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PREFACE 

A s  an approach t o  understanding t h e  e f f e c t i v e n e s s  of 

energy genera t ing  systems, t h e  negentropy concept has been 

used r e c e n t l y  a t  IIASA. I t  i s  i nhe ren t  i n  Marche t t i ' s  

"negentropy c i t y "  example and J. Thoma has  descr ibed  it v i a  t h e  

modern "bond-graph" formalism of thermodynamics. An a p p l i c a t i o n  

of negentropy t o  an elect romagnet ic  r a d i a t i o n  source of  energy- 

- t he  sun-- instead of a thermal source should be i n t e r e s t i n g ;  

t h i s  paper a t tempts  i t. 





ABSTRACT 

I n  l i n e  w i t h  t h e  "negentropy approach" c u r r e n t l y  pursued 

a t  IIASA, t h e  thermodynamic p r o p e r t i e s  o f  e l ec t romagne t i c  

r a d i a t i o n  are descr ibed .  W e  u s e  t h e  photon d e s c r i p t i o n  o f  t h e  

e lec t romagne t i c  f i e l d  and c l a r i f y  t h e  q u e s t i o n  o f  t h e  en t ropy  

con ten t  o f  r a d i a t i o n .  Entropy i s  found n o t  i n  t h e  s p e c t r a l  

d i s t r i b u t i o n s  b u t  i n  t h e  incoherence o f  i n d i v i d u a l  modes. A s  

an i l l u s t r a t i o n ,  w e  c a l c u l a t e  t h e  e f f i c i e n c y  o f  a h i gh l y  

i d e a l i z e d  p h o t o c e l l .  





THERMAL RADIATION AND ENTROPY 

Hans-Richard Grumm 

1.  INTRODUCTION 

Recent ly  a t  IIASA, J. Thoma [ I ]  h a s  i n v e s t i g a t e d  v a r i o u s  

energy  systems from a thermodynamical p o i n t  of  v iew, simi lar  t o  

C. M a r c h e t t i ' s  "negent ropy c i t y " .  T h i s  approach i s  u s e f u l  as 

a n  i l l u s t r a t i o n  of  t h e  s imp le ,  bu t  n e v e r t h e l e s s  e a s i l y  f o r g o t t e n  

f a c t  t h a t  no  energy  sys tem e v e r  produces energy (on ly  ent ropy! )  

and t o  sharpen t h e  awareness o f  t h e  impor tan t  r o l e  p layed  by 

en t ropy  i n  t h e  performance of  eiie:rS1j systems.  I t  is  i n t e r e s t i n g  

t o  look a t  s o l a r  r a d i a t i o n  and photovo l t ,a ic  c e l l s  from t h i s  p o i n t  

o f  view. T h i s  d i s c u s s i o n  o f  cou rse ,  t u r n s  on t h e  somewhat 

t r i c k y  concept  of  t h e  "en t ropy  con ten t  of  e l ec t romagne t i c  

r a d i a t i o n " .  I t  i s  t h e  purposs of t h i s  n o t e  t o  c o l l e c t  w e l l -  

known f a c t s  from t h e o r e t i c a l  physics--mainly s t a t i s t i c a l  phys ics  

and quantum electrodynamics--and t o  p r e s e n t  them w i t h  a n  eye on 

t h e  problem above. Of cou rse ,  a r i g o r o u s  t r e a t m e n t  o f  t h e  

s u b j e c t  would i n v o l v e  t h e  f u l l  appa ra tus  of  quantum s ta t i s t i ca l  

mechanics; w e  s h a l l  t h e r e f o r e  proceed q u i t e  i n fo rma l l y .  

2.  THE PHOTON DESCRIPTION OF RADIATION - 
We imagine an i d e a l l y  r e f l e c t i n g  c a v i t y ,  w i th  a microscop ic  

h o l e ,  connected f o r  l a te r  purposes t o  a f i x e d  tempera tu re  sou rce  

( a  l a r g e  h e a t  b a t h ) ,  as i n  F i gu re  1.  

