
Introduction 
The purpose  o f  t h i s  book i s  t o  p r e s e n t  a  u n i f i e d  accoun t  
of t h e  e x c i t i n g  d e v e l o ~ m e n t s  i n  t h e  f i e l d  o f  quantum 
e l e c t r o n i c s  which have o c c u r r e d  d u r i n g  t h e  l a s t  two decades .  
Following i n t r o d u c t o r y  c h a p t e r s  on e l ec t romagne t i sm and 
quantum mechanics ,  t h e  b a s i c  p r o c e s s e s  i n v o l v i n g  t h e  i n t e r -  
a c t i o n  of r a d i a t i o n  and atoms a r e  d i s c u s s e d  i n  some d e t a i l .  
We b e l i e v e  t h a t  a  thorough under ,s tanding of  t h i s  m a t e r i a l  
i s  e s s e n t i a l  f o r  l a t e r  c h a p t e r s .  

However, i n  o r d e r  t h a t  t h e  r e a d e r  s h a l l  n o t  l o s e  s i g h t  
of ou r  u l t i m a t e  o b j e c t i v e ,  we p r e s e n t  h e r e  a  b r i e f  h i s t o r i c a l  
i n t r o d u c t i o n  showing how o u r  u n d e r s t a n d i n g  o f  l i g h t  and 
m a t t e r  has  developed s i n c e  t h e  end o#f t h e  n i n e t e e n t h  c e n t u r y .  
I t  i s  hoped t h a t  t h i s  w i l l  a l low t h e  s t u d e n t  t o  s e t  t h e  
m a t e r i a l  which f o l l o w s  i n  t h e  p r o p e r ,  c o n t e x t  and w i l l  g i v e  
him o r  h e r  an a p p r e c i a t i o n  of  t h e  beau ty  and f a s c i n a t i o n  
of  t h e  f i e l d  o f  o p t i c a l  p h y s i c s .  * 

I .  I .  P l a n c k  ' s  r a d i a t i o n  Zaw 

By t h e  end of  t h e  n i n e t e e n t h  c e n t u r y  t h e  development 
of  t h e  wave t h e o r y  of l i g h t ,  commenced by Young and F r e s n e l ,  
seemed t o  have reached i t s  cu lmina t ioq  i n  t h e  b r i l l i a n t  
t h e o r e t i c a l  work of  Maxwell. I n  a n o t h e r  branch o f  p h y s i c s  
t h e  t h e o r y  of  h e a t  l e a d i n g s o n  t o  t h e  ' k i n e t i c  t h e o r y  of  
gases  and t o  s t a t i s t i c a l  mechanics a s  developed by C l a u s i u s ,  
Boltzmann, Maxwell, and Gibbs a l s o  seemed t o  be complete  i n  
most o f  i t s  e s s e n t i a l  p a i n t s .  Th i s  encouraged Michelson 
t o  w r i t e  i n  1899: 

'The more i m p o r t a n t  fundamental  laws and f a c t s  o f  
p h y s i c a l  s c i e n c e  have a l l  been d i s c o v e r e d ,  and t h e s e  a r e  
s o  f i r m l y  e s t a b l i s h e d  t h a t  t h e  p o s s i b i l i t y  o f  t h e i r  e v e s  
be ing  s u p p l a n t e d  i n  consequence of new d i s c o v e r i e s  i s  ex-  
c e e d i n g l y  remote.  ' 

There  was,  however, an unreso lved  d i sc repancy  i n  t h e  
t h e o r y  o f  b lack-body r a d i a t i o n .  I n  f a c t  t h e  s o l u t i o n  o f  
t h i s  a p p a r e n t l y ' m i n o r  problem by P lanck  (1901) was t o  be 
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t h e  s t a ~ t i n g  p o i n t  of  t h e  quantum t h e o r y  and of  our  p r e s e n t  
u n d e r s t a n d i n g  of  t h e  s t r u c t u r e  of  atoms and molecules .  

Following t h e  work of  Kirchhoff  on t h e  connec t ion  be-  
tween emiss ion and a b s o r p t i o n  c o e f f i c i e n t s ,  i t  had been 
p r q ~ e d  That t h e  r a d i a t i o n  i n s i d e  a  t o t a l l y  enc losed  c a v i t y  
ma in ta ined  a t  a  uniform tempera tu re  was a  f u n c t i o n  of  t h e  
t empera tu re  a l o n e  and was i d e n t i c a l  w i t h  t h e  r a d i a t i o n  which 
would be e m i t t e d  by a  p e r f e c t l y  b l a c k  body a t  t h e  same 
t empera tu re .  The s p e c t r a l  d i s t r i b u t i o n  of  t h e  r a d i a t i o n  
had been i n v e s t i g a t e d  e x p e r i m e n t a l l y  and i t  was found t h a t  
t h e  i n t e n s i t y  i n c r e a s e d  s lowly  w i t h  d e c r e a s i n g  f requency 
u n t i l  i t  reached  a  peak ,  a f t e r  which i t  dec reased  ve ry  
r a p i d s y  (F ig .  1 . 1 ) .  However, a l l  a t t e m p t s  t o  d e r i v e  an 1 e q u a t i o n  g i v i n g  t h e  i n t e n s i t y  a s  a  f u n c t i o n  of  f requency 
had f a i l e d .  The most conv inc ing  approach made by Rayleigh 
and Jeans on t h e  b a s i s  of  c l a s s i c a l  thermodynamics gave t h e  
r e s ~ l t  

where p (w) dw r e p r e s e n t s  t h e  energy o f  r a d i a t i o n  p e r  u n i t  1 
yoiume i n  t h e  a n g u l a r  f requency range between w and w+dw. 
The term kT i n  e q u a t i o n  (1 .1 )  comes from t h e  e q u i p a r t i t i o n  o f  

I 
I 
,I engrgy a p p l i e d  t o  a  l i n e a r  o s c i l l a t o r  which i s  assumed t o  a c t  i 

a s  t h e  e m i t t e r  o r  a b s o r b e r  of  r a d i a t i o n  of f requency w / 2 ~ 1 .  1 
we s e e  from e q u a t i o n  (1 .1 )  and Fig .  1.1 t h a t  t h e  i n t e n s i t y  
p r e d i c t e d  by t h e  Rayle igh-Jeans  law i n c r e a s e s  i n d e f i n i t e l y  
a t  h i g h e r  f r e q u e n c i e s ,  t h e  well-known u l t r a v i o l e t  c a t a s t r o p h e ,  

9 
i n  complete c o n t r a d i c t i o n  w i t h  t h e  exper imen ta l  r e s u l t s .  

i 
*t 

Planck r e a l i z e d  t h a t  t h e  d i f f i c u l t y  l a y  i n  t h e  p r i n -  % 'r 
c i p l e  of e q u i p a r t i t i o n  wliich cou ld  only  be circumvented by '! 
a  complete d e p a r t u r e  from c l a s s i c a l  mechanics.  Be p o s t u l a t e d  
t h a t  an oscillates o f  f requency w / 2 ~ 1 ,  i n s t e a d  of b e i n g  a b l e  / 
t o  assume a l l  p o s s i b l e  energy v a l u e s ,  could  e x i s t  only  i n  
one of  a  s e t  o f  e q u a l l y  spaced  energy l e v e l s  having t h e  

1 
v a l u e s  0 ,  h w ,  2hw ,.... , mhw, .... . m i s  an i n t e g e r  and 

'/ 

~ = ~ / z T I ,  where h  i s  a  c o n s t a n t  now known as  P l a n c k l s  c o n s t a n t .  

