x p r e s s i o n

^  2 “  0.017
m

In acc u ra cy  i n  the  wavelengths  a r i s e s  from two s o u r c e s ,  namely the  

e r r o r  i n  the  r e a d i n g  of  the s c a l e  and the  e r r o r  i n  the  va lue  of  

t h e  s c a l e  " z e r o " .  The s c a l e  cou ld  be read  to  0 ,4 4  minu tes  th roughou t  

b u t  the  e r r o r  i n  the  s c a l e  "zero"  w i l l  depend ve ry  much upon the  

r e g i o n  i n  which th e  s p e c t ro m e te r  i s  be ing  o p e r a t e d .  I n  the  r e g io n  

110® to  l 6 0 ® the  t o t a l  e r r o r  w i l l  be of the  o r d e r  of  ±0 .5  xu but  

a t  l a r g e r  a n g le s  i t  w i l l  be i n c r e a s e d .  The c a l c u l a t e d  e r r o r s  

a s s o c i a t e d  w i th  the  wavelength  v a l u e s  and the  mass t h i c k n e s s e s  of 

the  f o i l s  a r e  g iv e n  i n  the  next  c h a p t e r .
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P l a t e  1. The Main E v a p o ra t io n  P l a n t .

The f o i l  h o l d e r  and nidsk a r e  shown i n  p o s i t i o n  above th e  

t a n ta lu m  b o a t .

P l a t e  2.  The S p e c t ro m e te r .

The components shown a r e ,  from l e f t  t o  r i g h t ,  th e  c o u n t e r  

h o l d e r ,  the  c r y s t a l  mounting and th e  anode assembly .

P l a t e  3» Genera l  View of A p p a r a t u s .

The r a d i o  f requency  g e n e r a t o r  i s  shown t o  t h e  l e f t  w i th  the 

c o i l  i n  p o s i t i o n  on the  e v a p o r a t i o n  chamber. The Penning 

Gauge Meter i s  shown on top  of  the  s p e c t r o m e te r  ta n k  and the  

Xray source  b i a s  c o n t r o l  box i s  to  th e  ext reme r i g h t  of  the  

p i c t u r e .
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CHAPTER THREE: EXPERIMENTAL RESULTS.

I n t r o d u c t i o n .

A b so rp t io n  Measurements on Y t t e rb i u m .

The My L ine .

The Miv and! My Edges.

The M ii i  Edge.

The Miy and My Edges of some H eav ie r  Elements 

Lutecium.

Hafnium.

Tantalum.

F o i l  T h i c k n e s s e s .

Wavelength and Energy V a lu e s .
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I n t r o d u c t i o n .

As was p o in t e d  out  i n  the  f i r s t  c h a p t e r  the  scope of  t h i s  

work ex tended  t o  an  i n v e s t i g a t i o n  of th e  My l i n e  a b s o r p t i o n  of  

y t t e r b i u m  i n  the  m e t a l l i c  s t a t e  and i n  compound, and a s e a r c h  f o r  

t h e  Mj ŷ and My a b s o r p t i o n  gdges of  y t t e r b i u m ,  lu tec ium  and 

hafnium, t o g e t h e r  w i th  a measurement of  t h e s e  edges f o r  t a n ta lu m  

t o  p rov ide  a comparison w i th  p rev ious  work.  These i n v e s t i g a t i o n s ,
I  .

t h e  r e s u l t s  of which a re  shown below, were ex tended t o  i n c lu d e  a 

measurement of the  edge', of y t t e r b i u m .  A l l  s u b s t a n c e s  used  i n

t h e  p r e p a r a t i o n  of the  a b s o r p t i o n  f o i l s  were o b ta in ed  from 

Johnson,  Mathey and Co. arid had a s t a t e d  p u r i t y  of  99.9%. 

Measurements were made on the  oxides  of a l l  f o u r  e l em en t s ,  the  

f l u o r i d e s  of  y t t e r b i u m  and lu tec ium ,  and pure m e t a l l i c  y t t e r b i u m .  

The a b s o r p t i o n  c o e f f i c i e n t s  of  the  compounds were f i r s t  

c a l c u l a t e d  and th e s e  were the n  c o r r e c t e d  f o r  a b s o r p t i o n  by the 

oxygen ( o r  f l u o r i n e ) .  The a b s o r p t i o n  c o e f f i c i e n t  of th e se  l a t t e r  

was ob ta in ed  from an  e x p r e s s i o n  of  the ty pe

y/4, = CX®.

To o b t a i n  the  v a l u e s  of the  c o n s t a n t  C and th e  exponent  n the  

a b s o r p t i o n  c o e f f i c i e n t s  f o r  s h o r t  wavelengths  from the  t a b l e s  

compiled by A l l e n  and p u b l i s h e d  by Compton and A l l i s o n ^ ^  .vere 

u s e d .  A p l o t  of the  e q u a t io n s  used f o r  th e  a b s o r p t i o n  of oxygen 

and f l u o r i n e ,  t o g e t h e r  w i th  th e  ex p e r im en ta l  p o i n t s  i s  g iven  i n  

F igure  3-J-» The r e g io n  of  waveleng ths  i n v e s t i g a t e d  was w ell  above 

t h e  K edges of  t h e s e  two e le m e n t s  and i n  sucb a r e g i o n  e x p r e s s i o n s
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o f  t h i s  ty p e  have  b e e n  fo u  td t o  be v a l i d  by many e x p e r i m e n t e r s /,6

lOO

FLUORINE. 4 = 5 .0 X2 * 0 7

OXYGEN.yy =

Xin KXU

2.52 .01.51.0

F IG U R E  3.1 ABSORPTION OF OXYGEN AND FLUORINE.

The c o r r e c t e d  a b s o r p t i o n  c o e f f i c i e n t  o f  th e  m e t a l  was t h e n  

o b t a i n e d  f r o m  t h e  e q u a t i o n

w h e re  i s  th e  m e a s u re d  c o e f f i c i e n t ,  t h e  c o e f f i c i e n t

e x t r a p o l a t e d  i n  t h e  m annej’ d e s c r i b e d  a b o v e ,  and  a  an d  b th e

r e s p e c t i v e  masses o f  A and  3  p r e s e n t  i n  t l i e  compound. T h e

c o r r e c t e d  v a l u e s  o b t a i n e d  i n  t h i s  m an n er  c o n t a i n  a n  a d d i t i o n a l  

s o u r c e  o f  e r r o r  i n  th e  u n c e r t a i n t y  o f  b u t  s in c e  b i s  much

s m a l l e r  t h a n  a  f o r  t h e  compounds s t u d i e d  an d  s i n c e  i s  u s u a l l y  

s m a l l e r  t h a n  a  r e l a t i v e l y  l a r g e  p e r c e n t a g e  e r r o r  i n  w i l l
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o n ly  i n c r e a s e  the  e r r o r  i n  ^  by a  smal l  amount.  An extreme 

example i s  the  a b s o r p t i o n  c o e f f i c i e n t  i n  th e  c e n t r e  of  the 

a b s o r p t i o n  l i n e  of  y t t e r b i u m  i n  y t t e r b i u m  f l u o r i d e ;  h e r e  a 

change of  30^  i n  the  a b s o r p t i o n  c o e f f i c i e n t  of f l u o r i n e  only 

a l t e r s  the  c o r r e c t e d  va lu e  f o r  y t t e r b i u m  by 1^. I n  o t h e r  r e g io n s  

t h e  v a l u e  w i l l  a l t e r  by up t o  10^. However i t  i s  no t  a n t i c i p a t e d  

t h a t  th e  a b s o r p t i o n  c o e f f i c i e n t s  o b ta in e d  by t h i s  p ro c e s s  of 

e x t r a p o l a t i o n  a re  i n  ç r r o r  by such a  l a r g e  amount. The U n i v e r s i t y  

computer  ( E l l i o t t  803) was programmed t o  c a l c u l a t e  th e  a b s o r p t i o n  

c o e f f i c i e n t s  of  th e  compounds from th e  ex p e r im en ta l  d a t a  and th e n  

w i th  a  second programme the  c o r r e c t e d  v a l u e s ,  t o g e t h e r  w i th  the  

ene rgy  and wavelength  p o s i t i o n  of  each p o i n t ,  were o b t a in e d .

A b so rp t io n  Measurements on Y t t e r b i u m .

The Mv L i n e .

The s i n g l e  l i n e  a b s o r p t i o n  of  y t t e r b i u m  a r i s e s  from an 

e l e c t r o n i c  t r a n s i t i o n  between th e  My s h e l l  and th e  gap i n  the  

4 f  s h e l l  and as  has  been i n d i c a t e d  i n  the  f i r s t  c h a p t e r ,  such a 

gap only occurs  i f  the  y t t e r b i u m  atom i s  i n  a  t r i p l y  i o n i s e d  

s t a t e .

The s tudy  of y t t e r b iu m  was commenced wi th  a measurement of 

th e  My a b s o r p t i o n  l i n e  f o r  y t t e r b i u m  f l u o r i d e  and a p l o t  of the  

a b s o r p t i o n  c o e f f i c i e n t s  of t h i s  compound i s  g iv e n  i n  F igure  3*2.  

As can be seen  from the  f i g u r e  the  a b s o r p t i o n  l i n e  i s  sharp  and 

ex t rem ely  pronounced,  the  a b s o r p t i o n  c o e f f i c i e n t  a t  maximum be ing
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a f a c t o r  t e n  l a r g e r  th a n  t h a t  on e i t h e r  s id e  of tl)è t i n e .  Th is  

change in  a b s o r p t i o n  c o e f f i c i e n t  had been measure^ p r e v i o u s l y  i n  

t h i s  l a b o r a t o r y  by both  W ill iams  and Phakey^S u s in g  pho tog raph ic  

d e t e c t i o n .  They o b ta in e d  v a l u e s  of  27,500 and 18,000 cni^/gm

r e s p e c t i v e l y  from measurements on y t t e r b i u m  oxide  l a y e r s .  The
I ;

f o i l s  used  by Will iams  were p r e p a re d  from meta l  f o i l s  o x id i s e d  

i n  an  oxygen d i s c h a r g e ,  and i t  was sugges ted  t h a t  some l o s s  of  

th e  y t t e r b i u m  i n  t h i s  Iprocess may accoun t  f o r  th e  somewhat h igh

v a l u e  Obta ined .  The va lue  g iv e n  by Phakey i s  much n e a r e r  t h a t
!

o b ta in e d  i n  the  p r e s e n t  i n v e s t i g a t i o n .  The d i s c r e p a n c y  i s
.1

p robab ly  e x p la in e d  by th e  i n a c c u r a c i e s  of  th e  pho tograph ic
I

te c h n iq u e ,  i n  a d d i t i o n  to  th e  e r r o r s  in v o lv ed  i n  the  d e t e r m i n a t i o n  

of  the  mass t h i c k n e s s  of the  f o i l s  both  i n  t h a t  i n v e s t i g a t i o n  and 

i n  t h i s .  The a b s o r p t i o n  c o e f f i c i e n t s  o b ta in e d  f o r  y t t e r b i u m  

f l u o r i d e  were c o r r e c t e d  i n  th e  way d e s c r ib e d  above and the  

c o r r e c t e d  curve i s  shown i n  F igure  3.3* T h i s  curve r e p r e s e n t s  the  

v a r i a t i o n  of  a b s o r p t i o n  c o e f f i c i e n t  w i th  w avelength  f o r  the  

y t t e r b i u m  io n  i n  y t t e r b i u m  f l u o r i d e ,  and i t  can  be seen  t h a t  the  

e f f e c t  of  t h e  c o r r e c t i o n  i s  t o  i n c r e a s e  th e  magnitude of  th e  

a b s o r p t i o n  l i n e .

