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and avai lable  exper imenta l  data for R and D [6]. 
Also, it  contains  the va lues  of Zxn B calculated 
f rom avai lable  m e a s u r e m e n t s  [5]. For  the sake 
of compar ison ,  we give the var ia t ions  An V and 
h.n T calculated previous ly  [9] f rom eqs. (2) and 
(3). 

From table 1, the Lxn B - values calculated 
f rom eq. (6) a re  in a l l  cases  seen to be (on the 
average about twice) l a rge r  than those from 
eq, (7), the la t ter  being in be t te r  ag reement  with 
the exper imenta l  An B - values  resu l t ing  f rom 
presen t  optical  b i re f r ingence  m e a s u r e m e n t s  [5] 
and e a r l i e r  data f rom the K e r r  effect [10]. As 
to the values  of the va r ia t ions  Lxn V due to e l ec t ro -  
s t r ic t ion ,  they exceed Lxn B in weakly b i r e f r i n -  
gent l iquids,  but a re  sma l l e r  tbanLxn B in s t rong-  
ly b i r e f r ingen t  ones.  The va r ia t ions  An T due to 
the e l ec t roca lo r i c  effect are  negative and s m a l -  
ler  in absolute  value than LXn V and An B .  

Thus,  eqs. (6) and (7) lead smoothly and 
di rec t ly  to An B - v a l u e s  which a re  both r e a s o n -  
able and in accordance  with nonl inear  optical 
m e a s u r e m e n t s  [4,5]. In this  way, and on the other 
hand r e c u r r i n g  to formulae  for B in m o l e c u l a r -  
s ta t i s t i ca l  form [7,8], we can gain valuable in -  
format ion  rega rd ing  both molecu la r  optical an i -  
sotropy and molecu la r  co r re l a t ions  in dense s y s -  
t ems .  Hence, work on the var ious  nonl inear  chang-  
es in re f rac t ive  index should profi tably proceed in 
conjunct ion with r e s e a r c h  on molecu la r  light sca t -  
t e r ing  in l iquids [8]. The phenomena d icussed  
above, together  with the exper imenta l  [11] and 
theore t ica l  [12] inves t igat ion of mu l t i - ha rmon ic  

light sca t ter ing ,  provide the bas is  of non l inear  
molecu la r  optics.  
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The relativistic energy-momentum tesnor of the electro-magnetic field in electric and magnetic dipole sub- 
stances is derived and compared with the proposals of Lorentz, Einstein-Laub, Minkowski and Abraham. 

Since 1903 the co r r ec t  form of the e lec t romagnet ic  e n e r g y - m o m e n t u m  tensor  in polar ized  media  has 
been a con t rovers i a l  i s sue .  F o r m s ,  more  or l e s s  based on e lec t ron  theory,  were  obtained by Lorentz  
[1] (already before re la t iv i ty  theory existed) and by E ins te in  and Laub [2]; different  express ions  were 
put forward by Minkowski [3] and Abraham [4] and in a the rmodynamic  t r e a t me n t  [5]. 

A unique solution of the problem can be given if not only the field but a lso  the ma te r i a l  par t  of the 
e n e r g y - m o m e n t u m  t enso r  is  considered.  A der iva t ion  mus t  s ta r t  f rom the mic roscop ic  e n e r g y - m o m e n -  
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tum laws of a s y s t e m  of point p a r t i c l e s  (e lec t rons  and nuclei)  in an e l e c t r o m a g n e t i c  f ie ld .  The point  p a r -  
t i c l e s  a r e  supposed  to be grouped into a toms  k (or mo lecu le s ,  ions e tc . ) ,  which c a r r y  both e l e c t r i c  and 
magne t ic  d ipoles ,  def ined in m o m e n t a r y  r e s t  f r a m e s .  One obta ins  thus e n e r g y - m o m e n t u m  laws on the 
"a tomic  level"  : 

a s ( ~  u uS + t "8 + " ) 0, (1) 

with 

• ~ . ; t  . A  /.t /3 . g  v 

and 

= l +c uk(fka~t h~ g hlot~ c + or(f) k ¢ I - 4 Xk)t#: l ot - Uk# 

c-4  8 ~t ~_v 

where  Ok i s  the m a s s  dens i ty  of a tom k, Uka i t s  ve loc i ty  f o u r - v e c t o r ,  D = u~a  x the subs tan t i a l  d e r i v a -  
t ive  with r e s p e c t  to t ime ,  h k a 8  = 5 8  + c - 2 u k a  Uk8 , e k ~ s t h e  densi ty  of i n t r i n s i c  angu la r  momentum of 
a tom k , f k a  8 the "a tomic"  f ie ld  t e n s o r  due to a tom k, m k a  B i t s  po l a r i za t i on  t e n s o r  and hka  8 = f k a 8  + 
- mka  8 (we use  the m e t r i c  gOO = -1, gii = 1 (i = 1, 2, 3), g a s  = 0 if a • 8) .  

(In a s i m i l a r  way one can de r ive  the angular  momentum law on the a tomic  level ;  in tu rns  out to ex -  
p r e s s  the s y m m e t r y  of the to ta l  e n e r g y - m o m e n t u m  tensor ) .  