F i g .  1 .  Energy d e n s i t y  of  b lack-body r a d i a t i o n  a s  a func-  
ti011 o f  t h e  a n g u l a r  f requency w - 

The u n i t  o f  energy b w ,  which cannot  be f u r t h e r  s u b d i v i d e d ,  
Planck c a l l e d  a  quantum. I f  we now assume t h a t  t h e  p r a b a -  
b i l i t y  of  f i n d i n g  an o s c i l l a t o r  w i t h  t h e  energy m a w  i s  g iven  
by t h e  Boltzmann f a c t o r  exp(-mHw/kT) , t h e n  t h e  average 
energy of  an o s c i l l a t o r  i s  g iven by 

0, 

mhw exp(-mhw/kT) 
- 
E = m =  0 

m 
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When t h i s  e x p r e s s i o n  i s  i n s e r t e d  i n  p l a c e  of kT i n  e q u a t i o n  
( 1 . 1 ) ,  t h e  energy d e n s i t y  of  t h e  b lack-body r a d i a t i o n  a t  
t h e  f r equency  w / 2 ~  becomes 

T h i s  e x p r e s s i o n  proved t o  be  i n  p e r f e c t  agreement w i t h  exper -  ' iment when h was g iven a  c e r t a i n  f i n i t e  v a l u e ,  and t h e  c l a s -  . . 
s i c a l  Ray le igh- Jeans  law was o b t a i n e d  o n l y  i n  t h e  l i m i t  a s  
f i + O .  Thus t h e  t u r n  of  t h e  c e n t u r y  u s h e r e d  i n  P l a n c k l s  law 
and w i t h  i t  t h e  b i r t h  of  t h e  quantum t h e o r y  of  radiation. 

1 . 2 .  The p h o t o e l e c t r i c  e f f e c t  

I n  s p i t e  of t h i s  agreement between theory  and e x p e r i -  
ment ,  n o t  a l l  p h y s i c i s t s  were w i l l i n g  t o  a c c e p t  t h e  quantum 
h y p o t h e s i s .  Indeed P lanck  h imse l f  b e l i e v e d  i n i t i a l l y  t h a t  
i t  a p p l i e d  on ly  t o  t h e  a tomic  o s c i l l a t o r s  i n  t h e  c a v i t y  
w a l l s  and n o t  t o  t h e  r a d i a t i o n  i n s i d e  t h e  c a v i t y .  However, 
E i n s t e i n  (1905) soon showed t h a t  t h e  quantum t h e o r y  cou ld  
e x p l a i n  c e r t a i n  p u z z l i n g  f e a t u r e s  o f  t h e  p h o t o e l e c t r i c  e f f e c t  
i n  a  v e r y  s imple  way. 

The emiss ion  o f  e l e c t r o n s  from t h e  s u r f a c e  of a  m e t a l  
which i s  i l l u m i n a t e d  by u l t r a v i o l e t  l i g h t  was d i s c o v e r e d  by 
H e r t z  i n  1887. L a t e r  exper imen t s  by Lenard  showed t h a t  when . 
t h e  i n t e n s i t y  of  t h e  i n c i d e n t  l i g h t  was changed, w i t h o u t  
a l t e r i n g  i t s  s p e c t r a l  d i s t r i b u t i o n ,  t h e  k i n e t i c  energy o f  
t h e  e j e c t e d  e l e c t r o n s  remained c o n s t a n t  and only  t h e  number 
e m i t t e d  v a r i e d .  lie now know t h a t  a t  very  low i n t e n s i t i e s  t h e  
r a t e  of  emiss ion  can become s o  s m a l l  t h a t  only  a  few e l e c -  
t r o n s  p e r  second a r e  e j e c t e d .  I n  t h i s  l i m i t ,  i t  appea r s  a s  
i f  a l l  t h &  energy i n  t h e  l i g h t  wave f a l l i n g  on t h e  s u r f a c e  
would have t o  be c o n c e n t r a t e d  on a  s i n g l e  e l e c t r o n  i n  o r d e r  
t o  g i v e  it t h e  observed k i n e t i c  energy.  Th i s  seems t o  b e  a t  
v a r i a n c e  w i t h  c l a s s i c a l  e l e c t r o d y n a m i c s ,  f o r  t h e  energy i n  
a  l i g h t  wave i s  u s u a l l y  assumed t o  be  d i s t r i b u t e d  un i fo rmly  
a c r o s s  t h e  wave f r o n t .  

To r e s o l v e  t h i s  d i f f i c u l t y ,  E i n s t e i n  made t h e  bo ld  
h y p o t h e s i s  t h a t  t h e  energy i n  t h e  r a d i a t i o n  f i e l d  a c t u a l l y  
e x i s t e d  a s  d i s c r e t e  q u a n t a ,  now c a l l e d  p h o t o n s ,  each hav ing  
an energy o f  R w  and t h a t  i n  i n t e r a c t i o n s  between l i g h t  and 
m a t t e r  t h i s  energy i s  e s s e n t i a l l y  l o c a l i z e d  a t  one e l e c t r o n .  
I n  t h e  p h o t o e l e c t r i c  e f f e c t  an e l e c t r o n  a t  t h e  s u r f a c e  of  
t h e  me ta l  g a i n s  an energy fiw by t h e  a b s o r p t i o n  o f  a  photon 
and t h e  maximum k i n e t i c  energy of  t h e  e j e c t e d  e l e c t r o n  i s  
observed t o  be 

where @ i s  t h e  work f u n c t i o n  of  t h e  s u r f a c e  measured i n  
e l e c t r o n  v o l t s .  According t o  t h i s  t h e o r y  t h e  r a t e  o f  emis- 
s i o n  o f  p h o t o e l e c t r 6 n s  will be p r o p o r t i o n a l  t o  t h e  f l u x  o f  
q u a n t a  i n c i d e n t  upon t h e  s u r f a c e ,  i n  agreement w i t h  Lenard ' s  
expe r imen t s .  Moreover E i n s t e i n ' s  t h e o r y  p red ic t :  t h a t  t h e  
maximum k i n e t i c  energy of t h e  p h o t o e l e c t r o n s  shou ld  be a  
l i n e a r  f u n c t i o n  of  t h e  f r equency  of  t h e  i n c i d e n t  l i g h t .  
This  was l a t e r  conf i rmed e x p e r i m e n t a l l y  by M i l l i k a n  ( 1 9 1 6 ) ,  
and l e d  t o  a  va lue  of  fi which ag reed  t o  w i t h i n  0 .5  p e r  c e n t  
w i t h  t h e  va lue  d e r i v e d  by f i t t i n g  e q u a t i o n  ( 1 . 3 )  t o  t h e  
b lack-body spect rum.  With t h i s  c l a r i f i c a t i o n  of  t h e  quantum 
a s p e c t s  o f  t h e  i n t e r a c t i o n  of  l i g h t  and m a t t e r ,  t h e  s t a g e  was 
then  s e t  f o r  f u r t h e r  advances i n  t h e  f i e l d  o f  a tomic  s p e c t r o s  
COPY 