The nex t  s t a g e  i n  t h i s  i n v e s t i g a t i o n  was the  p r e p a r a t i o n  of 

pure y t t e r b i u m  m eta l  f o i l s .  According  t o  the  magnet ic d a t a  of 

Lock^^ the  atoms i n  m e t a l l i c  y t t e r b i u m  have a complete 4 f  s h e l l ,  

th u s  the  l i n e  a b s o r p t i o n  shou ld  not  a p p e a r .  The f i r s t  meta l  f o i l s  

were p re p a re d  i n  the  main e v a p o r a t io n  p l a n t  but  exam ina t ion  of
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t h e s e  f o i l s  showed an  a b s o r p t i o n  l i n e  which a l th o u g h  reduced i n  

magnitude was s t i l l  a p p r e c i a b l e .  With the  i n t r o d u c t i o n  of the  

new e v a p o r a t io n  chamber however th e  q u a l i t y  of  the  f o i l s  was 

improved u n t i l ,  a f t e r  some re f in e m e n t  of  th e  t e c h n iq u e ,  a f o i l  

was produced f o r  which only a very  s l i g h t  t r a c e  of l i n e  

a b s o r p t i o n  appea red .  The r e d u c t i o n  of the  Rîy l i n e  r e v e a l e d  a 

sm al l  hump i n  the  a b s o r p t i o n  p r o f i l e  to  the  h igh  energy s i d e .

The metal  f o i l  was re-examined a f t e r  s t a n d i n g  i n  a i r  f o r  two and 

seven  days ;  i n  th e  f i r s t  i n s t a n c e  a s l i g h t  i n c r e a s e  i n  the  My 

l i n e  a b s o r p t i o n  was d e t e c t e d  but  t h e r e a f t e r  no change o c c u r re d .
' I

Th i s  o b s e r v a t i o n  seems to  i n d i c a t e  t h a t  the  s u r f a c e  of the  meta l  

became coa ted  w i th  a p r o t e c t i v e  f i l m  of oxide which th e n  

p r e v e n te d  f u r t h e r  o x i d a t i o n .  The a b s o r p t i o n  c u rv es  o b ta in e d  f o r  

the  pure and s l i g h t l y  o x id i s e d  metal  a r e  shown i n  F igure  3 - 4 ,  

t o g e t h e r  w i th  a curve  f o r  the  p u r e s t  meta l  f o i l  p repa red  i n  the  

main e v a p o r a t i o n  p l a n t .  The meta l  f o i l  was the n  o x id i s e d  by 

p l a c i n g  a smal l  drop of  hydrogen pe rox ide  on i t .  This  method of 

o x i d a t i o n  was t e s t e d  on f o i l s  which had shown a p p r e c i a b l e  l i n e  

a b s o r p t i o n  and i t  was noted  t h a t  they  r a p i d l y  became t r a n s p a r e n t ,  

whereas w i th  the  pure me ta l  f o i l  the  p roces s  was much s low er  

p rocee d ing  g r a d u a l l y  inwards  from the  edge of the  l a y e r ,  i n d i c a t i n g  

t h a t  t h i s  f o i l  w i th  i t s  c o a t in g  of oxide was ex t remely  s t a b l e  and 

r e s i s t a n t  to  f u r t h e r  o x i d a t i o n .  The a b s o r p t i o n  of  the  o x id i s e d  

f o i l  was th e n  examined and the  l'.îy l i n e  found t o  be s t r o n g l y  i n  

ev id en ce .  The c o r r e c t e d  c u r v e s  f o r  the  o x i d i s e d  i.'.etal and the
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f l u o r i d e  f o i l s  a re  t o g e t h e r  compared w i th  t h a t  of  the  pure meta l  

i n  F igure  3*5«

The Miv and My Edges .

H i t h e r t o  no M a b s o r p t i o n  edges had been r e p o r t e d  f o r  

y t t e r b i u m .  In  t h i s  i n v e s t i g a t i o n  the  and My edges were f i r s t  

r e g i s t e r e d  f o r  the  y t t e r b i u m  f l u o r i d e  f o i l .  The v a r i a t i o n  of the  

a b s o r p t i o n  c o e f f i c i e n t  of t h i s  su b s t a n c e ,  w i th  photon ene rgy ,  i s  

shown i n  F igu re  3*6.  The expec ted  p o s i t i o n  of  t h e s e  edges was 

c a l c u l a t e d  from L em iss ion  and a b s o r p t i o n  d a t a  but  i t  was found 

t h a t  the  observed  edges o ccu r red  a t  e n e r g i e s  some 20 ev h i g h e r .

A d i s c r e p a n c y  of t h i s  type was found f o r  a l l  f o u r  of the  e lements  

s t u d i e d .  The y t t e r b i u m  edges were found to  be d i f f u s e  and 

r e p r e s e n t e d  a change i n  a b s o r p t i o n  c o e f f i c i e n t  much s m a l l e r  than  

t h a t  of the  liy l i n e .  These two f a c t o r s  p robab ly  e x p l a i n  the
I

f a i l u r e  of  p rev ious  a t t e m p t s  to  r e g i s t e r  them p h o to g r a p h i c a l l y  

which had been made i n  t h i s  l a b o r a t o r y .  T^e a b s o r p t i o n  p r o f i l e ,  

c o r r e c t e d  f o r  the  a b s o r p t i o n  of t h e  f l u o r i n e ,  i s  shown i n  

F igu re  3 . 7 .

The s tudy  of the  pure meta l  f o i l  i n  t h i s  r e g io n  a g a i n  showed 

th e  edge s t r u c t u r e s  but  a t  e n e r g i e s  lower by about  10 ev.  However 

on o x i d a t i o n  of  the  f o i l  they  were found t o  s h i f t  back t o  a 

p o s i t i o n  app rox im ate ly  the same as  t h a t  found f o r  th e  f l u o r i d e .  

The a b s o r p t i o n  c o e f f i c i e n t s  ob ta in ed  f o r  the  o x id i s e d  f o i l  were 

c o r r e c t e d  f o r  the  a b s o r p t i o n  of  the  oxygen and the  r e s u l t i n g  

curve i s  shown i n  Figure  3*#, t o g e t h e r  w i th  t h a t  f o r  the  pure
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m e t a l .  I n  t h i s  f i g u r e  the  change i n  p o s i t i o n  of  the edges can  

be c l e a r l y  seen .  Tha t  the  p o s i t i o n s  of  th e  edges f o r  y t t e r b i u m  

i n  th e  f l u o r i d e  and i n  the  oxide a r e  a lmos t  c o i n c i d e n t  i s

shown i n  F igure  3«9* This  f i g u r e  c o n s i s t s  of a  comparison
1 ..

be tween a b s o r p t i o n  p r o f i l e d  of  the  y t t e r b i u m  io n  i n  the  m e ta l ,

t h e  f l u o r i d e  and th e  oxide i n  the  r e g io n  of  the  My
!

e d g e s .
II

The M j i i  Edge .;

The i n v e s t i g a t i o n  of  y t t e r b i u m  was completed w i th  an a t t e m p t  

t o  r e g i s t e r  the  M i ü  edge.  The a b s o r p t i o n  of th e  y t t e r b i u m  

f l u o r i d e  f o i l  was i n v e s t i g a t e ^  i n  the  r e g i o n  of  th e  c a l c u l a t e d  

p o s i t i o n  of t h i s  edge .  The edge was found to  r e p r e s e n t  on ly  a  

s m a l l  change i n  a b s o r p t i o n  c o e f f i c i e n t  and i t s  w avelength  

p o s i t i o n  was found t o  agree  v e ry  c l o s e l y  w i th  th e  c a l c u l a t e d  

v a l u e .  This  edge was a l s o  d e t e c t e d  u s in g  the  me ta l  f o i l  and 

a l t h o u g h  a  s l i g h t  s h i f t  i n  th e  w avelength  p o s i t i o n  was observed 

i t  was not  of  the  same magnitude as  t h a t  observed  f o r  th e  Mj[y 

and  My edges .  The M i i i  edges observed  f o r  th e se  two su b s t a n c e s  

a r e  compared i n  F igu re  3 .10 .  The a b s o r p t i o n  c o e f f i c i e n t s  f o r  the  

f l u o r i d e  f o i l  have been c o r r e c t e d  f o r  f l u o r i n e  a b s o r p t i o n .

The r e l a t i v e  magnitudes and p o s i t i o n s  of  the  a b s o r p t i o n  

s t r u c t u r e s  mentioned above can be seen  from F igu re  3 « H  i n  which 

t h e  My l i n e  and the  M ü i ,  Mpy and My edges of y t t e r b i u m  i n  

y t t e r b i u m  f l u o r i d e  a re  p l o t t e d  on the  same energy s c a l e .
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The Miv My Edges of  some H eav ie r  E lem en ts .

Lutec ium.

The f i r s t  d e t e c t i o n  of  the  Miy and My a b s o r p t i o n  edges of 

l u t e c iu m  was made Using an  evapo ra ted  lu t e c iu m  oxide a b s o r p t i o n  

s c r e e n .  However an  exam ina t ion  of  the  v a r i a t i o n  of  a b s o r p t i o n  on 

th e  h igh  energy s id e  of  the  edges showed a f u r t h e r  " s t e p "  i n  the 

s t r u c t u r e .  Because of the  h igh  t e m p era tu re  r e q u i r e d  i n  the  

p r e p a r a t i o n  of  the  f o i l  i t  was s u sp e c te d  t h a t  some of the  t a n ta lu m  

bo a t  m a t e r i a l  had a l s o  ev ap o ra ted ;  and t h i s  was conf irmed  when 

t h e  a b s o r p t i o n  measurements on t a n t a lu m  oxide r e v e a le d  t h a t  the 

t h i r d  s t e p  on the  lu t e c iu m  curve c o i n c id e d  w i th  the  My edge of 

t a n t a lu m .  The a b s o r p t i o n  curve r e s u l t i n g  from measurements on 

t h i s  t a n ta lu m  con tam ina ted  lu tec iu m  f o i l  i s  shown i n  f i g u r e  J . 1 2 .  

The My edge observed f o r  t a n ta lu m  has been  inc luded  to  show the  

c o in c id e n c e  d i s c u s s e d  above .  Langmuir and M a l t e r ^ l  have g iv e n  

an  e q u a t io n  f o r  the r a t e  of e v a p o r a t io n  of  t a n ta lu m  which,  f o r  

t h e  c o n d i t i o n s  of  the  p r e p a r a t i o n  of the  lu t e c iu m  oxide f o i l ,  

i n d i c a t e s  t h a t  the melinex  s u b s t r a t e  would a l s o  be coa ted  w i th  

about  0 .02  mgn\/cm^ of t a n t a lu m .  This  would mean t h a t  the  lu tec ium  

and t a n ta lu m  were i n  a r a t i o  o f  app rox im ate ly  s i x  to  one.  From 

th e  a b s o r p t i o n  curve i t  seems t h a t  the  p r o p o r t i o n  of t a n ta lu m  was 

n e a r l y  tw ice  t h i s .  The a b s o r p t i o n  curve of  lu tec ium  ox ide ,  by 

v i r t u e  of  the  co n ta m in a t io n ,  does not  g ive  any in fo rm a t io n  

r e g a r d i n g  the  a b s o lu t e  v a l u e s  of a b s o r p t i o n  c o e f f i c i e n t  and so
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7 4 .

a n  a b s o r p t i o n  s c r e e n  of  the  f l u o r i d e  of t h i s  m e ta l  was p repa red .  

Th i s  compound e v a p o r a t e s  a t  a  much lower t e m pera tu re  t h a n  the  

o x id e ,  being s i m i l a r  i n  t h i s  r e s p e c t  to  y t t e r b i u m  f l u o r i d e .  The 

v a r i a t i o n  of a b s o r p t i o n  c o e f f i c i e n t  w i th  photon  energy  f o r  

l u t e c iu m  f l u o r i d e  and the curve o b ta in e d  a f t e r  c o r r e c t i o n  f o r  

the  f l u o r i n e  a b s o r p t i o n  a re  p l o t t e d  i n  F igure  3.13* I n  t h i s  i t  

c an  be seen t h a t  t h e r e  i s  no longe r  ev idence  of  t a n ta lu m  

a b s o r p t i o n .

Hafnium.