F igure  1 .  



The c l a s s i c a l 1  ) e lec t romagnet i c  ( e . m .  ) f i e l d  i n s i d e  t h e  

c a v i t y  w i l l  have a  d i s c r e t e  series of  modes M each w i t h  a  
n '  

f requency vn t h a t  behave l i k e  uncoupled harmonic o s c i l l a t o r s .  

Each mode i s  g i ven  by a  s o l u t i o n  o f  Maxwell 's equa t i ons  o f  t h e  

form 

(where k and 5 denote  t h e  electr ic  and magnet ic  f i e l d  s t r e n g t h  

r e s p e c t i v e l y )  and f u l f i l l i n g  boundary cond i t i ons  a p p r o p r i a t e  

t o  t h e  w a l l s  o f  C. The most gene ra l  c l a s s i c a l  e .m.  f i e l d  

i n s i d e  t h e  c a v i t y  would t hen  be a  s u p e r p o s i t i o n  o f  a l l  modes 

w i t h  d i f f e r e n t  ampl i tudes.  But it i s  w e l l  known t h a t  c l a s s i c a l  

phys ics  cannot  d e a l  w i th  t h e  phenomenon o f  thermal  e . m .  r ad ia -  
2  t i o n  . I n t u i t i v e l y  speak ing,  i n s t e a d  o f  a  con t inuous  f i e l d  one 

has  t o  i n t roduce  d i s c r e t e  quan ta  o f  r a d i a t i o n :  photons.  A 

photon o f  f requency v w i l l  c a r r y  an  amount of energy g iven  by 

hv ( h  = 6.626 x  1 0 ~ ~ ~ ~ s :  P lanck ' s  u n i v e r s a l  c o n s t a n t ) .  By 

us ing  a  d e s c r i p t i o n  go ing back t o  Planck,  a  t y p i c a l  s t a t e  of  

t h e  "quant ized"  e . m .  f i e l d  i n s i d e  C can be w r i t t e n  a s  

meaning t h a t  n  photons o f  mode M I ,  n2 o f  mode M2 etc. are 1 
p r e s e n t  i n  t h e  c a v i t y .  The t o t a l  energy con ten t  of  C i s  of  

course  g i ven  by 

The f a c t  t h a t  E i s  a s imp le  sum over  a l l  modes means t h a t  t h e  

modes a r e  independent  and uncoupled. 

1 )  " C l a s s i c a l "  means he re  obeying Maxwell 's equa t ions .  
2 )  Indeed,  t h e  famous " u l t r a v i o l e t  ca tas t rophe ' '  ( t h e  classical  

e . m .  energy con ten t  of a  c a v i t y  i s  i n f i n i t e )  w a s  t h e  s t a r t i n g  
p o i n t  f o r  t h e  development o f  quantum theory .  

3 )  Only a  f i n i t e  t o t a l  number of photons should be p r e s e n t ;  
i . e .  a l l  n i  a r e  0 excep t  a  f i n i t e  number o f  them. Otherwise,  
E would be i n f i n i t e .  



One shou ld  n o t  f o r g e t ,  however, t h a t  t h e  sta tes  ( 2 . 2 )  do n o t  

e x h a u s t  a l l  s t a t e s  o f  t h e  e . m .  f i e l d  i n  C.  These a r e  s ta tes  

w i t h  f i x e d  photon  number , and. w i t h  a comp le te l y  undetermined 

p h a s e 4 ) .  I n  f a c t ,  <B ( x , t ) >  = <% ( x , t ) >  = 0 ( t h e  e x p e c t a t i o n  

v a l u e s )  i n  t h e  s t a t e s  (2 .2 ) - - they  cou ld  be  c a l l e d  t o t a l l y  

i n c o h e r e n t .  