*!I 
1 .  3. Ear ly  a tomic  s p e c t r o s c o p y  

The spec t roscopy  o f  g a s e s  had been s t u d i e d  s i n c e  t h e  
middle  of t h e  n i n e t e e n t h  c e n t u r y ,  f i r s t  w i t h  p r i sm s p e c t r o -  
scopes  and l a t e r  w i t h  s p e c t r o g r a p h s  u s i n g  d i f f r a c t i o n  

1 g r a t i n g s .  Atoms e x c i t e d  i n  gas  d i s c h a r g e s  were found t o  emi t  
s p e c t r a  c o n s i s t i n g  of  many s h a r p  l i n e s  o f  d e f i n i t e  f r e -  
quency,  i n  c o n t r a s t  t o  t h e  con t inuous  s p e c t r a  e m i t t e d  by 
black-body s o u r c e s  o r  by s o l i d s  a t  hi,gh t e m p e r a t u r e s .  A l - '  
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hydrogeh was f e l a t i v e l y  s imple  and i n  1885 Balmer d iScovered  
an e m p i r i c a l  formula  which f i t t e d  tho  wavelengths  of t h e  
v i s i b l e  l i n e s  t o  s u r p r i s i n g l y  high accbracy.  For many pur -  
p o s e s  i t  i s  more conven ien t  t o  work w i t h  t h e  wavenumbers, 3, 
which a r e  r e l a t e d  t o  t h e  wavelengths  i d  vacuo ,  Avae, b y  

The Balmer formula  f o r  hydrogen then  becomes 

k h e r e  n i s  an i n t e g e y  t a k i n g  t h e  Values 3 ,  4 ,  5 ,  , , . . . and 
RH i s  a c o n s t a n t  hav ing  t h e  va lue  677% 9 8  m ~ u r t h e r  
work by Rydberg i n  t h e  1890s sl~owed t h a t  t h e  l i n e s  o f  t h e  
A l k a l i  m e t a l s  could  be c l a s s i f i e d  i n t o  a humber o f  s p e c t r a l  
s e r i e s ,  each of which was d e s c r i b e d  by a  s i m i l a r  formula  

3 = - .  R .  wm - - 2 11.61 
l (n -  dl 

whete il i s  aga in  &n i n t e g e r  arid d  i s  a c o n s t a n t .  The Rydberg 
c o n s t a n t ,  R ,  was shown t o  have t h e  same v a l u e ,  t b  w i t b i n  
0.05 p e r  cSRt, f o r  a l l  e lements  and for t h e  f i r s t  rime i n d i -  
c a t e d  a  commoR l i n k  between t h e  spectra bf d i f f e ~ e n t  chemi- 
c a i  e l ements .  

I f n  bo th  t h e  BAlmer and t h e  Rydberg formulae t h e  wave- 
number 6f a  s p e c t r a l  l i n e  i s  g iven by t h e  d f f f e r e n c e  Of 

- 
two q u a n t i t i e s ,  I n  1908 R i t z  showed e x p e r i m e n t a l l y  t h a t  i n  
any spectrum it was p o s s i b l e  t o  s e t  up t a b l e s  o f  q u a n r i t i e s  
c a l l e d  t e rms ,  hav ing  dimenslong of t m - l *  such t h a t  t h e  wave- 
humbers o f  t h e  obse rved  s p e c t r a l  l i n e s  c o u l d  be w r i t t e n  a s  
t he  d i f f e r e n c e  o f  two terms.  Th i s  i s  known a s  t h o  R i t z  
combination p r i n c i p l e .  I n  hydrogen, new s p e c t r a l  s e r i e s  
were p r e d i ~ t e d  w i t h  l i n e s  g iven  by 

! i ii = R H [ - j - > ; - 1  

whele m and n  a r e  i n t e g e r s  and rn i s  f i x e d  f o r  a g iven s e r i e s .  
When, i n  t h e  same y e a r ,  Paschen d i scovered  one o f  t h e s e  new 
s e r i e s  i n  t h e  i n f r a r e d  r e g i o n ,  t h e  p r i n c i p l e  r e c e i v e d  s t r i k i n g  
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conf i rma t ion .  
These s p e c t r a l  l i n e s  a t  p r e c i s e l y  r e l a t e d  f r e q u e n c i e s  

seemed t o  b e  i n  v i o l e n t  d isagreement  w i t h  t h e  p i c t u r e  of t h e  
atom proposed by Ruthe r fo rd  (1911) t o  e x p l a i n  exper imen t s  
on t h e  s c a t t e r i n g  of a - p a r t i c l e s .  I n  t h i s  model, d e s c r i b e d  
more c l e a r l y  by Bollr (1913) ,  t h e  atom was assumed t o  c o n s i s t  
of a  massive p o s i t i v e l y - c h a r g e d  n u c l e u s ,  r a d i u s  = 1 0 - ~ ' c m ,  
Which was surrounded by a  c loud  o f  n e g a t i v e l y - c h a r g e d  e l e c -  
t r o n s  moving i n  o r b i t s  o f  r a d i u s  = 1 0 - ~ c m .  But accord ing  
t o  c l a s s i c a l  mechanics,  an  e l e c t r o n  moving i n  t h e  Coulomb 
f i e l d  of t h e  nuc leus  would r a d i a t e  e l e c t r o m a g n e t i c  energy 
a t  t h e  f requency o f  i t s  o r b i t a l  motion.  As t h e  e l e c t r o n  
l o s t  energy i t  would s lowly  s p i r a l  i n t o  t h e  n u c l e u s ,  e m i t t i n g  
r a d i a t i o n  of con t inuous ly  i n c r e a s i n g  f requency.  Obviously 
t h i s  d i d  n o t  happen i n  r e a l  atoms f o r  they  a r e  observed t o  be 
s t a b l e  i n  t h e i r  normal s t a t e  and t o  r a d i a t e  on ly  c e r t a i n  d i s -  
c r e t e  f r e q u e n c i e s  when e x c i t e d .  The f i r s t  major s t e p  f o r -  
ward i n  t h e  s o l u t i o n  of t h i s  problem was t aken  \y Bohr (1913) .  

r; 

1 . 4 .  The  p o s t u l a t e s  o f  B o h r ' s  t h e o r y  o f  a t o m i c  s t r u c t u r e  

I n  o r d e r  t o  _develop a  q u a n t i t a t i v e  t h e o r y  of t h e  hy- 
drogen atom, Bohr p u t  forward t h r e e  b a s i c  p o s t u l a t e s .  

