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a b s t r a c t 

The concepts of diffraction and scattering are well known and considered fundamental in optics and 

other wave phenomena. For any type of wave, one way to define diffraction is the spreading of waves, 

i.e., no change in the average propagation direction, while scattering is the deflection of waves with a 

clear change of propagation direction. However, the terms “diffraction” and “scattering” are often used 

interchangeably, and hence, a clear distinction between the two is difficult to find. This review considers 

electromagnetic waves and retains the simple definition that diffraction is the spreading of waves but 

demonstrates that all diffraction patterns are the result of scattering. It is shown that for electromagnetic 

waves, the “diffracted” wave from an object is the Ewald–Oseen extinction wave in the far-field zone. The 

intensity distribution of this wave yields what is commonly called the diffraction pattern. Moreover, this 

is the same Ewald–Oseen wave that cancels the incident wave inside the object and thereafter continues 

to do so immediately behind the object to create a shadow. If the object is much wider than the beam 

but has a hole, e.g., a screen with an aperture, the Ewald–Oseen extinction wave creates the shadow 

behind the screen and the incident light that passes through the aperture creates the diffraction pattern. 

This point of view also illustrates Babinet’s principle. Thus, it is the Ewald–Oseen extinction theorem that 

binds together diffraction, scattering, and shadows. 

© 2018 Published by Elsevier Ltd. 
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. Introduction 

Diffraction can be thought of as the spreading of a wave into

he geometrical shadow behind an impervious obstacle [1–3] . The

echanism of diffraction depends upon the type of wave. Gener-

lly, waves divide into two types; those that require a material

edium in which to propagate and those that do not. For those

ropagating in a material medium, e.g., water and sound waves, a

ave is blocked by an obstacle and the portion of the wave pass-

ng near the edge of the obstacle spreads into the geometrically

haded region due to the elastic nature of the medium. In this con-

ext, “blocking” refers to a discontinuity in the medium that sup-

orts the wave propagation wherein propagation is not allowed.

aves that require no material medium, such as electromagnetic

EM) waves, fundamentally cannot be blocked because a discon-

inuity in a medium does not change the fact that these waves

equire no medium to propagate. Said less formally, there is no

edium to be blocked. What then is the mechanism that creates

n optical diffraction pattern? Here, it is shown that secondary ra-

iation from an obstacle in the path of incident light, which is in-
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uced by that light, produces a scattering pattern identical to the

iffraction pattern predicted by Huygens’ description. Thus, for EM

aves, secondary radiation is the mechanism of diffraction . 

A clear definition of what optical diffraction is and, in partic-

lar, how it may be different, or not, from scattering is rare in

he literature. One could propose that diffraction relates to waves

t sharp edges of two-dimensional (2D) objects, while scattering

elates to three-dimensional (3D) objects. Such delineation, how-

ver, leads to ambiguity. For example, it would be difficult to un-

erstand the striking, albeit qualitative, similarity of the angular

pread of light in the far-field from an opaque circular disk and a

ransparent sphere of the same diameter. Indeed, some references

tate that there is no logical separation between the two concepts

1,4] . An aim of this review is to clearly illustrate that the general

oncepts of diffraction and scattering relate to the same physical

henomenon. 

The focus here is on EM waves due to the enduring interest in

he topic and because these waves require no medium to propa-

ate. As a consequence, optical shadows can form from destruc-

ive interference only, and definitely not due to obstacles in the

edium “blocking” the wave in a mechanical-like sense. A novel

nsight revealed by this description is that the interference process

reating shadows is always active, whether an object is absorbing
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Fi g.  1.  Diff r a cti o n  f r o m a  slit  a p e rt u r e.  A n  a p e rt u r e  a  i n a n  o p a q u e  s c r e e n  s  
i s ill u mi n at e d b y  a  pl a n e  w a v e  t r a v eli n g al o n g  t h e p o siti v e  z  - a xi s.  T h e  a p e rt u r e  

l e n gt h i s m u c h  l a r g e r t h a n it s wi dt h,  i. e.,  w  , w h e r e a s  b ot h  di m e n si o n s  a r e  

s m all e r  t h a n t h e b e a m  w ai st  w  o  . S p a n ni n g  t h e a p e rt u r e  a r e  fi ctiti o u s  “ H u y g e n s ”

p oi nt - s o u r c e s  ( r e d d ot s)  t h at e a c h  e mit  a  s p h e ri c al  w a v e  i nt o t h e r e gi o n  b e y o n d  