W e  c o n t r a s t  t h i s  r e s u l t  w i t h  t h e  case o f  an  i d e a l  laser 

i n  t h e  c a v i t y  r a d i a t i n g  i n  e x a c t l y  one mode M . The s ta te  o f  
i 

t h e  e . m .  f i e l d  i s  t h e n  a s o - c a l l e d  c o h e r e n t  s ta te  w i t h  s h a r p  
-+ 3 

( n o n - f l u c t u a t i n g )  v a l u e s  o f  E and B. I n  t h i s  s t a t e ,  t h e r e  are 

no photons  i n  any mode e x c e p t  M . But  t h e  number o f  pho tons  
i 

o f  mode Mi f l u c t u a t e s  ( w e  can o n l y  TZ,, t h a t  i n  g e n e r a l  i t s  

a v e r a g e  number w i l l  be ve ry  l a r g e ) .  

3. THE ENERGY DEI\JSITY OF WkDIATION -- (PLANCK IS FORMULA) 

W e  now ca lcu1at .e  t h e  energy  d e n s i t y  and s p e c t r a l  d i s t r i -  

b u t i o n  o f  t h e  e . m .  f i e l d  i n  thermodynamic e q u i l i b r i u m  a t  a  

t e m p e r a t u r e  T  ( "b lack-body r a d i a t i o n  o f  t e m p e r a t u r e  T " ) .  W e  

can  r e g a r d  t h e  f l e l d  a s  a  sum o f  i ndependen t  modes; a l l  o f  

them must b e  a t  t h e  sane t e m p e r a t u r e  T. From s t a t i s t i c a l  

p h y s i c s  w e  knc~w t h a t  t h e  s t a t . i s t i o a 1  we igh t  o f  a s t a t e  o f  

energy  E  a t  a b s o l u t e  t e m p e r a t u r e  T  is g i v e n  by t h e  Boltzman 

f a c t o r .  

e -E/kT ( k ,  Bol tzmanri 's  c o n s t a n t  = 1.3807 x  ~ o - ~ ~ J / K  ( 3 . 1 )  

Thus,  i n  mode bli, t h e  s t a t e  w i t h  n  photons  w i l l  have a  proba-  

b i l i t y  - exp (-hv - n / k T ) .  Normal iz ing  t h e  p r o b a b i l i t i e s ,  w e  
i 

f i n d  f o r  <Ei>,  t h e  ave rage  energy  c o n t e n t  o f  mode M 
i 

.Z exp( -hv ian /kT)  exp ( hvi/kT) -1 
nTO . 

4 )  T h i s  is  o f  c o u r s e  a s p a c i a l  case of  B o h r ' s  famous "comple- 
m e n t a r i t y  p r i n c i p l e " :  number o f  q u a n t a  and wave phase  are 
complementary q u a n t i t i e s .  



T h i s  e x p r e s s i o n  h a s  t o  be m u l t i p l i e d  by t h e  number of  modes i n  

a sma l l  f requency i n t e r v a l  Av and d i v i d e d  by t h e  volume V of  t h e  

c a v i t y  i n  o r d e r  t o  o b t a i n  p V ,  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 n  t h e  f requency i n t e r v a l  Av. S ince  t h e  f i r s t  

f a c t o r  i s  wd Av5) , t h e  r e s u l t  is  c 3 

( P l a n c k ' s  formula. c = vacuum v e l o c i t y  o f  l i g h t  = 2.9978~10'm/s) 

The energy  f l u x  Fv i n t o  t h e  s o l i d  a n g l e  1  seen  through a s m a l l  

ho le  (as i n  F i g u r e  1 ) w i l l  be 5  

C 
3  

V 4Tr 2hv [exp hv/kT - I ] - '  A V [ J / ~ ~ S H Z I  . (3.4) F  A V  = - pvAv = - 
c 2  

I f  w e  want t o  know t h e  t o t a l  energy  d e n s i t y  p and t h e  f l u x  F, 

( 3 . 3 )  and (3 .4 )  r e s p e c t i v e l y  have t o  be i n t e g r a t e d  o v e r  v.  

Using t h e  formula  

t h e  Stefan-Boltzmann law. 