P o s t u l a t e  1. A bound a tomic  o r  molecu la r  system can e x i s t  
o n l y  i n  c e r t a i n  d i s c r e t e  energy l e v e l s  denoted by t h e  v a l u e s  
E 1 , E 2 , .  . . , E i , .  . . . These e n e r g i e s  a r e  determined by s u p e r -  
imposing c e r t a i n  quantum c o n d i t i o n s  ( P o s t u l a t e  3) on t o  
c l a s s i c a l  mechanics.  

P o s t u l a t e  2 .  I n  t h e  absence of any i n t e r a c t i o n  w i t h  r a d i a -  
t i o n ,  t h e  a tomic  system w i l l  c o n t i n u e  t o  e x i s t  permanent ly  
i n  one of t h e  a l lowed energy l e v e l s  which a r e  t h e r e f o r e  
c a l l e d  s t a t i o n a r y  s t a t e s .  The emiss ion o r  a b s o r p t i o n  of 
r a d i a t i o n  i s  connected w i t h  a  p r o c e s s  i n  which t h e  atom 
p a s s e s  from one s t a t i o n a r y  s t a t e  t o  an0the.r.. I n  e m i s s i o n ,  
t h e  energy l o s t  by t h e  a tomic  system appears  a s  energy i n  
t h e  r a d i a t i o n  f i e l d  and t h e  f requency of t h e  l i g h t  e m i t t e d  
i s  g iven  by 
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hw. = E.,- Ei 
1 i 1 (1.7) 

where b i s  P l a n c k ' s  c o n s t a n t  d i v i d e d  by 2 7 ~ .  The energy i n  
t h e  r a d i a t i o n  f i e l d  appears  i n  t h e  form of  a  photon and, 
f o l l o w i n g  E i n s t e i n ' s  h y p o t h e s i s ,  has  many o f  t h e  cha rac -  
t e r i s t i c s  of a  m a t e r i a l  p a r t i c l e .  I n  a b s o r p t i o n ,  a  photon 
i s  removed from t h e  r a d i a t i o n  f i e l d  and t h e  atom makes a  
t r a n s i t i o n  from a  lower t o  a  h i g h e r  energy l e v e l .  

These two p o s t u l a t e s  were confirmed i n  t h e  f o l l o w i n g  
y e a r  by t h e  exper iments  o f  Franck and Her tz  (1914) on t h e  
c r i t i c a l  p o t e n t i a l s  o f  atoms. They found t h a t  when atoms 
were bombarded w i t h  a  monoenerget ic  beam of e l e c l t r o n s ,  only  
e l a s t i c  c o l l i s i o n s  o c c u r r e d  a t  low e n e r g i e s .  As t h e  a c c e l e -  
r a t i n g  v o l t a g e  i s  i n c r e a s e d ,  a  p o i n t  i s  reached a t  which , 

t h e  e l e c t r o n s  have s u f f i c i e n t  k i n e t i c  energy t o  r a i s e  t h e  
atoms t o  t h e  lowes t  e x c i t e d  energy l e v e l .  I n e l a s t i c  c o l -  
l i s i o n s  occur  and t h e  atoms s t a r t  t o  emit  l i g h t  i h  t h e  
t r a n s i t i o n  connec t ing  t h e  lowest  e x c i t e d  s t a t e  t o  t h e  
ground l e v e l .  As t h e  e l e c t r o n  energy i s  i n c r e a s e d  a g a i n ,  
f u r t h e r  e x c i t a t i o n  t h r e s h o l d s  a r e  r eached  and t h e  spect rum 
of  t h e  atom appears  l i n e  by l i n e .  F i n a l l y  t h e  bombarding 
e l e c t r o n s  have s u f f i c i e n t  energy t o  r e l e a s e  an e l e c t r o n  
from t h e  atom, s o  i o n i z i n g  t h e  gas .  These exper iments  p r o -  
v i d e  a  d i r e c t ,  a l though  r a t h e r  i m p r e c i s e ,  measurement of 
t h e  energy l e v e l s  and i o n i z a t i o n  p o t e n t i a l s  of atoms. 

These two p o s t u l a t e s  a l s o  e x p l a i n  t h e  e x i s t e n c e  of 
s p e c t r a l  terms and t h e  R i t z  combination p r i n c i p l e .  We s e e  
from e q u a t i o n  (1.7) t h a t  t h e  n a v e n u ~ b e r s  of s p e c t r a l  l i n e s  
a r e  g iven  by d i f f e r e n c e s  o f  q u a n t i t i e s  o f  t h e  form Ei/hc. 
These must t h e r e f o r e  be t h e  s p e c t r a l  terms.  Thus the ,work  
o f  t h e  s p e c t r o s c o p i s t s  i n  deducing t h e  terms from t h e  ob- 
s e r v e d - s p e c t r a  immediately p rov ides  one w i t h  a  t a b l e  of 
a tomic  energy l e v e l s .  Fol lowing t h i s  impor tan t  c l a r i f i c a -  
t i o n  and t h e  1a te r .deve lopment  of s e l e c t i ~ n  r u l e s  f o r  r a d i a -  
t i v e  t r a n s i t i o n s ,  t h e  c l a s s i f i c a t i o n  and a n a l y s i s  of a tomic  
and molecu la r  s p e c t r a  proceeded r a p i d l y .  E n e r g y - l e v e l  t a b l e s  
a r e  now a v a i l a b l e  f o r  t h e  m a j o r i t y  of atoms, i o n s ,  and s imple  
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molecu les ,  a l though  t h e  a n a l y s e s  of t h e  complex s p e c t r a  
of t h e , r a r e  e a r t h  me ta l s  and of h i g h l y - i o n i z e d  atoms a r e  
s t i l l  o f t e n  incomplete .  