By means  of a cova r i an t  s t a t i s t i c a l  ave rag ing  p r o c e d u r e  one obta ins  the m a c r o s c o p i c  conse rva t ion  
laws of energy  and momentum 

Here  pc 2 is  the r e s t  m a s s  energy  and in te rna l  energy  dens i ty  in the r e s t  f r a m e  and U a the bulk f o u r -  
ve loc i ty  of m a t t e r .  The f i r s t  two t e r m s  between the b r a c k e t s  form the m a t e r i a l  e n e r g y - m o m e n t u m  ten -  
sor :  p U a U~ being due to bulk motion,  T "Za¢~u~ containing c o r r e l a t i o n s  and ve loc i ty  f luctuat ions•  The 
l a t t e r  is  not s imply  the  ave r age  of t "8 aim), I~u inc ludes  a l so  the c o r r e l a t i o n  and ve loc i ty  f luctuat ion 
p a r t s ,  which a r i s e s  f rom the o ther  t e r m s  in (1). The f ie ld  e n e r g y - m o m e n t u m  t enso r  i s  then found to be 

% .  , 8 . . _  _ + 

+ c-4  Ua U 8 U~tFxIx (1t #v  _ F #v) Uv , (5) 

where  the f ie ld  t e n s o r s  F a 8  and H°t8 a r e  the a v e r a g e s  of ~ f k  a8  and ~ hk°t8 [6]. Let  us  wr i t e  the e n e r -  
k k 

g y - m o m e n t u m  t e n s o r  a l so  in the r e s t  f r a m e ,  us ing t h r e e - d i m e n s i o n a l  notat ion (with i , j  = 1, 2, 3): 

Ot f = ( ½E2 + ½B 2 (E×I'I) i ) 

v v )  \ (~×m i -~iO) - h i l t  j + (½~ + ~! 2- B . ima 0 
(6) 

oo oi 1 io 
where  T( f )  is  the energy  dens i ty ,  c T(f) the energy  flow (the Poynt ing vec to r ) ,  c -  T( f )  the momentum 
dens i ty  a~a T(f)iJ the momentum flow~(the Maxwel l  p r e s s u r e  tensor)•  

This  r e s u l t  d i f f e r s  f rom the e x p r e s s i o n s  of Loren tz ,  E i n s t e i n - L a u b  and the t h e r m o d y n a m i c a l  theory  
only by magne t iza t ion  t e r m s .  Minkowsk i ' s  and A b r a h a m ' s  p r o p o s a l s  d i f fer  in a fundamenta l  way f rom 
the s t a t i s t i c a l  r e s u l t  (6). 

This  inves t iga t ion  i s  pa r t  of the r e s e a r c h  p r o g r a m m e  of the "Sticht ing voor  Fundamentee l  O n d e r -  
zoek de r  M a t e r i e  (F.O.M.)" ,  which i s  f inanc ia l ly  suppor t ed  by the "Organ i sa t i e  voor  Zuiver  W e t e n s c h a p -  
pe l i jk  Onderzoek  (Z.W.O.)".  
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The re f rac t ive  index of solid krypton has been measured between 65 ° and 116°K and the resul ts  fitted to a 
theory of the shift of the ultraviolet  excitation frequency based on the Dick-Overhauser  shell model. 

I t  ha s  r e c e n t l y  b e e n  s u g g e s t e d  [1] that  the  d e n -  
s i ty  and frequency d e p e n d e n c e  of the d i e l e c t r i c  
cons t an t  e of the  s o l i d i f i e d  i n e r t  g a s e s  migh t  be  
w e l l  r e p r e s e n t e d  by the D i c k - O v e r h a u s e r  she l l  
m o d e l  [2] which  has  been  s u c c e s s f u l l y  app l i ed  to 
the a lka l i  h a l i d e s .  We have  m e a s u r e d  the  r e f r a c -  
t i ve  i n d e x  n of so l id  k ryp ton  (E = n 2) at  t e m p e r a -  
t u r e s  be tween  65 ° and l 1 6 ° K  by a m e t h o d  p r e -  
v i o u s l y  d e s c r i b e d  by Smi th  [3]; and have  f i t t ed  
the  da ta  to a t h e o r y  p r o p o s e d  by Don iach  and Hug-  
g i n s  [1], b a s e d  on the sh i f t  of the  u l t r a v i o l e t  e x -  
c i t a t i on  f r e q u e n c y  with  dens i ty .  The  r e s u l t s  a r e  
shown in f ig .  1. 

A c c o r d i n g  to Don iach  the  d i e l e c t r i c  cons t an t  
m e a s u r e d  a t  f r e q u e n c y  co and dens i ty  p m a y  be  

r e p r e s e n t e d  by 

3(~ - I)  1 co~ 

e + 2  p = " 2 3 2 + ×1 
coo + Vo - co 

w h e r e  co~ r e p r e s e n t s  the  d i p o l e - d i p o l e  i n t e r a c -  
t i ons  of the  l o w e s t  a t o m i c  s t a t e s ,  coo i s  the  f r e -  
quency  of the n o n - i n t e r a c t i n g  a t o m i c  o s c i l l a t o r s  
and V~ c o r r e s p o n d s  to the  sh i f t  in COo 2 c a u s e d  by 

* Work carr ied  out in the School of Mathematical and 
Physical Sciences,  Universi ty of Sussex. 
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Fig. 1. Refract ive index of solid krypton. 

s h e l l - c o r e  f o r c e s .  The  t e r m  ×1 t a k e s  in to  accoun t  
the  c o r e - p o l a r i z a b i l i t y  and con t r i bu t i ons  to the  
exchange  i n t e g r a l s  f r o m  h i g h e r  e x c i t e d  s t a t e s .  
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