Note 1 : Equat ions  (3 .3)  - (3 .5)  canno t  be  immediate ly  

a p p l i e d  t o  s o l a r  r a d i a t i o n  l e v e l s  on e a r t h ,  j u s t  by i n s e r t i n g  

Ts un = 6000 K .  F i r s t  one h a s  t o  m u l t i p l y  by t h e  s o l i d  a n g l e  

covered by t h e  sun as seen  from t h e  e a r t h  (approx imate ly  1 . 
5 )  W e  count  bo th  d i r e c t i o n s  of  p o l a r i z a t i o n .  



Ac tua l l y ,  Tsun:Tearth 1 0 ' ~  : 1 , exp ress ing  t h e  energy ba lance  

o f  t h e  e a r t h :  t h e  same amount o f  energy i s  r e r a d i a t e d  i n  a l l  

d i r e c t i o n s  a s  is rece i ved  o u t  of  t h e  ang le  lo- ' .  

Note 2: I n  t h e  d e r i v a t i o n  o f  t h i s  r e s u l t  ( a s  i n  any thermo- 

dynamic f u n c t i o n  f o r  f r e e  p a r t i c l e s )  t h e r e  is  a k i nd  o f  con t ra -  

d i c t i o n .  The modes a r e  supposed t o  be independent  and uncoupled 

from each o t h e r  and t h e  w a l l s  ( i nc l ud ing  t h e  h e a t  r e s e r v o i r ) ,  

y e t  they  somehow ob ta ined  thermal  equ i l i b r i um w i th  t h e  w a l l s  and 

w i t h  each o t h e r .  To c i rcumvent  t h i s  d i f f i c u l t y ,  one i n t roduces  

a sma l l  " coa l  d u s t  p a r t i c l e "  i n t o  t h e  c a v i t y  which does n o t  

d i s t u r b  t h e  modes s i g n i f i c a n t l y ,  y e t ,  through abso rp t i on  and 

re-emission o f  e .m .  r a d i a t i o n  ach ieves  equ i l i b r i um.  Through 

t h i s  "Gedanken-mechanism", t h e  temperature  of a l l  t h e  modes a r e  

t h e  same. 

4 .  ILLUSTRATION : THE "FIRST APPROXIMATION1' PHOTO CEJJL 

W e  want t o  app ly  t h e  above r e s u l t s  t o  t h e  e f f i c i e n c y  of a 

" f i r s t  o r d e r  approximat ion"  pho toce l l  i n  c o n t r a s t  t o  t h e  "ze ro  

o r d e r "  p h o t o c e l l  e f f i c i e n c y  g iven i n  a l e c t u r e  by P r o f .  J. Thoma 

[ 2 ]  and based pu re l y  upon ent ropy cons ide ra t i ons .  W e  r e c a l l  

t h e  p h y s i c a l  mechanism of  a semi-conductor p h o t o c e l l  (F igu re  2 ) :  

F i gu re  2. 

E A  
e e x t e r n a l  

Conduction baud As p c i r c u i t  
- 

A otoc%l l  
hy hv 

Band gap 
AV 

- - ' +  
v "ext 

i 
Valence band 

t7 



Owing t o  t h e  a b s o r p t i o n  of  a photon o f  energy  hv, an  elec- 

t r o n  i s  r a i s e d  a c r o s s  t h e  band gap6) i n t o  t h e  conduct ion  band: 

i t i s  t h e n  removed i n t o  t h e  e x t e r n a l  c i r c u i t .  A t  t h e  p h o t o c e l l  

w e  measure t h e  e x t e r n a l  v o l t a g e  V < AV; t h u s  one e l e c t r o n  est  - 
c o n t r i b u t e s  eVext t o  t h e  energy  d e l i v e r e d  by t h e  pho toce l l .  