This  metal  cou ld  not  be o b ta in e d  i n  a form s u i t a b l e  f o r  the  

p r e p a r a t i o n  of a b s o r p t i o n  s c re e n s  by e v a p o r a t io n .  The oxide has 

m e l t i n g  and b o i l i n g  p o in t s  s i m i l a r  t o  those  of t a n t a lu m  or 

tu n g s t e n  and t h i s  r u l e s  out  any e v a p o r a t io n  t echn ique  s i m i l a r  to  

t h e  one d e s c r ib e d  above ,  With the meta l  t h i s  s i t u a t i o n  i s  on ly 

s l i g h t l y  improved.  A s u i t a b l e  compound would be the  t e t r a f l u o r i d e  

bu t  t h i s  subs tance  proved t o  be u n o b ta in a b le  com mercia l ly .  In  

view of t h i s  d i f f i c u l t y ,  a b s o r p t i o n  s c r e e n s  were p repa red  by the 

method s e t  out i n  the  l a s t  c h a p t e r .  A measurement of the  

t r a n s m i s s i o n  of the  f o i l  only r e v e a l s  the  g e n e ra l  s t r u c t u r e  i n  

th e  v a r i a t i o n  of a b s o r p t i o n  w i th  wave leng th .  The waveleng th  

p o s i t i o n  of  any such s t r u c t u r e  can be de termined  but  no measure 

of  the  a b s o lu t e  or  even r e l a t i v e  v a lu e s  of the a b s o r p t i o n  

c o e f f i c i e n t  may be o b t a in e d .  The a b s o r p t i o n  e q u a t io n  f o r  such a 

f o i l  may be w r i t t e n  as
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lo g g  J[£ -  A/< ■¥ B

where A i s  the  mass p e r  u n i t  a r e a  of  h a fn ium , /*  i t s  mass 

a b s o r p t i o n  c o e f f i c i e n t  and B th e  sum of a i l  such p r o d u c t s  f o r  

t h e  o t h e r  s u b s t a n c e s  making up the  f o i l .  The te rm B w i l l  be a 

f u n c t i o n  of  wavelength  bu t  an  exam ina t ion  of  a  c l e a r  c o l l o d i o n  

f i l m  showed t h a t  t h i s  f u n c t i o n  was f a i r l y  uniform i n  the  range 

o f  th e  hafnium edges* As bo th  A and B a r e  i n d e t e r m i n a t e  f o r  t h i s  

a b s o r p t i o n  s c r e e n  the  va lue  of  /*  cannot  be o b t a in e d .  A p l o t  of 

the  v a r i a t i o n  of  the  q u a n t i t y  on the  l e f t  hand s i d e  of  t h i s  

e q u a t i o n  i s  g iven  i n  F igure  3*14*

Tantalum. I
■ I

The t a n ta lu m  Mj ŷ and My edges had been p r e v io u s l y  d e t e c t e d  

p h o to g r a p h i c a l l y  by Whitmer^^ and by Doughty and KcGrath^^;  i n
; i

e ach  case  m e t a l l i c  f o i l s  were p r e p a re d ,  bu t  d i f f e r e n t  wavelength

v a l u e s  f o r  the  p o s i t i o n s  of the  edges were o b t a in e d .  I n  t h i s
!

i n v e s t i g a t i o n ,  t a n ta lu m  oxide  was used  as  a b s o r b e r ,  be ing  e a s i e r

t o  evap o ra te  tha n  t a n ta lu m  i t s e l f .  The a b s o r p t i o n  curve  f o r  t h i s
: I,
 ̂ l|

compound and the  curve c o r r e c t e d  f o r  oxygen a b s o r p t i o n  a re  shown

i n  F igure  3*15* The p o s i t i o n s  of  the  edges as  g iv e n  i n  the two

i n v e s t i g a t i o n s  r e f e r r e d  t o  above a r e  a l s o  i n d i c a t e d  i n  the

f i g u r e  and the  d i s c r e p a n c y  between the  t h r e e  s e t s  of  r e s u l t s  i s  

d i s c u s s e d  i n  the next  c h a p t e r .

The M^y and My edges of  a l l  f o u r  e lements  a r e  p l o t t e d  on a  

common energy s c a l e  i n  F igure  3*16* The s c a l e  of  th e  o r d i n a t e
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does not  app ly  to  the  hafnium a b s o r p t i o n  curve which has been 

drawn i n  f o r  com ple tenes s .

F o i l  T h i c k n e s s e s .

The mass pe r  u n i t  a^ea of  each of the f o i l s  i s  l i s t e d  

below t o g e t h e r  w i th  the  s t a n d a rd  e r r o r  a r i s i n g  from the weighing  

t e c h n iq u e .

Y t te rb iu m  f l u o r i d e j  0 .17  1 0 .017 mgii/cm^

Y tte rb ium  meta l  0^19 ± 0 .019 nigir/cm^

Lutecium oxide 0.14* -  0 ,017  mgnv/cm^
J

Lutecium f l u o r i d e  ; O.l ji  t  0 .017 r.ignt/cm^
I

Tantalum oxide 0 .10  1 0 .017  mgm/cm^
I

*This f i g u r e  i n c lu d e s  an  unknown mass of ta n ta lum .

The s t a n d a rd  e r r o r s  i n  the  weighing  p rocess  a re  based on a 

survey  of  the  weight  of  d i s c s  of melinex  punched a t  random from 

a l a rg e  s h e e t .  However, a  s y s t e m a t i c  s tudy  of d i s c s  cu t  from 

a d j a c e n t  a r e a s  of p l a s t i c  showed t h a t  s h o r t  range f l u c t u a t i o n s  

would g ive  an e r r o r  i n  the  f o i l  t h i c k n e s s  of  0 .01  mgiq/cm^.

Thus i t  can  be seen  t h a t  the  e r r o r s  quoted i n  the  l i s t  g iv e n  

above a re  probab ly  somewhat ex a g g e ra te d .
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Wavelength and Energy V a l u e s .

The energy v a lues  quo ted  below were c a l c u l a t e d  from the  

wavelengths  by means of the fo l low ing  e q u a t io n

E = 12372.V.- X 1 0 ^ ev.
X ( i n xu)

i n  which the  c o n s t a n t  term i s  t h a t  g iven  by Chupp e t  a l ^ ^ .

The method of  c a l i b r a t i o n  has been d e s c r i b e d  above but  i t  

shou ld  be noted here t h a t  no account  has  been ta ken  of the 

anomalous d i s p e r s i o n  of  th e  mica c r y s t a l .  To c o r r e c t  f o r  t h i s  

e f f e c t  the Bragg e q u a t io n  should  be w r i t t e n

X  = 2 d^ s i n  9 ' + A A 
n n%

For a p a r t i c u l a r  c r y s t a l  the  te rm A X  i s  a  f u n c t i o n  of 

wavelength  on ly ,  which r i s e s  i n  sha rp  peaks i n  the  v i c i n i t y  of  

the  a b s o r p t i o n  edges of  the  c o n s t i t u e n t  e lements  of t h a t  c r y s t a l .  

However i t  does not r i s e  above 0 .5  xu and when d iv id e d  by n^ 

t h i s  f a c t o r  becomes smal l  by comparison w i th  o t h e r  e r r o r s .

The p o s i t i o n  of  the  a b s o r p t i o n  edge has  come to  be d e f in e d  

a s  i t s  f i r s t  p o in t  of i n f l e x i o n .  Although such a d e f i n i t i o n  may 

seem somewhat a r b i t r a r y  t h e r e  has been some expe r im en ta l  

j u s t i f i c a t i o n  i n  the work of  Soules  and Shaw^^ who found t h a t  

f o r  the K a b s o r p t i o n  of  a rgon  the i n f l e x i o n  p o in t  of the edge f o r  

th e  s o l i d  co in c id ed  w i th  the  peak of the  f i r s t  sharp  a b s o r p t i o n  

l i n e  f o r  the gas .  However e s t i m a t i o n  of t h i s  i n f l e x i o n  p o in t  i s  

no t  alivays easy and so the  e r r o r  invo lved  i n  de te rm in ing  th e
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wavelength  p o s i t i o n  of  the  edge i s  p robab ly  much l a r g e r  tha n  the  

e r r o r  i n  c a l i b r a t i o n .  The wave leng th  and energy  p o s i t i o n s  of the  

a b s o r p t i o n  s t r u c t u r e s  measured i n  t h i s  s tudy  a r e  g iven  below
I

t o g e t h e r  w i th  the  r e s u l t s  of p rev ious  w orke rs .

Y t te rb ium  My l i n e

This  a b s o r p t i o n  l i n e  was found to  be ex t rem ely  s h a rp  and so 

i t s  p o s i t i o n  could  be e s t a b l i s h e d  a s  a c c u r a t e l y  as  th e  c a l i b r a t i o n  

would a l lo w .  The e s t i m a t e d  e r r o r  i n  th e  wavelength  i s  ± 0 .5  xu
i '

which i s  e q u i v a l e n t  t o  ± 0 .2  ev i‘o r  th e  energy .

Substance Wavelength
1: i 1

Energy

F lu o r id e

Oxide

8140.31!

8 1 3 9 . 6 j
' 1

1 5 1 9 . 9

1 5 2 0 . 0

Prev ious  measurements of t h i s  i i h e  were a l l  made on the  oxide 

and the fo l lo w in g  v a lu es  were ob ta ined :

LindberglO 8138 1  1  xu : Zandy^^ 8 I 3 6  t  2  xu : Phakey^^ 8 I 3 8  ± 1

Y tte rb ium  M ü i  edge.

For the  v a lu e s  s t a t e d  f o r  a l l  edges th e  e s t i m a t e d  e r r o r s  a re

2  xu f o r  waveleng th  and 0 . 5  ev f o r  ene rgy .

xu.

Subs tance Wavelength Energy

F lu o r id e 6 3 6 4 1 9 4 4

Metal 6 3 6 9 1 9 4 2 . 5
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w h ip  w ew i

S ubs tances
I V

7 7 4 6Y tte rb ium  F lu o r id e 1 5 9 7 . 3 7980

Y tte rb ium  Oxide 7749 1549.0

7815Y tte rb ium  Metal 8055

1661.7 1 6 1 0 . 3Lutecium F lu o r id e

1 6 6 2 . 0 7685 1 6 1 0 . 0Lutecium Oxide

7117 iHafnium Oxide 7349

6 7 7 2 1 7 6 7 . 0Tantalum Oxide 1827.0 7 0 0 2

P rev ious  R e s u l t s

I Whi tmer^O 
I Tantalum Metal 6 7 7 3 1 7 6 81827

Doughty and McGrath 
Tantalum Metal 6854 17597 0 3 3

± 10 xu ^ ± 5 xu



CIUPTER FOUR: DISCUSSION AND CONCLUSION

Y tte rb ium  My A b s o rp t io n  L i n e . 

Y t te rb iu m  M il l  A b so rp t io n  Edge. 