t h e s c r e e n.  A d di n g  t h e s e w a v e s  a c r o s s  σ i n t h e f a r- fi el d z o n e  gi v e s  a n  a p p r o xi m at e  

d e s c ri pti o n  f o r t h e li n e a r f ri n g e s of  diff r a ct e d  li g ht o b s e r v e d  o n  σ . I n p a rti c ul a r,  t h e 

o ut c o m e  p r e di ct s  t h e o b s e r v ati o n  of  li g ht i n t h e g e o m et ri c  s h a d o w  of  t h e a p e rt u r e,  

s h o w n  i n d a s h,  a n d  i s a  cl a s si c  p h e n o m e n o n  a s s o ci at e d  wit h  diff r a cti o n  [ 1] . ( F o r 

i nt e r p r et ati o n of  t h e r ef e r e n c e s  t o c ol o r  i n t hi s fi g u r e  l e g e n d, t h e r e a d e r  i s r ef e r r e d  

t o t h e w e b  v e r si o n  of  t hi s a rti cl e.)  
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o r  n ot,  i s l a r g e r t h a n t h e w a v el e n gt h  o r  n ot,  a n d  it i s f u n d a m e n -

t all y li n k e d t o t h e o b s e r v e d  p h e n o m e n a  a s s o ci at e d  wit h  diff r a cti o n

o r  s c att e ri n g.  It i s al s o  s h o w n  t h at t h e s e p h e n o m e n a  a r e  p r o d u c e d

f r o m s e c o n d a r y  r a di ati o n  e m a n ati n g  t h r o u g h o ut  t h e e nti r e  v ol u m e

of  a n  o b st a cl e.  T h u s,  st at e m e nt s  oft e n  e n c o u nt e r e d  i n t h e lit e r at u r e

li k e “li g ht  diff r a ct s  a r o u n d  t h e o b st a cl e, ” a r e  mi sl e a di n g  a s  t h e y

i m pl y o nl y  a  s u rf a c e  eff e ct.  Gi v e n  t h e e xt e n si v e  a m o u nt  of  st u d y  o n

t h e s e c o n c e pt s,  t hi s r e vi e w  c a n n ot  s u m m a ri z e  all  p r e vi o u s  w o r k.

R at h e r,  t h e f o c u s will  b e  o n  t h e m at h e m ati c al  t r e at m e nt s  i n v ol v e d

a n d  t h ei r p h y si c al  i nt e r p r et ati o n s. 

2.  H u y g e n s – F r e s n el  a n d  B a bi n et  p ri n ci pl e s:  c o n c e pt u al  b a si s  

It i s h el pf ul  t o fi r st  r e vi e w  t h e c o m m o n  d e s c ri pti o n  of  o pti c al

diff r a cti o n.  B e gi n  wit h  t h e f a mili a r e x a m pl e  of  li g ht of  w a v el e n gt h

λ i n ci d e nt  u p o n a r e ct a n g ul a r a p e rt u r e  a  , o r slit,  of  wi dt h 2  w

a n d  l e n gt h 2   wit h   w  i n a n  ot h e r wi s e  o p a q u e  s c r e e n  s  i n -

fi nit e  i n e xt e nt.  T h e  t e r m “ o p a q u e ”  will  r ef e r  t o a  p e rf e ctl y  c o n -

d u cti n g  s c r e e n.  Alt e r n ati v el y,  a  p e rf e ctl y  a b s o r bi n g  s c r e e n  c o ul d  b e

c o n si d e r e d,  b ut  d u e  t o c o m pli c ati o n s  wit h  t h e c o n c e pt  of  a  p e rf e ct

a b s o r b e r  i n el e ct r o d y n a mi c s,  t hi s c a s e  i s n ot  c o n si d e r e d,  cf.  [ 5, 6] .