(e = 1.6021 x 1 0 " ~ ~ s ) .  Any photon w i t h  energy  less t han  eAV 

w i l l  n o t  be a b l e  t o  e x c i t e  an e l e c t r o n ;  any excess  energy  ( t h e  

d i f f e r e n c e  hv - eVext  ) w i l l  be conver ted  i n t o  l a t t i c e  o s c i l l a t i o n s  

( the rma l  energy )  i n s i d e  t h e  p h o t o c e l l .  W e  c a l l  a  " f i r s t - o r d e r  

approximat ion"  an i d e a l  p h o t o c e l l  f o r  which Vext = AV and a l l  

a i s s i p a t i o n  mechanisms excep t  t h e  two ment ioned are non-ex is ten t .  

Th is  means, among o t h e r  t h i n g s ,  a quantum y i e l d  o f  1 and no 

l o s s e s  due t o  recombinat ion i n s i d e  t h e  ce l l ,  as w e l l  as a f u l l  

va lence  band. Using bond-graph t echn iques  a s  d e s c r i b e d  by 

Thoma [ I ]  w e  can draw t h i s  i d e a l  ce l l  as i n  F i gu re  3 :  

F igu re  3 .  

b eAV 
\ --2 ---- e l e c t r i c  

Using equa t i on  ( 3 . 4 )  , t h e  " f i r s t  o r d e r  e f f i c i e n c y "  becomes 

a l l  
hv<eAV 

eAV)  ( vo  = - h 

power 
e x p r e s s  
hv-eAV 

6 )  W e  w r i t e  t h e  band gap energy  as e.Av w i t h  e t h e  e l e c t r o n  

charge (1.6021 x 10-l9 A-s)  . 
7)  Those photons-- in  t h e  i d e a l  case--will f o r  i n s t a n c e  be 

absorbed by t h e  mount ings o f  t h e  semiconductor  c r y s t a l .  



e AV dx w i t h  x  = - 
x  e -1 0 kT 
0 

f o r  T  = T sun 

The l a s t  i n t e g r a l  h a s  been e v a l u a t e d  numer i ca l l y .  By t h e  same 

t echn ique  it is p o s s i b l e  t o  de te rm ine  t h e  p e r c e n t a g e s  going i n t o  

t h e  f i r s t  and second s i n k  o f  F i gu re  3 .  W e  g i v e  a  t a b l e  o f  

r e s u l t s ,  u s i n g  as AV t h e  band gaps o f  v a r i o u s  semiconductors .  

Tab le  

Semiconductor G e  S i  InP G a A s  CdTe AlSb 
- -- - - - - - - - - - - - -- -- - - - - - 

band gap  [V] 0 . 6 7  1 . 1 0 7  1 . 2 7  1 . 3 5  1 . 4 4  1 . 6 0  

above t h r e s h o l d  9 3 . 3 %  7 8 . 8 8  7 2 . 5 %  6 9 . 1 %  6 5 . 3 %  5 8 . 6 %  

e f f i c i e n c y  ( q , )  3 7 . 3 %  4 3 . 9 %  4 3 . 3 %  4 2 . 6 %  4 1 . 5 %  3 9 . 0 %  

e x c e s s  energy  5 6 . 0 %  3 5 . 1 %  2 9 . 2 %  2 6 . 5 %  2 3 . 8 %  1 9 . 6 %  

5. ENTROPY AND COHEREIJCE 

Accord ing t o  a r e c u r r e n t  s t a t emen t  i n  thermodynamics, t he rma l  

e q u i l i b r i u m  i s  t h e  s t a t e  w i t h  maximum en t ropy ,  a t  a g i v e n  ave r -  

age  t o t a l  ene rgy .  Which p r o p e r t y  o f  e . m .  r a d i a t i o n  i s  en t ropy  

connected t o ?  (What makes black-body r a d i a t i o n  "b l ack "? )  8, I t  

8)  The q u e s t i o n  can  be p u t  i n  t h e  f o l l ow ing  form: " Imagine t h e  
c a v i t y  f i l l e d  w i t h  c o h e r e n t  l a s e r  l i g h t .  The i n t r o d u c t i o n  
o f  " c o a l  d u s t "  makes t h e  e . m .  f i e l d  approach e q u i l i b r i u m  i n  
a n o n - r e v e r s i b l e  way, i .e .  w i t h  i n c r e a s i n g  en t r opy .  What 
happens d u r i n g  t h i s  p rocess? " .  