The Mjy and My A b s o rp t io n  Edges 

C onc lu s ion .
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I n  t l i i s  i n v c s t i g a t i u n  b u t i i  l i n e  ai id cugc a b s o r p t i o n  have  

b e e n  s t u d i e d .  Th e  d i f f e r e n c e  i n  c h a r a c t e r  b e t w e e n  t h e s e  two t y p e s  

o f  s t r u c t u r e  i s  d e t e r m i n e d  by t h e  d e g r e e  o f  i n f l u e n c e  o f  t h e  

s u r r o u n d i n g  i o n s  upon t h e  e j e c t e d  e l e c t r o n .  I n  t h e  f i r s t  cas e  t h e  

f i n a l  s t a t e  o f  t h e  e l e c t r o n  i s  a n  i n n e r  s t a t e  w h i c h  i s  s h i e l d e d  

f r o m  t h e  f i e l d  o f  t h e  o t h e r  i o n s  b u t  i n  t h e  second t h e  f i n a l  

s t a t e  i s  one w h i c h  i s  a s s o c i a t e d  w i t h  t h i s  f i e l d .  F o r  t h e  r a r e  

e a r t h  e l e m e n t s  t h e  ^ " 8  My s p e c t r a  c o n s i s t  o f  b o t h  l i n e  and  

edge a b s o r p t i o n  s i n c e  f o r  t h a t  s c r i e s  b o t h  i n n e r  and  o u t e r  f  t y p e  

s t a t e s  e x i s t .  M a y e r ^ ^  has  c a l c u l a t e d  t h e  a t o m i c  e i g e n f u n c t i o n s  o f  

4 f  an d  5 f  e l e c t r o n s  an d  has shown t h a t  t h e  e f f e c t i v e  p o t e n t i a l  i n  

w h i c h  such e l e c t r o n s  move p o s s e s s e s  two s e p a r a t e  m i n i m a ,  one a t  a 

r a d i a l  d i s t a n c e  o f  t h e  o r d e r  o f  6 A n g s t r o n s  f r o m  t i t e  n u c l e u s  and  

t h e  o t h e r  much c l o s e r  a t  a b o u t  0 . 2  A n g s t r o m s .  F o r  e l e m e n t s  lou' i n  

t h e  P e r i o d i c  T a b l e  t h e  i n n e r  t r o u g h  i s  h a r d l y  fo r m e d  and  

c o n s e q u e n t l y  t h e  l o w e s t  l e v e l  f o r  a n  f  e l e c t r o n  i s  s i t u a t e d  i n  t h e  

o u t e r  t r o u g h .  H e r e  t h e  p o t e n t i a l  i s  s i m i l a r  t o  t h a t  f o r  h y d r o g e n  

and h a r d l y  v a r i e s  w i t h  a t o m i c  nu m ber .  F o r  h e a v i e r  e l e m e n t s  h o w e v e r  

t h e  i n n e r  t r o u g h  de ep ens  u n t i l  a t  th e  b e g i n n i n g  o f  t h e  r a r e  e a r t h  

s e r i e s  i t s  f i r s t  e l e c t r o n  l e v e l  becomes t h e  l o w e s t  l e v e l  o f  t h e  

wh o le  s y s t e m  and so a t  t h i s  i> o in t  t h e r e  i s  a  s udd en  s h r i n k a g e  o f  

t h e  r a d i u s  o f  t h e  4 f  o r b i t  b r i n g i n g  i t  p h y s i c a l l y  i n s i d e  t h e  a tom  

w h i c h  has a r a d i u s  o f  a b o u t  1 . 8  A n g s t r o m s . I r o g r e s s i n g  t o  h e a v i e r  

e le i i i c n ts  t h e  i n n e r  t r o u g h  i n  t h e  r o t e n t i a i  c o n t i n u e s  t o  s i n k  u n t i l
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a t  the  beg inn ing  of  the a c t i n i d e  s e r i e s  i t  i s  s u f f i c i e n t l y  deep 

t o  a l s o  c o n t a i n  the  5f  e l e c t r o n  s t a t e s .  Thus a t  t h i s  p o in t  a  

second r a r e  e a r t h  s e r i e s  commences. Between th e s e  two s e r i e s  the  

5 f  wave f u n c t i o n  f o r  the  f r e e  atom i s  s i m i l a r  t o  the  4 f  f u n c t i o n  

f o r  hydrogen w i th  a mean r a d i u s  of  about  7 Angstroms.  I n  a  s o l i d  

such f u n c t i o n s  w i l l  o v e r l a p  c o n s i d e r a b l y ,  p roducing  a band of 

s t a t e s  be long ing  to  a group  of ions  r a t h e r  than  j u s t  to  one.  The 

e x t e n t  of  t h i s  group i s  a m a t t e r  f o r  some deba te  which has g iven
t' ■

r i s e  t o  two d i s t i n c t  t h e o r i e s ;  ; th e  long  range birder th e o ry  of

Kronig^ and the  s h o r t  range  o r d e r  th e o ry  which has been reviewed
54 'i I !

by Kozlenkov . D i s c u s s io n  of  t h è se  t h e o r i e s  i s  t a k e n  up a g a i n
, 1 !

below but  f o r  the  p r e s e n t  i t  can !be conc luded t h a t  the c a l c u l a t i o n s  

o f  Mayer r e s u l t  i n  a  p i c t u r e  of  t | ie  f  type s t a t e s  which i s  

q u a l i t a t i v e l y  c o n s i s t e n t  w i th  th e  o b s e r v a t i o n s  made i n  the  

p r e s e n t  expe r im en ta l  i n v e s t i g a t i o n .

Y t te rb ium My A b so rp t io n  L ine .

The theory  of th e  n a t u r a l  shape of  a b s o r p t i o n  l i n e s  as  p r e s e n te d

59by Condon and S h o r t l e y  shows t h a t  the  t r a n s m i t t e d  i n t e n s i t y  

a f t e r  t r a v e r s i n g  a t h i c k n e s s  x of  the  a b s o r b e r  i s  g iven  by

I (cr) -  Iq exp .  -     (1)
w

i n  which O" i s  th e  wave number of the  r a d i a t i o n  measured from 

th e  c e n t r e  of the  l i n e ,  a  c o n s t a n t  te rm c h a r a c t e r i s t i c  of 

th e  p a r t i c u l a r  l i n e  and ^  i s  g iv e n  by
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E  "  B (bu) N (b)  X (2)
c TTcTo

I n  t h i s  e x p r e s s i o n  B (ba)  i s  the p r o b a b i l i t y  of  a  t r a n s i t i o n  from 

s t a t e  b to  s t a t e  a ,  N (b)  the  d e n s i t y  of  atoms i n  th e  i n i t i a l

s t a t e  and h 3/ th e  energy of th e  absorbed quantum. Now the  mass

a b s o r p t i o n  c o e f f i c i e n t  i s  d e f in e d  by the  e q u a t io n

I  -  I q exp.  (3)

where m i s  the  mass p e r  u n i t  a r e a  o f  the a b s o r b e r .  I n  the  r e g io n

'  '  ;of the  My l i n e  a b s o r p t i o n  t h i s  c o e f f i c i e n t  can be d iv i d e d  up i n t o
' I

two p a r t s ;  one r e l a t e d  t o  the  t r a n s i t i o n

jd^O 3d^ 4 f l 4  (4)

and the o t h e r  co v e r in g  t r a n s i t i o n s  from the  N, 0 s h e l l s  e t c .  The 

observed a b s o r p t i o n  c o e f f i c i e n t s  once c o r r e c t e d  f o r  th e  a b s o r p t i o n  of  

f l u o r i n e  ( o r  oxygen) may be ana ly se d  i n t o  t h e se  two components 

(see  F igure  4 . 1 . )  and i f  the maximum of th e  l i n e  a b s o r p t i o n  i s  

c o n s i d e r e d m a y  be e v a l u a t e d  from the  fo l low ing  e x p r e s s i o n

max. ™ ^  (5)

s in c e  c r  = o i n  th e  middle of t h e  l i n e .  A measurement of  t h e  

width  of  the  l i n e  a t  h a l f  maximum w i l l  y i e l d  the  va lue  of  cr^ 

and knowing th e s e  two q u a n t i t i e s  B (ba)  may be de te rmined .

However to  make such a p rocess  meaningful  a  c a r e f u l  survey  of  the .  

e f f e c t  of  a b s o r b e r  th i c k n e s s  on th e  dimens ions  of  the  a b s o r p t i o n
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l i n e  would have to  be c a r r i e d  out  i n  c o n j u n c t io n  wi th  a d e t a i l e d  

a n a l y s i s  of t h e  s p e c t r a l  r e sponse  of the  s p e c t r o m e te r .  Work of  

t h i s  k ind was not  inc lu d ed  i n  the  scope of  the  p re s e n t  s tudy  and 

so th e  above i s  to  be t aken  a s  an  i n d i c a t i o n  of  the r e s u l t s  t h a t  

f u r t h e r  i n v e s t i g a t i o n  would a c h i e v e .  The main purpose of  the  

measurements on the My l i n e  was to  dem onst ra te  i t s  magnitude f o r  

y t t e r b i u m  i n  compound and i t s  absence f o r  y t t e r b iu m  m e ta l .

The e l e c t r o n i c  c o n f i g u r a t i o n s  of the  r a r e  e a r t h s  have been 

summarised by Meggers^^ and more r e c e n t l y  by Cabezas e t  a l ^ ^ .

From o p t i c a l  s p e c t r o s c o p i c  d a t a  i t  i s  concluded  t h a t  the  n e u t r a l
! ;

14 2atom of  y t t e r b i u m  has an o u t e r  c o n f i g u r a t i o n  of  4 f  6s whereas

' ''t h e  t r i p l y  i o n i s e d  atom has  only t h i r t e e n  4 f  e l e c t r o n s .  I n  most 

compounds y t t e r b i u m  i s  t r i v a l e n t ' b ^ t  magnetic  s t u d i e s  on the  

m e t a l l i c  s u b s t a n c e  have shown t h i t ;  i t  i s  non param agnetic  

i n d i c a t i n g  t h a t  t h e r e  a r e  no u npa i re d  e l e c t r o n s .  Thus i n  the

m e t a l l i c  s t a t e  the  4 f  s h e l l  i s  complete and only the two 6s

e l e c t r o n s  c o n t r i b u t e  to  the  band s t r u c t u r e  of  the  s o l i d .  However 

the  above argument should only be t a k e n  to  app ly  to the  m a jo r i t y  

of  atoms f o r  i n  a l l  the magne tic  s t u d i e s  c a r r i e d  out  so f a r  some 

t r a c e  of  paramagneti sm has been  d e t e c t e d .  Spedding^^ concludes  

from h i s  work t h a t  t h e r e  i s  abou t  one atomic p e rc e n t  o f  t r i p o s i t i v e  

io n s  whereas L e i p f in g e r^ ^  quo te s  2% and Lock^^ e s t i m a t e s  t h a t  only

one atom i n  270 p o s se s s e s  any permanent magnetic moment. An

e s t i m a t e  of th e  number of  t r i p o s i t i v e  ions  i n  the  pure m e t a l l i c  

f o i l  p rep a red  d u r in g  the  p r e s e n t  work may be o b ta in e d  by an
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a n a l y s i s  o f  i t s  a b s o r p t i o n  c u r v e .  An e x a m i n a t i o n  o f  t h e  e q u a t i o n s  

( 2 )  an d  ( 5 )  s t a t e d  a b o v e  shows t h a t  f o r  t h e  a b s o r p t i o n  l i n e  t h e  

maximum v a l u e  o f  t h e  m ass a b s o r p t i o n  c o e f f i c i e n t  i s  p r o p o r t i o n a l
■,  I . '

t o  th e  number of  atoms i n  the  i n i t i a l  s t a t e  (b)  r e q u i r e d  f o r  the 

t r a n s i t i o n  ( b a ) ,  where the s t a t e s  f o r  the t r a n s i t i o n  d i s c u s s e d  

he re  a r e  i n d i c a t e d  i n  ( 4 ) .  I f  i t  i s  assumed t h a t  in  th e  f l u o r i d e  

f o i l  a l l  t h e  y t t e r b i u m  atoms have only t h i r t e e n  4 f  e l e c t r o n s  th e n

a  compar ison  between the  maximum of the  l i n e  a b s o r p t i o n  f o r  the
l'

c o r r e c t e d  f l u o r i d e  f o i l  and th e  : maximum of t h a t  f o r  the  metal  

f o i l  w i l l  g ive  the  f r a c t i o n  of  t r i p l y  i o n i s e d  atoms i n  the
: i ! :

l a t t e r .  Thus

N (Yb^+) meta l  » N (Yb^*) meta l  ■ x

N (Yb) metal N (Y b^+ )f luo r ide  ?

where x and y a r e  i n d i c a t e d  i n  f i g u r e  4 . 1 .

7 - 7 - .
BACKGROUND ABSORPTION DUE TO N.O SHELLS ETC.

 ̂ / / / / / /  K / / / / / / / % ' .
FIGURE 4. 1. ANALYSIS OF ABSORPTION LINE
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From e q u a t io n s  (2)  and (5)  i t  can be seen  t h a t  N r e f e r s  to  

a  number pe r  gramme of y t t e r b i u m .  The above p rocess  assumes t h a t  

th e  g e n e r a l  background a b s o r p t i o n  f o r  the  t r i p l y  i o n i s e d  atom 

i s  th e  same as  t h a t  f o r  the  doubly i o n i s e d ;  however, from the  

a b s o r p t i o n  curves  shown i n  th e  l a s t  c h a p t e r  i t  can be seen  t h a t  

such  a n  assumption  i s  r e a s o n a b l e .  An a n a l y s i s  of t h i s  type was 

c a r r i e d  out  on th e s e  a b s o r p t i o n  cu rves  and the  va lu e s  o f  x and 

y o b ta in e d  were as  g iv e n  below

X  « ( 1940 -  1750) craVgm

y -  (20028 -  1750) cmVgm *
I

These r e s u l t s  i n d i c a t e  t h a t  about  one atom i n  a  hundred of the  

m e ta l  f o i l  c o n t a i n e d ; a  gap i n  the  4 f  s h e l l ,  a  f i g u r e  which i s  

c o n s i s t e n t  w i th  th o se  o b ta in e d  f o r  o t h e r  samples of  m e t a l l i c  

y t t e r b i u m  i n  the magnetic  s t u d i e s  mentioned above.