P o s t u l a t e  3. For t h e  hydrogen atom Bohr assumed t h a t  t h e  
e l e c t r o n  moved i n  c i r c u l a r  o r b i t s  about  t h e  nuc leus  under  
t h e  i n f l u e n c e  of t h e  Coulomb a t t r a c t i o n .  The a l lowed c i r -  
c u l a r  o r b i t s  were then  determined s imply by t h e  requ i rement  
t h a t  t h e  a n g u l a r  momentum of  t h e  e l e c t r o n  shou ld  be an i n -  
t e g r a l  m u l t i p l e  o f  6 .  This  r e s t r i c t s  t h e  e n e r g i e s  o f  t h e  
hydrogen atom, i n  s t a t e s  o f  a n g u l a r  momentum n h ,  t o  t h e  
q u a n t i z e d  v a l u e s  

where E~ i s  t h e  p e r m i t t i v i t y  of f r e e  space  and u i s  t h e  r e -  
duced mass of t h e  e l e c t r o n ,  g iven  by 1: = m/(l+m/M) where m 
and M a r e  t h e  masses o f  t h e  e l e c t r o n  and p r o t o n  r e s p e c t i v e l y .  
Not only  do t h e  p r e d i c t e d  energy l e v e l s  have t h e  1 / n 2  de- 

i. 
pendence,  i n  agreement w i t h  t h e  formulae f o r  t h e  wavenumbers 
o f  t h e  l i n e s  of t h e  Lyman, Balmer,  and Paschen s e r i e s  i n  
hydrogen, b u t  t h e  e m p i r i c a l  Rydberg c o n s t a n t  i s ,  f o r  t h e  
f i r s t  t i m e ,  g iven i n  terms o f  atomic c o n s t a n t s :  

When t h i s  e x p r e s s i o n  i s  e v a l u a t e d ,  i t  a g r e e s  w i t h  t h e  spec -  
t r o s c o p i c  v a l u e  w i t h i n  t h e  combined e r r o r s  o f  t h e  v a r i o u s  
c o n s t a n t s  invo lved .  

1 . 5 .  Deve Zopment o f  quantum mechanics  

1 This  tremendous accomplishment of Bohr s t i m u l a t e d  
I o t h e r  t h e o r e t i c i a n s ,  and soon Sommerfeld (1916) had g e n e r a l -  

i z e d  Bohr ' s  quantum c o n d i t i o n s  and a p p l i e d  t h e  r k s u l t s  t o  1 e l l i p t i c a l  o r b i t s  i n  t h e  hydrogen atom. By i n c l u d i n g  r e l a -  1 t i v i s t i c  e f f e c t s  he was a b l e  t o  i n t e r p r e t  many o f  t h e  d e t a i l s  
1 of t h e  hydrogen f i n e  s t r u c t u r e .  The i n t r o d u c t i o n  o f  an 
/1 

1 a d d i t i o n a l  quantum number d e s c r i b i n g  t h e  a l lowed o r i e n t a t i o n s  
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o f  t h e  o r b i t s  i n  space  a l s o  gave a  p a r t i a l  e x p l a n a t i o n  o f  
t h e  observed Zeeman e f f e c t .  However, one o f  t h e  most im- 
p o r t a n t  t h e o r e t i c a l  developments was B o h r l s  own correspond-  
ence p r i n c i p l e .  Th i s  s t a t e s  t h a t  i n  t h e  l i m i t  o f  l a r g e  
quantum numbers, t h e  r e s u l t s  of  quantum t h e o r y  must b e  i n  
agreement w i t h  t h e  p h y s i c a l  laws deduced from a  combination 
of c l a s s i c a l  mechanics and e lect romagnet ism.  When t h i s  p r i n -  
c i p l e  was combined w i t h  t h e  r e l a t i o n s  connec t ing  t h e  t r a n s -  
i t i o n  p r o b a b i l i t i e s  f o r  spontaneous  and s t i m u l a t e d  t r a n s i -  
t i o n s  d e r i v e d  by E i n s t e i n  (1917) ,  many o f  t h e  r e su , l t s  o f  
t h e  modern t h e o r y  of  r a d i a t i o n  were o b t a i n e d .  

However, t h e  o l d  quantum t h e o r y  was incomplete .  I t  
gave no d e f i n i t e  b a s i s  f o r  t h e  c a l c u l a t i o n  o f  t h e  r e l a t i v e  
o r  a b s o l u t e  i n t e n s i t i e s  of  s p e c t r a l  l i n e s .  I t  a l s o  f a i l e d  
t o  g i v e  s a t i s f a c t o r y  r e s u l t s  when a t t e m p t s  were made t o  c a l -  
c u l a t e  t h e  energy l e v e l s  of atoms c o n t a i n i n g  more than  one 
e l e c t r o n . ,  Even i n  an a p p a r e n t l y  s imple  atom l i k e  he l ium,  
numerous a t t e m p t s  t o  c a l c u l a t e  t h e  Bnergy o f  t h e  ground 
s t a t e  f a i l e d  t o  r e a c h  agreement w i t h  t h e  e x p e r i m e n t a l l y  
de te rmined  v a l u e .  

The s t a r t i n g  p o i n t  of a  new quantum t h e o r y  of  atoms 
was t h e  h y p o t h e s i s  p u t  forward by de B r o g l i e  (1924) t h a t  a  
p a r t i c l e  moving w i t h  l i n e a r  momentum p  has  a s s o c i a t e d  w i t h  
i t  a  wqve whose wavelength  i s  g iven  by 

= h /p .  (1.10) 

Th i s  i d e a  was improved and extended by ~ c h r z d i n g e r  (1926) and 
l e d  t o  t h e  development o f  t h e  equa t ion  which now b e a r s  h i s  
name. Almost s i m u l t a n e o u s l y  Heisenberg (1925) developed a  
t h e o r y  o f  m a t r i x  mechanics which was soon shown t o  be 
mathemat ica l ly  e q u i x a l e n t  t o  Schr ;dinger t  s  wave mechanics.  
The development of  t h e  quantum t h e o r y  of  a tomic  s t r u c t u r e  
and a  review of  some o f  t h e  impor tan t  r e s u l t s  a r e  Con- 
t i n u e d  i n  Chapter  3. We t h e r e f o r e  now t u r n  our  a t t e n t i o n  t o  
t h e  development o f  t h e  quantum t h e o r y  o f  r a d i a t i o n  p r o c e s s e s .  

a 
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1 . 6 .  I n t e r a c t i o n  o f  a t o m s  a n d  r a d i a t i o n  1326-39  

I n  t h e  p e r i o d  between 1926 and 1939 t h e  development of 
our  unders tand ing  of r a d i a t i o n  p r o c e s s e s  p a r a l l e l s  t h e  de- 
velopment o f  t h e  t h e o r y  o f  a tomic  and molecu la r  s t r u c t u r e .  
Many o f  t h e  r e s u l t s  which had been d e r i v e d  by t h e  u s e  of 
t h e  correspondence p r i n c i p l e  and t h e  o l d  quantum t h e o r y  were 
r e - d e r i v e d  i n  a  more r i g o r o u s  and s a t i s f a c t o r y  manner. The 
quantum-mechanical e x p r e s s i o n  f o r  t h e  r e f r a c t i v e  index  o f  
a  gas  o r  vapour i s  an example o f  t h i s  type of p r o g r e s s .  I n  
h y d ~ o g e n i c  sys tems t h e  r a t e s  of  r a d i a t i v e  t r a n s i t i o n s  were 
c a l c u l a t e d  and t h e  t h e o r e t i c a l  l i f e t i m e s  o f  t h e  d i f f e r e n t  
e x c i t e d  l e v e l s  were de r ived .  I n  o t h e r  atoms on ly  approx i -  
mate e s t i m a t e s  o f  t h e  t r a n s i t i o n  p r o b a b i l i t i e s  were p o s s i b l e ,  
bu t  t h e  l i f e t i m e  measurements made by c a n a l  r a y s  and f l u o -  
r e scence  from atomic  beams were n o t  s u f f i c i e n t l y  a c c u r a t e  
t o  demand more r e f i n e d  c a l c u l a t i o n s .  