S u p p o s e  t h at t h e i n ci d e nt li g ht i s a  w ell - c olli m at e d  l a s e r b e a m

p r o p a g ati n g  al o n g  t h e p o siti v e  z  - a xi s.  A  g o o d  a p p r o xi m ati o n  f o r

t hi s w a v e  i s a  G a u s si a n  b e a m  wit h  a  w ai st - wi dt h  of  2  w  o  [ 7] . At

t h e b e a m  w ai st,  t h e w a v e  f r o nt s a r e  pl a n a r,  b ut  t h e b e a m  p r o -

fil e  i s fi nit e  i n si z e.  I n S e cti o n  6  , t hi s will  all o w  t h e i nt ri n si c a n -

g ul a r  s p r e a di n g  of  t h e b e a m  wit h  di st a n c e  f r o m t h e w ai st  t o b e

i n c o r p o r at e d i n t h e a n al y si s.  At  t h e w ai st,  t h e b e a m  e n c o u nt e r s

t h e a p e rt u r e,  w hi c h  i s m u c h  s m all e r  t h a n t h e w ai st,  w  o  w  a n d

w  o   . C o n s e q u e ntl y,  t h e a p e rt u r e  m a y  – d e s pit e  u s e  of  a  b e a m

– b e  r e g a r d e d  a s  u nif o r ml y  ill u mi n at e d b y  a  pl a n e  w a v e  f oll o wi n g

t h e c u st o m a r y  t r e at m e nt.  T h e  fi r st  o bj e cti v e  i s t o e x a mi n e  t h e di s -

t ri b uti o n of  li g ht b e y o n d  t h e a p e rt u r e  a c r o s s  a n  o b s e r v ati o n  pl a n e

σ t h at i s p a r all el  t o s  l o c at e d a  di st a n c e  z  =  d  f r o m it a s  s h o w n

i n Fi g.  1  . Al s o,  σ will  b e  a s s u m e d  t o b e  i n t h e f a r- fi el d z o n e  of

t h e a p e rt u r e,  w hi c h  i s d e fi n e d  b y  d  k w  2  / 2, w h e r e  k  =  2  π / λ [ 8] .

T hi s  c o n diti o n  i s c o m m o nl y  k n o w n  a s  t h e F r a u n h of e r  a p p r o xi m a -

ti o n [ 1] . 

T h e  i n ci d e nt b e a m  at  t h e a p e rt u r e  a p p e a r s  bl o c k e d  b y  s  a n d

a c r o s s  σ o n e  o b s e r v e s  a  s p r e a d  of  li g ht i nt e n sit y m o d ul at e d  b y  a

s e ri e s  of  b a n d -li k e  i nt e rf e r e n c e m a xi m a  a n d  mi ni m a,  i. e., f ri n g e s,

c o m m o nl y  c all e d  t h e si n gl e - slit  diff r a cti o n  p att e r n.  It i s t h u s c u s -

t o m a r y t o s a y  t h at t h e li g ht “ diff r a ct s  i nt o t h e s h a d o w. ” T h e

diff r a cti o n  p att e r n  c a n  b e  a p p r o xi m at el y  c al c ul at e d  i n t h e f a r- fi el d

z o n e  f r o m t h e H u y g e n s - Fr e s n el  p ri n ci pl e  [ 1, 9, 1 0] . O n e  i m a gi n e s fi c -

titi o u s p oi nt  s o u r c e s  of  li g ht t h at s p a n  t h e a p e rt u r e  a  w h e r e  e a c h

r a di at e s  a  s p h e ri c al  w a v e  of  w a v el e n gt h  λ i nt o t h e z  >  0  r e gi o n.

A  p oi nt  s o u r c e,  l o c at e d at  r   i n Fi g.  1  , i s d ri v e n  i n - p h a s e a n d  i n

m a g nit u d e  wit h  t h e i n ci d e nt w a v e  a c r o s s  t h e a p e rt u r e;  t hi s i s t h e

Ki r c h h off a p p r o xi m ati o n  [ 4] . A d di n g  t h e c o nt ri b uti o n s  f r o m t h e s e

s o u r c e s  at  r  o n  σ a p p r o xi m at e s  t h e o b s e r v e d  diff r a cti o n  p att e r n.