Y t te rb iu m  i s  a l s o  found to  be d i v a l e n t  i n  some compounds, 

f o r  example YbS, YbSe and YbTe. However, th e  only  one o f  th e s e  

t o  be s t u d i e d  i n  d e t a i l  i s  YbS and f o r  t h a t  Domange e t  a l ^ ^  

have found by chem ica l  a n a l y s i s  t h a t  i t s  s t o i c h io m e t r y  should  

be w r i t t e n  Yb^ which would r e q u i r e  t h a t  33% of  th e  y t t e r b i u m  

atoms were t r i p o s i t i v e .  From magnet ic measurements they  conclude 

t h a t  41^  of  the  atoms a re  i n  t h i s  s t a t e .  The magnitude of  th e  My

a b s o r p t i o n  l i n e  of  t r i v a l e n t  y t t e r b i u m  makes i t s  measurement

f o r  a  p a r t i c u l a r  compound an ex t rem ely  s e n s i t i v e  t e s t  f o r  th e  

p resence  of  atoms i n  such a s t a t e .  I f  i t  i s  p o s s i b l e  to  p repare
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them in  a s u i t a b l e  form t h i s  t e s t  could  be u s e f u l l y  a p p l i e d  t o  

the  compounds mentioned above .

The c l a s s i c a l  d i s p e r s i o n  th e o r y  a p p l i e d  to  Xrays^^ p r e d i c t s  

t h a t  a b s o r p t i o n  should  take  the  form of resonance  l i n e s  and,  

a l th o u g h  t h i s  p r e d i c t i o n  i s  g e r e r a l l y  un t rue  i n  the  case  of  

y t t e r b i u m  My a b s o r p t i o n ,  i t  has  some v a l u e .  From t h i s  th e o ry  i t  

can  be seen  t h a t  a s s o c i a t e d  w i th  such an  a b s o r p t i o n  l i n e  i s  an  

anomaly i n  the  r e f r a c t i v e  in d e x .  Such phenomena a r e  common in  

o p t i c a l  s p e c t r a ,  bu t  r a r e  i n  t h e  Xray r e g io n  and of  c o n s id e r a b l e  

i n t e r e s t  by v i r t u e  of  the f a c t  t h a t  i n  a  narrow wavelength  range  

the r e f r a c t i v e  index  of  the  a b s o r b in g  medium, which i s  normal ly  

a lmost  equa l  t o  one,  becomes a p p r e c i a b l y  l e s s  th a n  u n i t y  and i n  

consequence the  c r i t i c a l  ang le  f o r  e x t e r n a l  r e f l e c t i o n  i n c r e a s e s  

t o  as  much as  f i v e  d e g r e e s .  Thus an  Xray beam r e f l e c t e d  a t  such 

a n  angle would be monochromatic t o  an  ex t rem ely  high degree  

s in c e  very  l i t t l e  r e f l e c t i o n  of  o t h e r  wavelengths  would ta k e  

p l a c e .  P r e l im in a ry  measurements on the  r e f l e c t i o n  of  Xrays by 

y t t e r b iu m  f l u o r i d e  c a r r i e d  ou t  by Underwood^^ i n  t h i s  l a b o r a t o r y  

i n d i c a t e  t h a t  such an  i n c r e a s e  i n  the  c r i t i c a l  ang le  does i n  

f a c t  occur .

f o r  the  a b s o r p t i o n  p r o f i l e  of  y t t e r b iu m  meta l  i n  the r e g i o n  

of  the My a b s o r p t i o n  l i n e  a smal l  s t r u c t u r e  was observed t o  the 

h igh  energy of  the p o s i t i o n  of  t h i s  l i n e .  This  s t r u c t u r e  c o n s i s t e d  

of one very small  maximum a d j a c e n t  to  the l i n e  a t  an  energy of
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1520*4  ev and a  l a r g e r  maximum f u r t h e r  removed a t  1 5 2 2 .1  ev .  

C a l c u l a t i o n s  of the  energy  of  the  5 d - ^ 5 d  and 3d—» 6 p 

t r a n s i t i o n s ,  based on th e  p o s i t i o n  of  the  edge (3 p—^ 5d)

o b ta in e d  i n  t h i s  i n v e s t i g a t i o n ,  were made i n  the  fo l lo w in g  

manner. The observed p o s i t i o n  of  the  a b s o r p t i o n  edge of

y t t e r b iu m  meta l  i n d i c a t e d  t h a t  the  energy of  the  3 p—» 5d 

t r a n s i t i o n  was 1942.5 ev .  The c a l c u l a t e d  energy  of  t h i s  edge 

was o b ta in e d  u s ing  d a t a  on the  L s p e c t r a  of  y t t e r b iu m  g iv e n  by

Sandstrt tm^^.  For such a c a l c u l a t i o n  the 

em iss ion  l i n e  must be used  i n  c o n j u n c t i o n  w i th  the

: t'ia b s o r p t i o n  edge.  Thus,  i n  o r d e r  to  o b t a i n  the energy of  the  

3p—»-5d t r a n s i t i o n ,  the  energy  d i f f e r e n c e  between the and 

L i i i  l e v e l s  must be found.  Thisj can be done i n  s e v e r a l  ways, 

but of  th e s e  the two in v o l v in g  the  and <<2 * IQ L

em iss ion  l i n e s  were chosen  as  most r e l i a b l e .  The energy of

the  N i i i  edge was then  found by means of the  fo l l o w in g  

e q u a t io n s .

^ 9  0^1

(Miii)abs “ (Liii)abs + ^^V"*’i.i)em - r (Miii'^^i^em

and ^10 ^ 5

(M i i i ) a b s  “ ( L i i i ) a b s  + (^Uv"^l-i)era -  ^lUv-^^ii i>em ~
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I n  e l e c t r o n  v o l t s  th e s e  e q u a t i o n s  become

8944.15 f  8959.69 -  7415.57  -  8536.84 -  1951.43

8944.15 + 8910.01 -  7367.09  -  8536.84 -  1950.23

g iv i n g  a mean va lue  f o r  the  3p—r'5d t r a n s i t i o n  of  1950.83 ev .

The d i f f e r e n c e  between t h i s  va lue  and the  p r e s e n t

ex per im en ta l  va lue  i s  8 .33  ev and so i n  o r d e r  to  b r in g  the
\

c a l c u l a t e d  energy o f  the  3 d - - - ^ d  t r a n s i t i o n  i n t o  agreement w i th  

the  observed edge ,  t h i s  q u a n t i t y  was s u b t r a c t e d  as

i n d i c a t e d  i n  the  e q u a t i o n  below

i

( 3 d —r5d) » ( L i i i ) a b s  ” * * - i i i )  “ 8 .33  ev

1 5 2 0 . 2 6  ev.

: i  '

The energy of the 3 d —^6p t r a n s i t i o n  was o b ta in e d  from t h i s  

va lue  by adding  the  5d, 6p energy d i f f é r e n c ie ,  which was taken  

as  the  d i f f e r e n c e  be tween the observed  edge (2 s —>6p)  and 

t h a t  c a l c u l a t e d  on th e  b a s i s  of  the  observed  edge

( i e .  e q u i v a l e n t  to  2 s —^ 5 d ) .  This  d i f f e r e n c e  was found t o  be 

2cv.  Thus the  c a l c u l a t e d  e n e r g i e s  f o r  the  two t r a n s i t i o n s  a r e

(3 d —)-5d) -  1 5 2 0 . 3  ev 

(3d*-^6p) = 1 5 2 2 . 3  ev

The agreement between th e se  v a lu e s  and th o se  observed f o r  the
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two smal l  maxima i n d i c a t e s  t h a t  t h i s  s t r u c t u r e  r e p r e s e n t s  

t h e  onse t  of the  My edge a b s o r p t i o n .  However, th e  t r a n s i t i o n  

p r o b a b i l i t y  i s  he re  very s m a l l ,  e s p e c i a l l y  f o r  th e  f i r s t  

(quadrupo le )  t r a n s i t i o n ,  and so t h i s  a b s o r p t i o n  i s  dwarfed by 

t h a t  due to  t r a n s i t i o n s  i n t o  the  f  s t a t e s .

Y t te rb ium Mi j j  A bso rp t ion  Edge.

The H i i i  edge i s  due t o  the  t r a n s i t i o n  of  a  3p e l e c t r o n

i n t o  d type s t a t e s  and so i n  the case  of  y t t e r b i u m  th e  energy  of

the  edge should  be governed by th e  t r a n s i t i o n  3 p - ^ 5 d .  The 

p o s i t i o n  of  t h i s  edge was i n v e s t i g a t e d  and a compar ison  made 

between the s t r u c t u r e  found w i th  a  m e t a l l i c  a b s o r b e r  and t h a t  

found w i th  one of  y t t e r b i u m  f l u o r i d e .  One r e a s o n  f o r  t h i s  s tudy  

was connec ted w i t h  the  i n t e r e s t i n g  conduc t ion  p r o p e r t i e s  of  

y t t e r b i u m  m e ta l .  An i s o l a t e d  n e u t r a l  y t t e r b i u m  atom has a c lo se d  

s h e l l  s t r u c t u r e  and so i n  the meta l  some o v e r l a p  of  bands must

6 2occur  to  prov ide c a r r i e r s  f o r  co n d u c t io n .  Anderson e t  a l  have 

shown t h a t  t h i s  m e ta l  has a  p o s i t i v e  H a l l  c o e f f i c i e n t  which 

i n d i c a t e s  t h a t  the  p r i n c i p a l  co n d u c t io n  c a r r i e r s  a r e  h o l e s .  A

p o s s i b l e  e x p l a n a t i o n  of t h i s  o b s e r v a t i o n  i s  t h a t  o v e r l a p  occurs

between the  6s and 5d s t a t e s  l e a v in g  an  s band w i th  about  0 .7  

h o le s  p e r  atom and a d band w i th  the  same number of  e l e c t r o n s  p e r  

atom. This would l e a d  to  the  p o s s i b i l i t y  of  some s l i g h t  a b s o r p t i o n  

due to  the t r a n s i t i o n  of 3p e l e c t r o n s  i n t o  the  h o le s  i n  the s band.  