Thus by 1939, i t  appeared once aga in  t h a t  t h e  under-  
% 

s t a n d i n g  of  atoms and l i g h t  was a lmost  complete ,  a l t h o u g h  
i t  i s  t r u e  t h a t  i n  many c a s e s  s a t i s f a c t o r y  agreement between 
t h e o r y  and exper iment  was on ly  reached w i t h  t h e  use  o f  t h e  
more s o p h i s t i c a t e d  t echn iques  developed a f t e r  t h e  end of  
t h e  second world  war. A r e l a t i v i s t i c a l l y - i n v a r i a n t  t h e o r y  
of  o n e - e l e c t r o n  atoms which i n c l u d e d  t h e  e f f e c t s  o f  e l e c t r o n  
s p i n  i n  a  c o n s i s t e n t  manner had been developed by Di rac .  
Th i s  appeared t o  be t h e  f i n a l  s o l u t i o n  t o  t h e  problem of  
t h e  hydrogen atom. However, it s h o u l d  be remembered t h a t  a  
few e x p e r i m e n t a l i s t s  were n o t  e n t i r e l y  happy and q u e s t i o n e d  
whether t h e  Di rac  t h e o r y  of  t h e  f i n e  s t r u c t u r e  was complete ly  
c o r r e c t .  There  was t h e r e f o r e  a  need t o  develop new e x p e r i -  
mental  t echn iques  which would i n c r e a s e  t h e  accuracy  of  f i n e  
and h y p e r f i n e - s t r u c t u r e  measurements. 

1 . 7 .  O p t i c a l  p h y s i c s  s i n c e  1 9 4 5  

The work on r a d a r  and r a d i o  communications c a r r i e d  o u t  
d u r i n g  t h e  second world  war proved t o  be of  immense a s s i s -  
t a n c e  t o  one o f  t h e  new s p e c t r o s c o p i c  t e c h n i q u e s .  Th i s  was 
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t h e  magnet ic  resonance method f i r s t  a p p l i e d  by Rabi e t  a l .  
(1939) t o  a tomic  beams, and extended a f t e r  t h e  war t o  l i q u i d s  
and s o l i d s  by Bloch,  P u r c e l l ,  and t h e i r  c o l l e a g u e s  (Bloch 
e t  a t .  1946; P u r c e l l  e t  a t .  1946) .  The f i r s t  major shock 
t o  a tomic  p h y s i c s  came, however,  when Lamb and Re the r f  o r d  
(1947) a p p l i e d  t h i s  new t e c h n i q u e  t o  m e t a s t a b l e  hydrogen 

2 2 atoms and showed t h a t  t h e  2 S ,  and 2 P ,  l e v e l s  of a tomic  
1 

hydrogen were n o t  d e g e n e r a t e  a s  p r e d i c t e d  by t h e  D i r a c  
t h e o r y .  T h i s  exper iment  s t i m u l a t e d  t h e  development of t h e  
t h e o r y  of ,quantum e lec t rodynamics  and l e d  t o  t h e  p r e c i s e  
c a l c u l a t i o n  of  r a d i a t i v e  c o r r e c t i o n s  t o  a tomic  energy l e v e l s .  
F u r t h e r  a p p l i c a t i o n s  o f  t h e  magnet ic  resonance method were 
opened up by t h e  i n v e n t i o n  o f  t h e  o p t i c a l  double  resonance 
and o p t i c a l  pumping t e c h n i q u e s  by K a s t l e r  and h i s  p u p i l s  i n  
P a r i s  ( B r o s s e l  and K a s t l e r  (1949) ,  K a s t l e r  (1950) ) .  The 
e x t r a o r d i n a r y  p r e c i s i o n  of  t h e s e  exper imen t s  has  enab led  a  
d e t a i l e d  .study o f  t h e  i n t e r a c t i o n s  of  atoms w i t h  l i g h t  and 
r a d i o  waves t o  be made, and has  r e v e a l e d  s u b t l e  new e f f e c t s  
which were p r e v i o u s l y  h idden  o r  unsuspec ted .  

Yore r e c e n t l y  t h e  i n v e n t i o n  of  microwave masers  and of 
l a s e r s  o p e r a t i n g  a t  o p t i c a l  f r e q u e n c i e s  has  t r ans fo rmed  t h e  , 
f i e l d  of  o p t i c a l  p h y s i c s  i n  a  remarkable  way. I n  s o l i d  

s t a t e  p h y s i c s ,  F ranken ' s  demons t ra t ion  of t h e  f r equency  
doub l ing  of  ruby l a s e r  l i g h t  immedia te ly  opened up , a  new 
f i e l d  of n o n - l i n e a r  o p t i c s .  I n  a tomic  and m o l e c u l a r  p h y s i c s  

t h e  a p p l i c a t i o n s  o f  l a s e r  r a d i a t i o n  were i n i t i a l l y  l e s s  r a p i d  
and s p e c t a c u l a r .  However, f o l l o w i n g  t h e  development of 
narrow-bandwidth t u n a b l e  dye l a s e r s  i n  1970, t h e  i n t e r e s t  i n  
t h i s  f i e l d  of  r e s e a r c h  h a s  e x p e r i e n c e d  an e x p l o s i v e  growth 
which a s  y e t  shows no s i g n s  o f  s lowing down. 

1 . 8 .  -The  p r e s e n t  s i t u a t i o n  1 1 9 7 5 1  

llle now b e l i e v e  t h a t  quantum mechanics ,  extended where 
n e c e s s a r y  by quantum e l e c t r o d y n a m i c s ,  i s  a b l e  t o  e x p l a i n  
s a t i s f a c t o r i l y  a l l  f e a t u r e s  of  t h e  e n e r g y - l e v e l  s t r u c t u r e  
o f  atoms and molecu les .  P r e c i s e  and d e t a i l e d  c a l c u l a t i o n s  
of  t h e  energy l e v e l s  o f  many a w m s ' h a v e  now been made, and 
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t h e r e  i s  g e n e r a l l y  e x c e l l e n t  agreement w i t h  t h e  e m p i r i c a l  
d a t a  o b t a i n e d  by s p e c t r o s c o p i s t s .  S i m i l a r l y ,  we now b e l i e v e  
t h a t  we have a  good u n d e r s t a n d i n g  o f ,  t h e  p r o c e s s e s  i n v o l v i n g  
t h e  i n t e r a c t i o n  of atoms wi th  l i g h t ,  a t  l e a s t  f o r  exper imen t s  
i n v o l v i n g  i n c o h e r e n t  l i g h t  o r  c o h e r e n t  r a d i a t i o n  of  low i n -  
t e n s i t y .  However, t h e  e f f e c t s  o f  c o h e r e n t ,  h i g h  i n t e n s i t y ,  
r a d i o -  and o p t i c a l - f r e q u e n c y  r a d i a t i o n  on atoms and mole- 
c u l e s  a r e  a t  p r e s e n t  o n l y  p a r t i a l l y  under s tood .  Thus a  
g r e a t  d e a l  o f  exper imen ta l  and t h e o r e t i c a l  work on t h e  non- 
l i n e a r  o p t i c s  and s p e c t r o s c o p y  of  gases  i s  c u r r e n t l y  i n  pro-  
g r e s s .  