Wit h  r ef e r e n c e  t o Fi g.  1  a n d  f oll o wi n g t h e t r e at m e nt  of  [ 1] , t h e

n o r m ali z e d  p att e r n  i n t h e f a r- fi el d z o n e  i s gi v e n  b y:  

I (  r  )  

I o  
=  

  

a  

e  
i k ̂  r  ·r   d  a  

 

2  

, ( 1)

w h e r e  I i s t h e diff r a ct e d  li g ht -i nt e n sit y (i r r a di a n c e) a n d  I o  i s t h e

i nt e n sit y al o n g  t h e z  - a xi s  ( b e a m di r e cti o n).  T h e  f ri n g e st r u ct u r e  of

t h e p att e r n  i s t h e n e x pl ai n e d  f r o m t h e p h a s e  diff e r e n c e  i nt r o d u c e d

b y  e a c h  s o u r c e - p oi nt’ s  diff e ri n g  l o c ati o n wit hi n  a  . I n ot h e r  w o r d s,

t h e H u y g e n s - Fr e s n el  p ri n ci pl e  e x pl ai n s  t h e diff r a cti o n  p att e r n  a s

i nt e rf e r e n c e f r o m r a di ati o n  e mitt e d  a c r o s s  a  f r e e - s p a c e r e gi o n  , i. e.,

t h e a p e rt u r e.  E q.  ( 1) al s o  s h o w s  t h at t h e diff r a cti o n  p att e r n  i s t h e

a b s ol ut e  s q u a r e  of  t h e F o u ri e r  t r a n sf o r m  of  t h e a p e rt u r e;  a n ot h e r

c h a r a ct e ri sti c  of  t h e H u y g e n s – Fr e s n el  t r e at m e nt.  
Diff r a cti o n  i s s ai d  t o o c c u r  n ot  o nl y  t h r o u g h a p e rt u r e s  b ut  al s o

r o u n d  b a r ri e r s  [ 1] . I n 2 D,  a n y  b a r ri e r  m a y  b e  e n vi si o n e d  a s  a

c r e e n  t h at i s t h e i n v e r s e of,  o r  c o m pli m e nt  t o, a n  a p e rt u r e.  T h e

o m pli m e nt a r y  s c r e e n  t o t h e r e ct a n g ul a r  a p e rt u r e  i s a  t hi n, o p a q u e

e ct a n g ul a r  st ri p  wit h  di m e n si o n s  2  w  × 2   . If a  s c r e e n  s  i s c o m -

i n e d  wit h  it s c o m pli m e nt a r y  s c r e e n   
s  , t h e r e s ult  i s a  c o m pl et e

p a q u e  s c r e e n  , i. e., s  +   
s  =  . Diff r a cti o n  of  a  b e a m  f r o m a n

p e rt u r e  a n d  it s c o m pli m e nt a r y  s c r e e n  i s r el at e d  b y  B a bi n et’ s  p ri n -

i pl e  [ 1] . A s  st at e d  b y  [ 1 1] , “ t h e diff r a cti o n  p att e r n s  w hi c h  a r e  p r o -

u c e d  b y  t w o c o m pl e m e nt a r y  s c r e e n s  a r e  i d e nti c al e x c e pti n g  t h e

e nt r al  s p ot,  w hi c h  i s diff r a cti o n  a n gl e  z e r o.  ”

A  d e m o n st r ati o n  of  B a bi n et’ s  p ri n ci pl e  i s i n st r u cti v e w h e r ei n

w o di sti n ct  s c e n a ri o s,  l a b el e d 1  a n d  2,  a r e  c o m p a r e d.  I n s c e n a ri o

,  a n  i n fi nit e s c r e e n  
(1 ) 
s  c o nt ai ni n g  a p e rt u r e  

(1 ) 
a  i s ill u mi n at e d

y  t h e b e a m  a n d  t h e r e s ulti n g  p att e r n  i s o b s e r v e d  o n  σ . I n s c e -

a ri o  2  h o w e v e r,  o nl y  t h e c o m pli m e nt a r y  s c r e e n  i s p r e s e nt,  
(2 ) 
s  ,

hi c h  i s ill u mi n at e d b y  t h e s a m e  b e a m  a n d  t h e r e s ulti n g  p att e r n

s a g ai n  o b s e r v e d  o n  σ . If E  1  a n d  E  2  a r e  t h e s c al a r  li g ht - fi el d s at  t h e

a m e  p oi nt  r  o n  σ i n s c e n a ri o  1  o r  2  r e s p e cti v el y,  t h e n B a bi n et’ s

ri n ci pl e  st at e s  t h at [ 1, 3] 