Such a b s o r p t i o n  would occur immedia te ly  to  the  low energy s id e  of  

the  M i i i  edge.  The a b s o r p t i o n  c u r v e s  shown i n  F igure  3 . 1 0  i n d i c a t e
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t h a t  t h e r e  i s  a  s l i g h t  d i f f e r ; n c e  between the  s t r u c t u r e  on the 

low energy  s id e  of  the  edges of the two s u b s t a n c e s .  However the  

work on t h i s  a s p e c t  cannot  be ta ken  as  c o n c l u s i v e .  I n  o r d e r  to 

g a i n  comprehensive in f o r m a t io n  about  the  f i l l e d  and u n f i l l e d  

o u t e r  s and d s t a t e s  a  much more d e t a i l e d  s tudy  of the  a b s o r p t i o n  

s t r u c t u r e  i s  r e q u i r e d  t o g e t h e r  w i th  a measurement of  the  em iss ion

p r o f i l e  a s s o c i a t e d  wi th  the  edge.
I

The Miv and My A b so rp t io n  Edges.
■I

In  th e  survey  of p rev ious  work, which was g iven  i n  the  f i r s t
■ ' I

c h a p t e r ,  mention was made of the  {discrepancy between the  observed
;

w ave leng ths  of  M^y My edges and th o s e  c a l c u l a t e d  from L
i

s p e c t r a .  Such c a l c u l a t i o n s  a re  u s u a l l y  based on the edge

s in c e  i t s  wavelength  p o s i t i o n  i s  p robab ly  e s t a b l i s h e d  w i th  g r e a t e r  

acc u racy  th a n  the  o t h e r  two. For the  elements  s tu d ie d  i n  the  

p r e s e n t  work the L i i i  edge commences w i th  a t r a n s i t i o n  of a  2p 

e l e c t r o n  i n t o  the  5d l e v e l .  The v a l i d i t y  of  t h i s  s t a t e m e n t  can be 

seen  from the  p o i n t s  p l o t t e d  i n  F igure  4 . 2 .  In  t h i s  graph  the  

o r d i n a t e  i s  A  c a l c u l a t e d  from th e  fo l l o w in g  e x p r e s s io n

A  ]
(Liii) &bs. (%iv,v^»Liii ) em.

where X i s  s u c c e s s i v e l y  N, 0, and P. By t h i s  means i t  i s  shown 

t h a t  f o r  e lements  of atomic  number i n  the  range 40 to  47 the  end 

l e v e l  of  the  L i ü  a b s o r p t i o n  t r a n s i t i o n  i s  Niy^y (4 d ) ;  f o r  

e l em en t s  i n  the  range 6 3  t o  79 i t  i s  O iy ,y  (5d ) ;  and f o r  those
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above 90 i t  i s  P iv ,v  ( 6 d ) .  I n  the  case  of  the  Miv and Mv s p e c t r a  

o f  y t t e r b i u m ,  lu tec iu m ,  hafnium and t a n ta lu m ,  however, the  

p r o b a b i l i t y  of a  t r a n s i t i o n  i n t o  th e  C iv , y l e v e l  i s  ex t rem ely  

sfiiali as  i s  the  p r o b a b i l i t y  of  a  t r a n s i t i o n  i n t o  the  nex t  o u t e r  

l e v e l  (6p ) ,  I n  f a c t  a  t r a n s i t i o n  from the  Jd  l e v e l  w i l l  only  be 

a p p r e c i a b l e  i f  the  end l e v e l  i s  f  type  and a p a r t  from y t t e r b iu m  

th e  f i r s t  l e v e l  of t l i i s  symmetry, f o r  the  e lem en ts  l i s t e d  above,  

w i l l  be the  band which i s  formed from the  5f  atomic  l e v e l s .  For 

t r i v a l e n t  y t t e r b i u m  t h e r e  i s  an i n n e r  4-f vacancy  g iv i n g  the  l i n e  

a b s o r p t i o n  d i s c u s s e d  above bu t  thé  edge a b s o r p t i o n  w i l l  a r i s e
I

from the  t r a n s i t i o n s  i n t o  the  5f band.  I n  t h i s  way t h e : d i s c r e p a n c y

between the  observed  and c a l c u l a t e d  p o s i t i o n s  of  the  Miy and My

22edges has been q u a l i t a t i v e l y  e x p la in e d  i n  th e  works of  Phelps  , 

McGrath^^,  Cauchois^^ ,  and F r i e d e l ^ ^ .  For elements  h e a v i e r  than  

osmium (76) t h i s  d i s c rep a n cy  d e c r e a s e s  u n t i l  a t  about  radium (88) 

i t  Van ishes  and then  goes nega t ive  as  would be expec ted  s in c e  here  

ttie second r a r e  e a r t h  s e r i e s  commences and the 5f l e v e l  becomes 

an i n n e r  l e v e l  i n  the jsame way t h a t  the  4 f  l e v e l  i s  an i n n e r

l e v e l  f o r  l a n t h a n i d e s .  For t h i s  l a t t e r  s e r i e s  Stewardson and

29Zandy have r e p o r t e d  t h a t  measurement of  the  d i s c re p a n c y  wi th  

r e s p e c t  to  s p e c t r a  a s s o c i a t e d  with  3 d —► 4-f t r a n s i t i o n s  a l s o  g ives  

n e g a t iv e  v a l u e s .  The wavelength v a l u e s  from previous  measurements 

on the  M edges of  the heavy eienients  a re  g iven  in  Table  1. From 

the  most r e c e n t  r e s u l t s  on th e  Miy and My edges va lues  of the  

d i s c r e p a n c y  have been c a l c u l a t e d  i n  e l e c t r o n  v o l t s ,  employing the
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TABLE i .  Wavelengths i n  K xu of M edges of heavy atoms.  

A survey  of  p r e v io u s  r e s u l t s .

Element My Miv M ii i Mil Mi Reference

73 Ta 6.997 6.773 5 . 6 4 7 20 *

7.033 6.845 2 5  *

74 W 6.487 5 . 4 2 7 10

6.708 6.475 5.418 4 .800 4 . 3 6 5 1 6  *

76 Os 6.194 5 . 9 7 5 5 . 0 2 7 4 .412 4 . 0 3 7 17 *

7 7  i r 5.961 5 . 7 5 4 4.851 4 .270 17 *

78 Pt 5.736 5 . 5 4 1 4 . 6 7 4 3:738 17

5.747 5 . 5 4 5 4 . 6 7 6 10 *

5.711 5 . 5 0 6 4.677 4.085 3 . 7 4 2 18

79 àu 5.529 5 . 3 3 0 4.508 10

5.506 5.315 4 . 5 0 1 3 . 6 0 3 18

5.529 5 . 3 3 6 4 . 5 1 6 21

5.579 2 3

5.522 5 .318 - 2 4

5.521 5 . 3 2 1 4 . 5 0 9 2 6  *

80 Hg 5.331 5 . 1 3 9 4 . 3 4 0 10 *

81 T1 5 . 1 3 6 4 . 9 3 6 4 .185 10

5 . 1 3 7 4 . 9 3 4 4.187 21 *

5 . 1 4 7 2 3

82 Pb 4.945 4 . 7 4 7 4 . 0 3 3 10

3 . 4 6 9 3 . 2 1 9 2 4
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TaDLE 1. ( co n t in u ed )

Element Mv Mj v̂ Mii i M i Mi Reference

82 Pb 4 .944 4 . 7 5 0 4 . 0 3 0 2 1  *

4 .954 2 3

83 Bi 4 .762 4 . 5 6 9 3 .894 1 4

4 .762 4 . 5 6 8 3.893 1 0

4 .763 4 .574 3 .889 3 . 3 4 2  3 . 1 0 0 2 2  *

4 .762 4 . 5 6 7 3.897 2 1

4 . 7 6 3 2 3

90 Th 3 . 7 2 1 3 . 5 5 2 3 . 0 5 8
1

1 3

3 . 7 2 1 3 . 5 5 2 3.058 = 2 . 5 7 1  2 .388 1 5

3 . 7 1 5 3.545 3 . 0 6 2 1 0

3 . 7 2 2 3 . 5 4 9 ' I 2 3  *

,1 2 . 5 7 1  2 . 3 8 8 1 4

91 Pa 3 . 6 0 1 3 . 4 2 9 3 0  *

92 U 3 . 3 9 1 3 . 3 2 6 2.873 1 3

3 . 3 8 2 3 . 3 2 0 2.877 10

2 . 3 8 5  2 .228 1 4

3 . 4 9 1 3 . 3 2 6 2 3  *

94 Pu 3.278 3.117 2 . 7 0 9 2 . 2 2 9  2 .087 3 1

3 . 3 2 0 2.716 2 . 1 1 3 38

* Values used i n the c a l c u l a t i o n o f  S  (ht* ) .  ( see below)
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c o n v e r s i o n  f a c t o r  g i v e n  i n  t h e  l a s t  c h a p t e r .  F o r  t h i s  c a l c u l a t i o n  

t h e  g e n e r a l  e x p r e s s i o n  g i v e n  b e l o w  was u s e d .

c T ( h z / )  =  ( M i v , v )  u b s .  -  ( L i i i )  a b s .  +  ( M i v , v " * "  L i i i )  em. 

T h i s  e x p r e s s i o n  i s  i l l u s t r a t e d  s c h e m a t i c a l l y  i n  F i g u r e  4 * 3 .  The  

v a l u e s  o f  6 ( h z v )  o b t a i n e d  f r o m  t h e  p r e v i o u s  r e s u l t s  a r e  g i v e n  

i n  T a b l e  2 t o g e t h e r  w i t h  t h o s e  o b t a i n e d  f r o m  t h e  p r e s e n t  w o r k .

The d a t a  on t h e  L s p e c t r a  was t a k e n  f r o m  t h e  t a b l e s  g i v e n  by 

S a n d s t r d m ^ ^ .

ABS.
ABS.

EM.

Miv,v

FIGURE 4.3.  SCHEMATIC ILLUSTRATION 

OF DISCREPANCY.

V e r y  l i t t l e  t h e o r e t i c a l  w ork  on t h i s  d i s c r e p a n c y  i s  t o  be

! 63
fo und  i n  th e  l i t e r a t u r e .  To d a t e  t l ie  c a l c u l a t i o n s  o f  F r i e d e l

s t a n d  a l o n e .  T l i i s  a u t l i o r  use d t h e  l i i g n e r - S e i t z  m eth od  t o  compute

t h e  e n e r g y  d i f f e r e n c e  b e t w e e n  t h e  t o p  o f  t h e  c o n d u c t i o n  ba nd  and

and t h e  bot tom of  t l i e  5 f  band f o r  t u n g s t e n ,  g o l d ,  l e a d  and  r a d i u i i

The  v a l u e s  so o b t a i n e d  a r e  p l o t t e d  i n  F i g u r e  4 . 4  i n  c o m p a r i s o n

w i th  t h o s e  l i s t e d  i n  T a b l e  2,  and i t  c a n  be s e e n  t h a t  t h e r e  i s

good agrecK.cnt  bc;t\.'ccn t h e  t h e o r e t i c a l  and e x p e r i m e n t a l  v a l u e s .
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TABLE 2. The Miv» My edge d i s c r e p a n c i e s  i n  ev .

Element 

P re s e n t  Work

Yb (compound) 

Yb (m eta l )

Lu

Hf

Ta

Prev ious  Work 

20Ta'

Ta

W

Os

I r

Pt

Au

Hg

T1

Pb

Bi

Th

Pa

U

25

(hz i  )

+ 21.1  

+ 7 . 4  

+23.4 

+ 24.8 

+38*6

f  ; I

+39': 8 1/
li

+30,8 I;
I ■

+40.2 I 

+42.$ 

+39.8 

+38 .6  

+34.7 

+2 3 . 2  

+ 20.8  

+13.9 

+14.4

-  6 , 4

-  7 .5

-  5 .9

<T(b z/)  Miv

+ 20 .0  

+ 5 .9  

+24.1 

+25.4  

+40.6

+40.1  

+20.9 

+44.1 

+45.4 

+37.9 

+3 6 . 6  

+33.9

+18 . 4  

+2 3 . 9  

+1 3 . 7  

+1 3 . 6  

-  2. 2  

— 2 .0  

-  5 .3
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5 0

4 0

3 0

lO

»ref.20

X c a l c u l a t e d .(f r i e d e l ).

i

•  PREVIOUS WORK,

o PRESENT WORK.

•  re f. 25

2 0  ' ^compound

r-!
metal

j  I , i . .j. J L. -I « * « I I I i l  J ,  i l . I

7 0 75 6 0 85 9 0  Z

FIGURE 4 .4 .  EXPERIMENTAL VALUES OF S(hv).