I t  i s  t h e r e f o r e  s a f e  only  t o  s a y  t h a t  t h i s  book i s  an 
a t t e m p t  t o  p r e s e n t  t h e  s t a t e  o f  o u r  knowledge of t h e  i n t e r -  
a c t i o n  o f  atoms and r a d i a t i o n  a s  it  e x i s t s  now. I n  c e r t a i n  
a r e a s ,  t h e o r y  and exper iment  d o v e - t a i l  s o  n e a t l y  t o g e t h e r  
t h a t  t h e s e  p r o c e s s e s  must be c o n s i d e r e d  t o  be  w e l l  under-  
s tood .  I n  o t h e r  a r e a s ,  d isagreement  e x i s t s  o r  work i s  s t i l l  
i n  p r o g r e s s  and we s h o u l d  c e r t a i n l y  be p r e p a r e d  f o r  f u r t h e r  
s u r p r i s e s  and unexpected developments i n  t h e  f u t u r e .  

Prob terns 

1.1. By c o n s i d e r i n g  t h e  e l e c t r o m a g n e t i c  f i e l d  c o n f i n e d  
w i t h i n  a  l a r g e  c u b i c a l  box hav ing  p e r f e c t l y  r e f l e c t i n g  
s i d e s ,  show t h a t  t h e  number of  modes o f  t h e  r a d i a t i o n  
f i e l d  p e r  u n i t  volume i n  t h e  a n g u l a r  f r equency  range  

2 2 3  between w and w+dw i s  w dm/- c  . 
1 . 2 .  ( a )  From P l a n c k l s  e x p r e s s i o n ,  e q u a t i o n  (1.3) , show 

t h a t  t h e  a n g u l a r  f r equency  a t  which t h e  energy d e n s i t y  
of  b lack-body r a d i a t i o n  i s  a  maximum a t  a  f i x e d  tem- 
p e r a t u r e  i s  p r o p o r t i o n a l  t o  t h e  t e m p e r a t u r e .  T h i s  i s  
Wien' s  d i sp lacement  law. 
(b) By i n t e g r a t i n g  e q u a t i o n  (1 .3 )  ove r  a l l  f r e q u e n c i e s ,  
show t h a t  t h e  t o t a l  energy d e n s i t y  o f  b lack-body r a d i a -  
t i o n  i s  p r o p o r t i o n a l  t o  T~ and t h a t  t h e  c o n s t a n t  of  p ro -  
p o r t i o n a l i t y  i s  g iven  by 
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40 - 2  4  
1 = - - 

c &b= 7.565 x 10-16  J m - 3  K - ~  
3  4  

T h i s  i s  t h e  Stefan-Bol tzmann law. Jrn = 
o e x - 1  i-5 

1.3 .  A c l a s s i c a l  model -of a  o n e - e l e c t r o n  atom c o n s i s t s  o f  
a  p o s i t i v e  cha rge  of amount + e  un i fo rmly  d i s t r i b u t e d  
th roughou t  t h e  volume of a  s p h e r e ,  r a d i u s  R ,  t o g e t h e r  
w i t h  a  p o i n t  e l e c t r o n  o f  c h a r g e  - e  which i s  f r e e  t o  
move w i t h i n  t h e  sphe re .  Show t h a t  t h e  e l e c t r o n  w i l l  
o s c i l l a t e  about  i t s  e q u i l i b r i u m  p o s i t i o n  w i t h  s imple  
harmonic motion and f i n d  t h e  f r equency  o f  o s c i l l a t i o n ,  
wo/2n. 

I f  t h e  a tomic  r a d i u s  R i s  e q u a l  t o  t h e  r a d i u s  
2 o f  t h e  f i r s t  Bohr o r b i t ,  a 0 = 4 n ~ 0 f i  /me2, show t h a t  w o  

i s  t w i c e  t h e  Rydberg a n g u l a r  f r e q u e n c y ,  

0 
1 .4 .  I n  a i r ,  AngstrSm determined t h e  wavelengths  o f  t h e  

s p e c t r a l  l i n e s  o f  t h e  v i s i b l e  s e r i e s  of a tomic  hyd;ogen 

Ha 6562.10 8 
H~ 4860.74 2 
H~ 

4340.10 a) 
H6 4101.20 

Show t h a t  t h e s e  l i n e s  a r e  a c c u r a t e l y  d e s c r i b e d  by t h e  
Balmer formula  and from them c a l c u l a t e  a  v a l u e  f o r  t h e  
Rydberg c o n s t a n t ,  RH. The r e f r a c t i v e  index  of a i r  
i n  t h e  v l s i b l e  r e g i o n  o f  t h e  spect rum may be  t aken  
a s  1.00028 a t  s t a n d a r d  t empera tu re  and p r e s s u r e .  

By r e p l a c i n g  t h e  f a c t o r  1/2' i n  e q u a t i o n  (1.5) 
by 1/12 and 1/3 '  i n  t u r n ,  c a l c u l a t e  t h e  wavelengths  
i n  v a c u o  of  t h e  f i r s t  f o u r  l i n e s  o f  t h e  Lyman and 
Paschen s e r i e s  r e s p e c t i v e l y .  

1 .5 .  Using t h e  Bohr fo rmula ,  e q u a t i o n  ( 1 . 8 ) ,  and t h e  modern 
va lue  o f  t h e  Rydberg c o n s t a n t ,  

c 
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i Rm = 109 737 cm-I : 13.6 eV, c o n s t r u c t  e n e r g y - l e v e l  
diagrams f o r  a tomic  hydrogen and s i n g l y - i o n i z e d  hel ium 

I t o  t h e  same s c a l e .  
I 1.6 .  Show t h a t  a s  n+-, t h e  f r equency  of r a d i a t i o n  e m i t t e d  

by a  hydrogen atom i n  t h e  t r a n s i t i o n  from a  l e v e l  
~ f  p r i n c i p a l  quantum number n  t o  one o f  quantum number 
n - 1  t e n d s  t o  t h e  f r equency  o f  t h e  o r b i t a l  motion o f  
t h e  e l e c t r o n  as  deduced from c l a s s i c a l  mechanics .  

r 
Th i s  i s  an i l l u s t r a t i o n  of Bohr ' s  Correspon-  

dence P r i n c i p l e .  

I R e f e r e n c e s  

Bloch,  F . ,  Hansen, I V . W . ,  and Packard ,  M. (1946) .  P h y s . R e v .  
69, 127. - 

1 Bahr ,  N.  (1913).  P h i l .  M a g .  5, 476. 
Brosse l , '  J . ,  and K a s t l e r ,  8 .  (1949).  C. R .  h e b d .  S L a n c .  A c a d .  