seems t o  be a n a t u r a l  p i t f a l l  t o  assume t h a t  t h e  s p e c t r a l  

d i s t r i b u t i o n  a l one  de te rm ines  t h e  en t ropy .  TO unders tand  t h e  

r e a l  s i t u a t i o n  w e  n o t e  t h a t  t h e  en t ropy  of  a system composed 

o f  independent  uncoupled subsystems i s  t h e  - sum of  t h e  e n t r o p i e s  

of t h e  subsystems. A s  t h e  modes a r e  independent ,  no en t ropy  

can be c o n t a i n e d  i n  t h e  e . m .  f i e l d  t h a t  is n o t  a l r e a d y  con ta ined  

i n  t h e  modes. Black r a d i a t i o n  is b lack  because each  o f  i t s  

modes is i n  the rma l  e q u i l i b r i u m  a t  t h e  same tempera tu re  TI  i .e .  

each  mode i n d i v i d u a l l y  i s  i n  a s t a t e  of  r e l a t i v e l y  maximum 

en t ropy .  A s  a c l o s e r  a n a l y s i s  shows, t he rma l  e q u i l i b r i u m  o f  a 

mode Mi ( i .e .  it c o n t a i n s  n photons of  energy  hvi w i t h  a r e l a t i v e  
nhu ---- - - -  

weight  of  e kT ) i m p l i e s  t o t a l  incoherence.  The thermodynamic 

s t a t e  i s  composed o f  s t a t e s  w i t h  a d e f i n i t e  photon number; n o t  
+ -t 

o n l y  t h e  averages  o f  E and B a r e  z e r o  i n  t h o s e  s t a t e s  ( s e c t i o n  2)  
-+ i 

b u t  t h e  c o r r e l a t i o n  f u n c t i o n s  ( f o r  i n s t a n c e  < ~ ( x , t )  E ( x + A x , t + ~ t ) > )  

a r e  s i g n i f i c a n t l y  d i f f e r e n t  from 0 on l y  f o r  v e r y  s m a l l  Ax and 

A t :  t h e  "coherence l e n g t h "  is  o f  t h e  same o r d e r  o f  magnitude 

a s  t h e  wavelength a s s o c i a t e d  w i t h  t h e  mode. 

The en t ropy  connected w i t h  M i n  the rma l  e q u i l i b r i u m  can 
i 

be c a l c u l a t e d  a s  Si = -kE p j  - l o g  p j  where p i s  t h e  p r o b a b i l i t y  
j 

J 
f o r  j photons i n  mode Mi = e - j h v / k ~ /  ( - e - h ~ / k ~ )  and the 

Boltzmann c o n s t a n t .  Using t h i s  e x p r e s s i o n  as i n  ( 3 . 3 ) ,  w e  o b t a i n  

t h e  en t ropy  d e n s i t y  con ta ined  i n  a f requency i n t e r v a l  Av. 

By i n t e g r a t i n g  o v e r  v ,  t h e  t o t a l  e n t r o p y  d e n s i t y  and f l u x  a r e  

t h e  "133%" o f  P ro f .  Thoma. Th i s  f a c t o r  can  also be o b t a i n e d  by 

thermodynamic reason ing  u s i n g  t h e  f o u r t h  power l a w  o f  S t e f a n  

and Boltzmann (equa t i on  ( 3 . 6 ) .  