The method adopted  by F r i e d e l  amounts t o  the  t r e a t m e n t  of  th e  

observed  Miv ^nd My edges as Kronig s t r u c t u r e  on the  r e a l  edge,  

where th e  r e a l  edge i s  t a k e n  to  commence w i th  a  t r a n s i t i o n  i n t o  

th e  f i r s t  a v a i l a b l e  l e v e l .  The t r a n s i t i o n  p r o b a b i l i t i e s  a re  such 

t h a t  th e  magnitude of  t h i s  s t r u c t u r e  i s  f a r  g r e a t e r  t h a n  t h a t  of 

the  so c a l l e d  r e a l  edge .  Such an argument seems t o  be v a l i d  as 

f a r  as  the  p r e s e n t  measurements on y t t e r b i u m  a r e  conce rned ,  f o r  

a s  has  a l r e a d y  been mentioned a smal l  s t r u c t u r e  in  t h e  p o s i t i o n  

of  th e  r e a l  edge was i n  f a c t  observed .  There i s  some doubt
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h o w e v e r  t h a t  s t r u c t u r e  i n  t h e  a b s o r p t i o n  p r o f i l e  so  n e a r  t o  w h a t  

h a s  b e e n  d e s c r i b e d  a s  t h e  r e a l  e d g e  c a n  be  t h o u g h t  o f  a s  K r o n i g

s t r u c t u r e .  T h a t  i s  t o  s a y  t h a t  t h p  f i n a l  s t a t e  o f  t h e  e l e c t r o n
! ■

i s  p r o b a b l y  n o t  a  l a t t i c e  s t a t e  b u t  one  i n  a  much more l o c a l i s e d  

r e g i o n .  I n  t h i s  c a s e  t h e  s h o r t  r a n g e  o r d e r  t h e o r y  s h o u l d  be 

a p p l i e d .  I n  t h i s  t h e o r y  t h e  e j e c t e d  e l e c t r o n  i s  d e s c r i b e d  by a  

wave p a c k e t  r a t h e r  t h a n  by a n  u n l i m i t e d  p l a n e  wave p a s s i n g  t h r o u g h  

t h e  l a t t i c e .  I t  i s  c o n s i d e r e d  t h a t  t h i s  e l e c t r o n  wave i s  s c a t t e r e d
i '  ■ ■'

by t h e  p o t e n t i a l  o f  t h e  a b s o r b i n g  a to m  an d  i t s  s u r r o u n d i n g  i o n s

a n d  i n t e r f e r e n c e  b e t w e e n  t h e  p r i m a r y  a n d  s c a t t e r e d  wave p r o d u c e s
'i j '

v a r i a t i o n s  i n  t h e  a m p l i t u d e  o f  t h e  f i n a l  s t a t e  wave f u n c t i o n  i n
; I'

t h e  v i c i n i t y  o f  t h e  a b s o r b i n g  a t o m .  T h i s  a m p l i t u d e ,  w h ich  g o v e r n s  

t h e  m a g n i t u d e  o f  a b s o r p t i o n ,  i s  d e p e n d e n t  u p o n  t h e  n a t u r e  o f  t h e  

p o t e n t i a l  o f  t h e  a b s o r b i n g  atom',  t h e  p o t e n t i a l  a n d  d i s t a n c e  o f  t h e  

s u r r o u n d i n g  i o n s  a n d  t h e  symmet ry  o f  t h e  i n i t i a l  s t a t e  f u n c t i o n .

54
As K o z le n k o v  h a s  p o i n t e d  o u t ,  i n  t h i s  t h e o r y  a  s p h e r i c a l  

a p p r o x i m a t i o n  i s  made w h e re b y  t h e  s c a t t e r i n g  p o t e n t i a l  i s  r e g a r d e d  

a s  r a d i a l l y  s y m m e t r i c .  Th us  t h e  i o n s  s u r r o u n d i n g  t h e  a b s o r b i n g  

a tom a r e  s m e a r e d  o u t  o v e r  t h e  s u r f a c e  o f  a  s p h e r e  an d  t h e  t o t a l  

p o t e n t i a l  t h e n  becomes  t h e  sum o f  t h a t  d u e  t o  t h e  a b s o r b i n g  a to m  

a n d  t h a t  due  t o  a i l  t h e  s u r r o u n d i n g  c o n c e n t r i c  l a y e r s .  From t h i s  

i t  c a n  be s e e n  t h a t  i n  s u c h  a  t h e o r y  t h e  f i n a l  e n e r g y  s t a t e  o f  

t h e  e l e c t r o n  i s  i n d e p e n d e n t  o f  t h e  d i r e c t i o n  i n  w h i c h  i t  i s  

e j e c t e d .  T h i s  i s  n o t  t h e  c a s e  f o r  t h e  l o n g  r a n g e  o r d e r  t h e o r y  o f
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Kronig^ and,  w i th  rega rd  t o  t h i s  fundamental  d i f f e r e n c e  between
6 5

t h e  two t h e o r i e s ,  B o s te r  and Edwards have performed some 

i n t e r e s t i n g  exper im en ts  of  the  K a b s o r p t i o n  edge of  a  s i n g l e  

c r y s t a l  o f  co p p e r ,  a s  th ey  have p o in ted  o u t ,  t h e  th e o ry  of 

Kronig p r e d i c t s  t h a t  the  use of  a  m e t a l l i c  s i n g l e  c r y s t a l  

a b s o r b e r  and p o l a r i s e d  X r a d i a t i o p  should  r e s u l t  i n  a  more 

pronounced ex tended s t r u c t u r e  on an  a b s o r p t i o n  edge th a n  would 

be observed  w i th  a  p o l y c r y s t a l l i n e  a b s o r b e r  and u n p o l a r i s e d  

r a d i a t i o n .  F u r t h e r ,  r o t a t i o n  of  the  c r y s t a l  i n  th e  p lane  o f  th e  

p o l a r i s e d  Xrays shou ld ,  a c c o rd in g  t o  t h i s  th e o ry ,  produce a
' I

s h i f t  i n  the  energy  p o s i t i o n s  of  th e  a b s o r p t i o n  maxima and 

minima. However the  r e s u l t s  o b ta in ed  w i th  copper  showed t h a t  

the se  two e f f e c t s  were only a p p r e c i a b l e  a t  e n e r g i e s  over  230 ev 

h i g h e r  t h a n  the a c t u a l  edge .  Thus i t  ap p ea r s  t h a t  th e  long  range  

o r d e r  the o ry  i s  only r e a l l y  a p p l i c a b l e  t o  a b s o r p t i o n  s t r u c t u r e  

w e l l  removed from the  edge .  Neare r  to  th e  edge the  s h o r t  range  

o rd e r  th e o ry  seems to  produce r e s u l t s  more i n  agreement w i th

e x p e r im en ta l  o b s e r v a t i o n s  (K os ta rcv^^ ,  S h i ra iw a  e t  a l ^ ^  and
, 68 .

Hayasi ) .  I n  the  long range  o rd e r  th e o ry  i t  i s  assumed t h a t  the 

e j e c t e d  e l e c t r o n  moves f r e e l y  w i t h i n  the  c r y s t a l ,  a n  a s sum pt ion  

which does not seem j u s t i f i a b l e  excep t  f o r  e l e c t r o n s  w i th  f a i r l y  

l a rg e  k i n e t i c  energy .  Less e n e r g e t i c  e l e c t r o n s  f a i l  t o  r e a l l y
67

escape from the f i e l d  of the  a b s o rb in g  atom. S h i ra iw a  e t  a l  

a t t r i b u t e d  the r e s t r i c t i o n  of the f r e e  p a th  of  th e  e j e c t e d
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e l e c t r o n  to  i n e l a s t i c  c o l l i s i o n s  w i t h  the  su r ro u n d in g  ions  and 

Kozienkov^^ sugges ted  t h a t  f u r t h e r  l i m i t a t i o n  may a r i s e  from 

i n t e r a c t i o n s  w i th  the  l a t t i c e  e l e c t r o n s .  I t  i s  t h i s  d i f f e r e n c e  

i n  the p h y s i c a l  b a s i s  of  the  two t h e o r i e s  which ap p ea r s  to  

d e f i n e  t h e i r  range  of  a p p l i c a b i l i t y .  At f i r s t  s i g h t  the  good 

agreement between F r i e d e l s  c a l c u l a t i o n s  and ex p e r im e n ta l  

o b s e r v a t i o n s  may be t a k e n  to  i n d i c a t e  the  v a l i d i t y  of  the  long 

range  o rd e r  t h e o ry  i n  t h i s  r e g io n ,  but  a l th o u g h  t h i s  a u t h o r  

sugges ted  t h a t  th e  Miv* My edges were Kronig s t r u c t u r e  he d id  

i n  f a c t  employ the  t i g h t l y  bound e l e c t r o n  a p p ro x im a t io n  in  h i s
' I

c a l c u l a t i o n .  This  approx im at ion  i s  based on a tomic  wave f u n c t i o n s  

and consequen t ly  c l o s e r  t o  the  s h o r t  range  o r d e r  t h e o r y .  As has  

been  po in ted  out  above t h e r e  i s  need f o r  more t h o e r e t i c a l  work 

on the  a b s o r p t i o n  s t r u c t u r e  i n  the  r e g i o n  of  th e  Miy and My 

edges of  the heavy elements  and from t h i s  d i s c u s s i o n  i t  seems 

t h a t  i n  the per formance of  such work the  s h o r t  range  o r d e r  theo ry  

of  Xray a b s o r p t i o n  s t r u c t u r e  should  be used .

I t  i s  of in teres t^  to  note t h a t  a  d i s c r e p a n c y  s i m i l a r  to  

the  one d i s c u s s e d  above would be expec ted  to  occu r  f o r  the 

e lements  j u s t  below the r a r e  e a r t h  s e r i e s .  For t h e s e  e lements  

the  4 f  l e v e l  i s  an  o u te r  l e v e l  j u s t  a s  the  5f  l e v e l  i s  an  o u t e r  

l e v e l  f o r  the  e lements  b e fo re  the  a c t i n i d e  s e r i e s .  Very few 

a b s o r p t i o n  measurements have been made on the  Miy and My edges 

i n  t h i s  r e g i o n  but  i t  i s  p o s s i b l e  to  f i n d  some i n d i c a t i o n  of
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t h e  d i s c r e p a n c y  in  the work of  P r in s  and Taken^^ and o f
29 f

R u s s e l l  . The v a lues  of  d ( h  V ) o b ta in ed  from t h e i r  r e s u l t s

a r e  g iven  below in  Table 3»

Table 3 • «

Miv edge d i s c re p a n c y  below r a r e  e a r t h s  ( i n  ev)

P r in s  and Taken R u s s e l l

47Ag 48Cd 50Sn 531 5&Ba 57La

Miv +3 0 . 4  +1 . 6  - 6 . 0

(+3 2 . 5 ) (+2 1 . 8 ) (+ 3 . 5 )

Mv +3 2 . 2  +9 . 9  - 3 . 3

From t h i s  t a b l e  i t  can be seen  t h a t  the  d i s c r e p a n c y  d e c r e a s e s  

towards the  r a r e  e a r t h  s e r i e s ,  going n e g a t iv e  a t  lanthanum.

The most im por tan t  f a c t o r  c o n t r i b u t i n g  to  the  f i e i d  i n  

which an e j e c t e d  e l e c t r o n  moves i s  the  p o t e n t i a l  of the 

a b s o rb in g  atom, and consequen t ly  an  i n d i c a t i o n  of  the  behav iour  

of  the a b s o r p t i o n  c o e f f i c i e n t  may be o b ta in e d  from c a l c u l a t i o n s  

based on the f r e e  i o n .  C a l c u l a t i o n s  of  t h i s  type have been 

c a r r i e d  out f o r  y t t e r b i u m  in  the  r e g i o n  of the  My edges
6 9by Weinrnann . In  t h i s  work the  s e l f  c o n s i s t e n t  f i e l d  and wave 

fu n c t i o n s  fo r  6 9  Tm^^ g iven  by R id iey^^  were used ,  the  f i e l d
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be in g  modif ied  to  approx im ate  to  t h a t  of  y t t e r b iu m .  The curve  

o b ta in e d  from th e se  c a l c u l a t i o n s  i n d i c a t e s  t h a t ,  p a s s in g  th rough  

th e  r e g io n  i n  the  d i r e c t i o n  of  i n c r e a s i n g  photon energy ,  the  

a b s o r p t i o n  c o e f f i c i e n t  g r a d u a l l y  inc reases ,  u n t i l  midway between 

the  M ii i  and Miy edges where i t  goes th rough  a  maximum. The
I: I

curve  i s  w i th o u t  s t r u c t u r e ,  but  t h i s  i s  to  be expec ted  s in c e  

such s t r u c t u r e  a r i s e s  from the  i n f l u e n c e  o f  th e  s u r round ing  ions  

which here have been n e g l e c t e d l  A compar ison between the  

t h e o r e t i c a l  and ex p e r im e n ta l  curves  i s  shown i n  F igure  4 . 5
! 59

which a l s o  shows the  curve  c a l c u l a t e d  by Weinrnann from a 

sc reened  hydrogen ic  approximat ion' .  From t h i s  f i g u r e  i t  can  be 

s een  t h a t ,  f o r  the app rox im at ions  made i n  the  modi fied  Tm"̂  cu rve ,

th e  agreement between th e o ry  and ixp e r im en t  i s  good.
.1 ,

The energy d i f f e r e n c e  betweeln the M ŷ and My l e v e l s  of  

an  atom can  be c a l c u l a t e d  from L em is s ion  s p e c t r a  by use of  

the  fo l low ing  energy e q u a t io n

2 ^ M ^ v , V 1. of — Lof 2

and the v a lu e s  so o b t a in e d ,  compared w i th  th o s e  from d i r e c t  

measurement of  the  p o s i t i o n  of  the M̂ y and My edges .  Such a 

comparison i s  made f o r  the  r e s u l t s  of  th e  p r e s e n t  s tudy  i n  

Table 4 .
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Table  4 .