 1  (  r  )  +  E  2  (  r  )  =  E  o  (  r  )  . ( 2)

e r e,  E  o  ( r  ) i s t h e ( c o m pl e x - v al u e d)  s c al a r  li g ht - fi el d a m plit u d e  of

h e b e a m  at  r  o n  σ w h e n  n eit h e r  s c r e e n  i s p r e s e nt,  i. e., w h e n

h e b e a m  i s f r e el y ill u mi n ati n g σ . C o n c e pt u all y,  o n e  c a n  u n d e r-

t a n d  E q.  ( 2) f r o m t h e H u y g e n s - Fr e s n el  p ri n ci pl e.  A s  st at e d,  t h e

iff r a ct e d  li g ht ( E  1  ) f o r s c e n a ri o  1  f r o m s c r e e n  
(1 ) 
s  i s gi v e n  i n

q.  ( 1) b y  a n  i nt e g r al o v e r  t h e a p e rt u r e  o p e ni n g  , (1 ) 
a  . I n s c e n a ri o

,  E q.  ( 1) p r o vi d e s  t h e diff r a ct e d  li g ht ( E  2  ) a s  a n  i nt e g r al o v e r  t h e

l a n a r  r e gi o n  of  f r e e s p a c e  n ot  o c c u pi e d  b y  t h e c o m pl e m e nt a r y

c r e e n  
(2 ) 
s  , w hi c h  c o ul d  b e  r e g a r d e d  a s  a  l a r g e a p e rt u r e  

(2 ) 
a  , s e e

i g.  2  . A d di n g  t h e s e t w o s u rf a c e  i nt e g r al s i n E q.  ( 2) a m o u nt s  t o a n

nt e g r al of  fi ctiti o u s  H u y g e n s  p oi nt  s o u r c e s  o v e r  a  c o m pl et e  pl a n e

i n e m pt y  s p a c e,  a n d  t h u s, r e p r o d u c e s  t h e i n ci d e nt b e a m.  N ot e
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Fi g.  2.  B a bi n et’ s  p ri n ci pl e.  S c e n a ri o s  1  a n d  2  c o nt ai n  c o m pli m e nt a r y  s c r e e n s.  T h e  

fi r st  s h o w s  a  s c r e e n  wit h  a n  a p e rt u r e  a s  i n Fi g.  1  , w hil e  t h e s e c o n d  s h o w s  t h e c o m -  

pli m e nt.  If c o m bi n e d,  t h e t w o s c r e e n s  f o r m a  c o m pl et e  o p a q u e  s h e et  , w hil e  t h e 

c o m bi n e d  a p e rt u r e s  f o r m a  pl a n e  of  e m pt y  s p a c e  fill e d  wit h  H u y g e n s  p oi nt  s o u r c e s.  

t  

t

 

w  

g  

s  

d  

a  

s  

n  

w  

i  

N  

E  

w  

t  

s  

s  

s  

t  

a

3

 

a  

t  

a  

a  

s  

d  

t  

p  

t  

t  

[  

Fi g.  3.  Di vi si o n  of  s p a c e  i n t h e G r e e n  f u n cti o n d e s c ri pti o n  of  diff r a cti o n  f r o m a n  

a p e rt u r e  i n a  s c r e e n.  T h e  di s k  s h o w n  h e r e,  w hi c h  i s l at e r d ef o r m e d  t o b e c o m e  a  

t hi n s c r e e n,  s p a n s  a  p o rti o n  of  t h e x  -  y  pl a n e  a n d  i s n o r m al  t o t h e i n ci d e nt w a v e.  

T h e  e xt e r n al  r e gi o n  V  e xt  i s d e fi n e d  b y  t h e v ol u m e  o ut si d e  of  t hi s di s k  a n d  t h e r e -  

m ai n d e r  of  s p a c e.  ( F o r i nt e r p r et ati o n of  t h e r ef e r e n c e s  t o c ol o r  i n t hi s fi g u r e  l e g e n d, 

t h e r e a d e r  i s r ef e r r e d  t o t h e w e b  v e r si o n  of  t hi s a rti cl e.)  
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t

h at B a bi n et’ s  p ri n ci pl e  i s a n  e x a ct  r el ati o n s hi p  d e s pit e  it s ill u st r a -

i o n h e r e  t h r o u g h t h e a p p r o xi m at e  H u y g e n s – Fr e s n el  p ri n ci pl e.  