I S c i . ,  P a r i s  229, 1213. 
I 
v de B r o g l i e ,  L .  (1924) .  P h i l .  M a g .  47, 446. 1 

E i n s t e i n ,  A. (1905) .  A n n Z n . P h y s .  - 1 7 ,  132. 
(1917) .  P h y s .  2 .  - 1 8 ,  1 2 1 .  

F ranck ,  J . ,  and H e r t z ,  G .  (1914) .  V e r h . d t . p h y s . G e s .  16, 457 
and 512. 

1 He i senberg ,  1. (1925) .  Z . P h y s .  33, 879. 

I K a s t l e r ,  A .  (1950) .  J . P h y s . ,  P a r i s  11, 255. 

Q Lamb, W.E. ,  and R e t h e r f o r d ,  R . C .  (1947) .  P h y s . R e v .  72,  241. - 
6' M i l l i k a n ,  R . A .  (1916) .  P h y s . R e v .  2 ,  355. 
r 

P i a n c k ,  M. (1901) .  A n n Z n . P h y s .  4, 553. 
P u r c e l l ;  E . M . ,  T o r r e y ,  H . C . ,  and Pound, R . V .  (1946) .  P h y s .  

R e v .  69, 37. 

i Rabi ,  I .  , Millman, S. , Kusch, P. , and Z a c h a r i a s ,  J.  R .  ( 1939) ,  
P h y s . R e v .  55, 526. - 

k R u t h e r f o r d ,  E .  ( 1911) ,  P h i Z . ~ a g .  21, 669. 
[ SchrSd inger ,  E .  (1926) ,  A n n l n . P h y s .  79, 361, 489, 734. 
5 Sommerfeld, A.  (1916) ,  A n n Z n . P h y s .  51, 1. 

I I 
i 



INTRODUCTI'ON 

G e n e r a l  r e f e r e n c e s  and  f u r t h e r  r e a d i n g  2 
t e r  Haar ,  D .  ' (1967) .  The  oZd q u a n t u m  t h e o r y ,  Pergamon 

P r e s s ,  Oxford.  Review of classical electrodynamics 
Conta ins  t r a n s l a t i o n s  and commentaries on s e v e r a l  

d 

of  t h e  i m p o r t a n t  a r t i c l e s  l i s t e d  above.  T h i s  c h a p t e r  g i v e s  a  c o n c i s e  accoun t  o f  t h o s e  s e c t i o n s  o f  
S l a t e r ,  J. C. ( 1960) ,  Qttantum t h e o r y  o f  a t o m i c  s  t m c t u r e ,  c l a s s i c a l  e l e c t r o m a g n e t i s m  which we s h a l l  r e q u i r e  l a t e r .  We 

Vol. 1. McGraw-Hill, New York. commence by i n t r o d u c i n g  Maxwell 's  e q u a t i o n s  f o r  t ime-dependent  
Chap te r s  1 and 2 g i v e  an accoun t  o f  t h e  h i s t o r i c a l  e l e c t r i c  and magne t i c  f i e l d s  and from them d e r i v e  t h e  e l e c t r o -  

development o f  modern p h y s i c s  and t h e  r e f e r e n c e s  magne t i c  wave e q u a t i o n .  The p r o p e r t i e s  and p o l a r i z a t i o n  o f  
s u g g e s t e d  on p.47 a r e  p a r t i c u l a r l y  u s e f u l .  p l a n e  e l e c t r o m a g n e t i c  waves a r e  examined and e x p r e s s i o n s  f o r  

A comprehensive  monograph on t h i s  s u b j e c t  has  been t h e  energy f l u x  and energy d e n s i t y  o b t a i n e d .  We t h e n  i n t r o -  

w r i t t e n  by duce t h e  s c a l a r  and v e c t o r  p o t e n t i a l s  and d i s c u s s  t h e  r a d i a -  

W h i t t a k e r ,  E.T. (1954) .  A h i s t o r y  o f  t h e o r i e s  o f  a e t h e r  
and e Z e c t r i c i t y ,  ( T h e  modern  t h e o r i e s ,  1 9 0 0 - 1 9 2 6 ) .  
P h i l o s o p h i c a l  L i b r a r y ,  New York. 

t i o n  o f  e l e c t r o m a g n e t i c  waves by t i m e - v a r y i n g  d i s t r i b u t i o n s  
o f  c u r r e n t  and cha rge .  T h i s  e n a b l e s  e x p l i c i t  e x p r e s s i o n s  f o r  
t h e  f i e l d s  produced by o s c i l l a t i n g  e l e c t r i c  and magne t i c  
d i p o l e s  t o  be o b t a i n e d .  IVe d e r i v e  e x p r e s s i o n s  f o r  t h e  r a t e  
a t  which t h e s e  d i p o l e s  r a d i a t e  ene rgy  and amgular momentum 
which w i l l  l a t e r  be fundamenta l  t o  ou r  t r e a t m e n t  o f  t h e  spon-  
t a n e o u s  emis s ion  o f  r a d i a t i o n  by e x c i t e d  atoms.  F i n a l l y ,  we 
c o n s i d e r  t h e  r a d i a t i o n  f i e l d s  o f  e l e c t r i c  quadrupo le  c h a r g e  
d i s t r i b u t i o n s  and show how t h e  a n g u l a r  d i s t r i b u t i o n  and r a t e  
of  r a d i a t i o n  d i f f e r  from t h o s e  o f  d i p o l e  s o u r c e s .  

2.1.  MaxweZZ's e q u a t i o n s  

We now r e c o g n i z e  t h a t  many a p p a r e n t l y  u n r e l a t e d  p h y s i c a l  
phenomena such  a s  y - r a y s ,  X- rays ,  v i s i b l e  l i g h t ,  t he rma l  
r a d i a t i o n ,  and r a d i o  waves a r e  a l l  forms o f  e l e c t r o m a g n e t i c  
r a d i a t i o n ,  hav ing  f r e q u e n c i e s  r a n g i n g  from 10" Hz f o r  
Y:rays t o  l o 4  Hz f o r  r a d i o  waves. The i d e a  t h a t  e l e c t r o -  
magne t i c  waves c o u l d  be p r o p a g a t e d  th rough  s p a c e  was f i r s t  
s u g g e s t e d  by Faraday and was l a t e r  conf i rmed  by t h e  b r i l l i a n t  
t h e o r e t i c a l  work of Maxwell p u b l i s h e d  i n  1864.  Maxwell 
s t a r t e d  from t h e  b a s i c  laws o f  e l e c t r i c i t y  and magnetism 
f o r  macroscop ic  phenomena, which ,  when s t a t e d  i n  t h e i r  
d i f f e r e n t i a l  form i n  t h e  r a t i o n a l i z e d  M.K.S. sys tem a r e  a s  
fo l l ,ows : 