The energy  d i f f e r e n c e  between the l e v e l s .

Subs tance  ^ * * i v , v  (cv)

Exper imenta l  C a l c u l a t e d

Y t te rb iu m  f i u o r i d e  4-6.9

Y t te rb iu m  ox ide  47 .7  48 .5

Y t te rb iu m  m eta l  47 .0
1

Lutecium f l u o r i d e  51 .4
51 .0

Lutecium oxide  52.0' ' ' I

Hafnium oxide i 55 .0  54 .4

Tantalum oxide 60 .0  58 .2

The e r r o r  i n  bo th  e x p e r im e n ta l  and c a l c u l a t e d  r e s u l t s  i s  of  the  

o r d e r  of  1 1 ev .  I n  making t h i s  comparison i t  i s  assumed t h a t  the  

end l e v e l s  f o r  the  and My a b s o r p t i o n  p ro ces s e s  a r e  the  same, 

bu t  from the  agreement between the two s e t s  of  v a l u e s  t h i s  

a s sum pt ion  seems to  be j u s t i f i e d .

I n  th e  measurement of the  M^y and My edges f o r  y t t e r b i u m  

meta i  i t  was found t h a t  they  were p la ced  some 14 ev t o  the  low 

energy s id e  of  those  observed  f o r  the  f l u o r i d e .  For th e  energy 

of  an a b s o r p t i o n  edge i n  a c r y s t a l l i n e  s u b s t a n c e  Pau l ing^^  

has w r i t t e n  the  fo l l o w in g  e x p re s s io n

*' '^abs “ ^ ^ o  + -  ^ c r y s t a l

The t h r e e  terms on the r i g h t  hand s id e  a r e  r e s p e c t i v e l y  the  energy
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of the  edge i n  the  f r e e  io n ;  th e  energy of  an  e l e c t r o n  i n  the

f i e l d  produced a t  the c e n t r e  of  the  a b s o rb in g  atom by the

s u r round ing  i o n s ;  and the  e l e c t r o n  a f f i n i t y  of  t h e  c r y s t a l .  This

e q u a t io n  i s  r e a l l y  only of use i n  comparing th e  energy  of  an

a b s o r p t i o n  edge of  the  same io n  i n  d i f f e r e n t  compounds, whereas

the  e s s e n t i a l  d i f f e r e n c e  between the  a b s o r p t i o n  f o r  y t t e r b i u m

metal  and t h a t  f o r  the  f l u o r i d e  i s  a d i f f e r e n c e  i n  the  f i r s t  te rm

of  t h i s  e x p r e s s i o n .  For,  as  has been i n d i c a t e d  above,  the  ions  i n

the  meta l  a r e  d i p o s i t i v e  while  those  i n  the  f l u o r i d e  a r e  t r i p o s i t i v e .

C ons ide r ing  the  observed Miy and ,My a b s o r p t i o n  edges on the  b a s i s

of  the  s h o r t  range o r d e r  the o ry  svich a change i n  th e  f i e l d  of

the  a b s o rb in g  atom can be expec ted  to  have a  c o n s i d e r a b l e  e f f e c t

on the  p o s i t i o n  of  th e s e  s t r u c t u r e s .  A s i m i l a r  s h i f t  i n  a b s o r p t i o n
72edge has been observed  by Beeman e t  a l  f o r  copper  i n  th e  

d i v a l e n t  and monovalent  s t a t e s .  The K a b s o r p t i o n  edge of  hyd ra ted  

Cu+* was compared w i th  t h a t  f o r  the  cuprous  h a l i d e s  and a s h i f t  

of  about  10 ev obse rved .  Between i n d i v i d u a l  h a l i d e s  however the; I

v a r i a t i o n  i n  p o s i t i o n  was l e s s  tha n  2 ev .  The comparison  between 

copper  and y t t e r b i u m  i n  t h i s  r e s p e c t  i s  a  good one s in c e  i n  both 

c a s e s ,  going from th e  lower t o  the  h ig h e r  s t a t e  of  i o n i s a t i o n  

in v o lv es  removing an  e l e c t r o n  from an  o th e rw is e  f i l l e d  s h e l l ,  the  

3d s h e l l  of the former  and the  4 f  s h e l l  of  the  l a t t e r .  For 

y t t e r b i u m  i t  was a l s o  observed t h a t  the  d i f f e r e n c e  between the  

p o s i t i o n  of the  edges f o r  the f l u o r i d e  and the oxide was only  of
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t h e  o r d e r  o f  1 ev,  and so i t  can  be seen  t h a t  the nature  o f  th e

f i e l d  of  the  a b s o rb in g  atom i s  th e  p r i n c i p a l  f a c t o r  governing

the  p o s i t i o n  of  a b s o r p t i o n  s t r u c t u r e .

The measurement of  the t a n t a lu m  edges was c a r r i e d  out i n

o r d e r  to  compare the  s t r u c t u r e s  observed  i n  t h i s  work wi th  th o s e

o f  p rev ious  e x p e r im e n t s .  The p o s i t i o n  of  the edges was found t o

be f a i r l y  c l o s e  t o  those  r e p o r t e d  by Whitmer^O and consequen t ly
25

i n  d isagreement w i th  those  observed  by Doughty and McGrath .

I n  the  p r e s e n t  s tu d y  t a n ta lu m  oxide was used as  a b s o rb e r  whereas 

i n  bo th  of the  p re v io u s  i n v e s t i g a t i o n s  f o i l s  of  t a n ta lum  metal  

were p repared  by e v a p o r a t io n .  I t  i s  ex t rem ely  d i f f i c u l t ,  however,  

t o  p repare  an oxide  f r e e  ta n ta lu m  f o i l  and so i t  i s  to  be 

expec ted  t h a t  i n  both  the se  c a s e s  some oxide was p r e s e n t .  A 

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

of  the edges f o r  the  metal  and oxide d i f f e r  and t h a t  Whitmer 's  

f o i l  c o n ta in ed  a c o n s id e r a b le  amount of  oxide  whereas t h a t  of 

Doughty and McGrath was c o m p a r i t i v e ly  pure m e ta l .  This  e x p l a n a t i o n  

can  only be t e s t e d  by a s tudy  of c a r e f u l l y  p repared  m e t a l l i c  f o i l s .  

I t  should  be noted  here however t h a t  the  A  Miv,v f o r  th e  r e s u l t s  

of  Doughty and McGrath i s  of the o r d e r  of  10 ev s m a l l e r  t h a n  the  

va lue  c a l c u l a t e d  from L em iss ion  d a t a ,  which seems t o  i n d i c a t e  

some u n c e r t a i n t y  i n  the  p l a c in g  of th e  edges i n  t h a t  i n v e s t i g a t i o n .  

I n  view of the  observed s h i f t  i n  the edges f o r  y t t e r b i u m  and the 

p o s s i b i l i t y  of a  s i m i l a r  s h i f t  f o r  t a n t a lu m  an e x t e n s i v e
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m e t a l - c o m p o u n d  c o m p a r i s o n  f o r  t h e  e l e m e n t s  i n  t h i s  r e g i o n  i s  

o b v i o u s l y  d e s i r c a b l e .  U n h a p p i l y  t h e  p r e p a r a t i o n  o f  s u c h  m e t a l  

f o i l s  p r e s e n t s  a n  e x t r e m e l y  d i f f i c u l t  p r o b l e m .

C o n c l u s i o n .

The r e s u l t s  o f  t h e  p r e s e n t  e x p e r i m e n t a l  work  o n  t h e  My 

a b s o r p t i o n  l i n e  o f  y t t e r b i u m  i n  t h e  p u r e  m e t a l  a n d  i n  compound 

a r c  c o n s i s t e n t  w i t h  t h e  t h e o r y  t h a t  f o r  t h e  r a r e  e a r t h  e l e m e n t s  

t h e s e  l i n e s  a r e  due  t o  t r a n s i t i o n s  i n t o  v a c a n c i e s  i n  t h e  4-f s h e l l  

The more d i r e c t l y  q u a n t i t a t i v e  q u a l i t i e s  o f  c o u n t e r ,  a s  o p p o s ed  

t o  p h o t o g r a p h i c ,  d e t e c t i o n  have  e p a b l e d  a  c o m p a r i s o n  t o  be made

b e t w e e n  t h e s e  r e s u l t s  a n d  t h o s e  o f  t h e  m a g n e t i c  s t u d i e s  o f
50 56,57

Lock an d  o t h e r s  . Such  a  c o m p a r i s o n  c l e a r l y  i n d i c a t e s  t h e

v a l i d i t y  o f  t h e  ab o v e  t h e o r y .  !

The m e a s u r e m e n t s  o n  t h e  N^y an d  My e d g e s  o f  y t t e r b i u m  show

t h a t  ed g e  a b s o r p t i o n  d o e s  o c c u r  f o r  t h e  r a r e  e a r t h s  b u t  t h a t  t h e

m a g n i t u d e  o f  t h i s  s t r u c t u r e  i s  much l e s s  t h a n  t h a t  o f  t h e

a b s o r p t i o n  l i n e s .  From t h e s e  m e a s u r e m e n t s  a n d  t h o s e  on  t h e
1

an d  My e d g e s  o f  l u t e c i u m  an d  h a f n iu m  i t  was f o u n d  t h a t ,  i n  

a g r e e m e n t  w i t h  t h e  p r e v i o u s  work on o t h e r  h e a v y  e l e m e n t s ,  t h e r e  

was a  d i s c r e p a n c y  b e t w e e n  t h e  o b s e r v e d  p o s i t i o n s  o f  t h e  e d g e s  an d  

t h o s e  c a l c u l a t e d  f r o m  L s p e c t r a ,  an d  t h a t  t h i s  d i s c r e p a n c y  

d e c r e a s e d  f rom  t a n t a l u m  t o  y t t e r b i u m .  The d e t e c t i o n  o f  t h e s e  

e d g e s  f o r  y t t e r b i u m ,  l u t e c i u m  an d  h a f n i u m  i s  a  m e a s u r e  o f  t h e  

s e n s i t i v i t y  o f  t h e  c o u n t e r  t e c h n i q u e  s i n c e  i n  p r e v i o u s
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pho tog raph ie  work c a r r i e d  out  i n  t h i s  l a b o r a t o r y  th e s e  s t r u c t u r e s  

had proved u n d e t e c t a b l e .

An exam ina t ion  of the  M^y and My edges  f o r  y t t e r b i u m  meta l  

has r e v e a l e d  a s h i f t  i n  p o s i t i o n  w i th  r e s p e c t  to  those  observed  

f o r  y t t e r b i u m  f l u o r i d e  and t h i s  s h i f t  has  been a t t r i b u t e d  to  

the  d i f f e r e n c e  i n  the  va lency  of the  y t t e r b i u m  atom i n  t h e se  

two s u b s t a n c e s .  B ear ing  t t i i s  s h i f t  i n  mind i t  has been p o s s i b l e  

to  sugges t  an  e x p l a n a t i o n  f o r  the d i f f e r e n t  r e s u l t s  f o r  the  

p o s i t i o n s  of the  t a n t a lu m  edges which have been r e p o r t e d .

A s tudy was made of the  Mjii  a b s o r p t i o n  edge f o r  y t t e r b i u m  

m eta l  and f l u o r i d e  and some i n d i c a t i o n  of  the  v a l i d i t y  of  the  

th e o ry  t h a t  the  c o n d u c t io n  c a r r i e r s  i n  y t t e r b i u m  m ; t a l  a re  h o le s  

i n  the  6s band was o b t a i n e d .
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