For  an i l l u s t r a t i o n ,  w e  c o n t r a s t  t h e r m a l  r a d i a t i o n  w i t h  a 

l a s e r  r a d i a t i n g  i n  t h e  c a v i t y .  I f  t h e  l a s e r  o s c i l l a t e s  i n  mode 

Mi ,  t h e  s t a t e  o f  t h e  e . m .  f i e l d  i s  a c o h e r e n t  s u p e r p o s i t i o n  

( n o t  a  s t o c h a s t i c  one! )  o f  s t a t e s  w i t h  d i f f e r e n t  number o f  

pho tons  i n  Mi .  While photons  o f  t h e r m a l  r a d i a t i o n  a r e  s p r e a d  

o v e r  many modes, i n  l a s e r  l i y h t  t hey  a r e  a l l  c o l l e c t e d  i n  one 

t o  a  few modes: a t  o p t i c a l  wave lengths  ( h = O .  7 p m  and T=T ) , 
sun 

t h e  a v e r a g e  number o f  pho tons  i n  a  mode is  0.03 w h i l e  a  t y p i c a l  

g i a n t  ruby l a s e r  p u l s e  of  1 0  J c o n t a i n s  3 . 5 ~ 1 0 ' ~  pho tons  i n  a  
-f + 

few modcs. < E ( x , t ) >  and < B ( ( x , t ) >  a r e  n o t  e q u a l  t o  0 ( i n  f a c t ,  

t h e y  a r e  t h e  s o l u t i o n s  o f  t h e  c l a s s i c a l  Maxwell. e q u a t i o n s  

c o r r e s p o n d i n g  t o  t h e  inode M. ) '_',I: (:oherence l e n g t h  i s  macro- 
I 

s c o p i c .  ( T h i s  a l l o w s  many o p t i c a l  e x p t ~ r l m e n t s  w i t h  l a s e r  

r a d i a t i o n  t h a t  a r e  i m p o s s i b l e  w i t h  o rd i r l a ry  l i g h t  s o u r c e s . )  The 

" thermal . i za t j .on"  o f  l . a s e r  r a d i . a t i o n  a i l u d e d  t o  i n  f o o t l i c ~ t e  8 )  i s  

due t c  t h e  i ncoherence  of t h e  r a t t i a t i o n  r e - e m i t t e d  by t h e  c o a l  -- 
d u s t  p a r t i c l e .  T h u s  t h e  t o t a l  energy  i s  n o t  on l y  s p r e a d  among 

t h e  modes acco rd ing  t o  ( 3 . % ) ,  b u t  t h e  modes themse lves  a r e  

i n c o h e r e n t ,  

We i1 lus t . ra i .e  t h e  c.orln~c:'cion between incoherence  and 

e n t r o p y  c o n t e n t  by a  "Gc~5.arlkt.n--experinlent" : a f o ~ . m  o f  energy  

w i l l  be r e c o g n i z e d  a s  e n t r o p y - f r e e  i f  under  i d e a l  c o n d i t i o n s  

w e  c o u l d  c o n v e r t  i t  comp le te l y  t o  mechan ica l  ene rgy  o r  elect r ica l  

D.C.  energy .  W e  imagi. l le a " l a s e r  o s c i . l l a t i . n g  c i r c u i t  w i t h  

r e c t i f i e r "  as i f  w e  wsre d e a l i n g  w i t h  microwaves ( F i g u r e  4 ) ' ) :  

rec t i f  ier  

--I D.C.  c u r r e n t  

f o c u s i n g  
d e v i c e  

TI12 o s c i l L a t i n y  c j  r c u i t  earlnot be l a r g e r  t h a n  t h e  wave- 

l e n g t h  o f  t h e  incomll:g l i g h t ,  or i t  would r a d i a t e  on i t s  own. 



To c a p t u r e  e s s e n t i a l l y  a l l  incoming r a d i a t i o n ,  it must t h e r e f o r e  

be p o s s i b l e  t o  f ocus  i t  o n t o  areas o f  d imensions o f  t h e  o r d e r  

o f  magnitude o f  t h e  square  o f  t h e  wavelength. Because o f  

d i f f r a c t i o n  e f f e c t s ,  on l y  cohe ren t  l i g h t  can be t h u s  focused.  
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