N o w,  c o n si d e r  a p pli c ati o n  of  E q.  ( 2) t o t h e r e ct a n g ul a r  a p e rt u r e

h e r e  
(1 ) 
s  =  s  . T h e  c o m pl e m e nt a r y  s c r e e n  w o ul d  b e  a  r e ct a n -

ul a r  st ri p  of  t h e s a m e  di m e n si o n s,  
(2 ) 
s  . W h e n  t h e b e a m  i s u n o b -

t r u ct e d,  i. e., n o  s c r e e n s  a r e  p r e s e nt,  a n d  if r  i s n ot  al o n g  t h e b e a m

i r e cti o n  ( z  - a xi s),  b ut  i s r at h e r  at  a n  a n gl e  θ λ / w  o  , t h e n E  o  =  0

t  t h at p oi nt.  E q.  ( 2) t h e n s h o w s  t h at E  1  =  − E  2  w h e r e  t h e n e g ati v e

i g n  i m pli e s t h at t h e t w o fi el d s  a r e  1 8 0  ° o ut  of  p h a s e.  T h ei r  m a g -

it u d e s,  a n d  h e n c e  i nt e n siti e s, a r e  e q u al  s o  t h e diff r a cti o n  p att e r n s

ill  b e  t h e s a m e  i n b ot h  s c e n a ri o s.  T h e  r e ct a n g ul a r  a p e rt u r e  a n d

t s c o m pli m e nt a r y  s c r e e n  ( st ri p) s h o w  t h e s a m e  diff r a cti o n  p att e r n.

ot e  t h at E q.  ( 2) m a k e s  n o  sti p ul ati o n  o n  t h e t y p e of  w a v e,  e. g.

M,  el a sti c,  et c.,  a n d  s o  B a bi n et’ s  p ri n ci pl e  s h o ul d  a p pl y  t o all  s u c h

a v e s,  e. g.,  s e e  [ 1 2, 1 3] . B a bi n et’ s  p ri n ci pl e  i s o nl y  q u alit ati v e  w h e n

h e s c r e e n  a n d  it s c o m pli m e nt  r e si d e  i n s p a c e s  of  diff e ri n g  di m e n -

i o n s,  i. e., 2 D  v s.  3 D.  F o r  e x a m pl e,  alt h o u g h  t h e f ri n g e p att e r n  f o r a

lit  a n d  t h e s c att e ri n g  p att e r n  f o r a n  o p a q u e  fi b e r  l o o k q u alit ati v el y

i mil a r,  t h e i nt e n sit y mi ni m a  f o r a  slit’ s  p att e r n  g o  t o z e r o  w h e r e a s

h e mi ni m a  i n s c att e r e d  i nt e n sit y f r o m t h e fi b e r  n e v e r  r e a c h  z e r o

t  a n y  a n gl e  [ 1 4] . 

.  El e c t r o m a g n eti c  f o r m ul a ti o n  of  diff r a c ti o n  

E q.  ( 1) i s a n  a p p r o xi m at e  d e s c ri pti o n  of  t h e fi el d  i nt e n sit y

c r o s s  σ , e v e n  i n t h e f a r- fi el d z o n e.  N e v e rt h el e s s,  t h e a p p r o xi m a -

i o n i s oft e n  e x c ell e nt,  a g r e ei n g  w ell  wit h  t h e o b s e r v e d  p att e r n s  f o r

r bit r a ril y  s h a p e d  a p e rt u r e s  l a r g e r t h a n λ , e. g.,  s e e  [ 1, 1 5] . E q.  ( 1) i s

l s o  h e u ri sti c all y  pl e a si n g  i n t h at it gi v e s  o n e  a  w a y  t o u n d e r-

t a n d  t h e s p r e a di n g  of  li g ht i nt o t h e g e o m et ri c  s h a d o w;  it li n k s

iff r a cti o n  t o r a di ati o n  f r o m t h e o p e n  s p a c e  i n a  s c r e e n,  w h et h e r

h e s p a c e  i s a n  a p e rt u r e  a  o r  t h e f r e e s p a c e  s u r r o u n di n g  a  c o m -

li m e nt a r y  s c r e e n   
s  . T h e s e  s p a c e s,  h o w e v e r,  a r e  p r e ci s el y  w h e r e

h e r e a r e  n o  p h y si c al  s o u r c e s  t o r a di at e.  T hi s  a p p a r e nt  i n c o n si s -

e n c y i s r e c o g ni z e d  b y  s o m e  a ut h o r s  b ut  oft e n  g o e s  u n a d d r e s s e d

1] . W h e n  it i s a d d r e s s e d,  t h e t r e at m e nt  i s g e n e r all y  q u alit ati v e.
h u s,  it i s w o rt h w hil e  t o s e e  h o w  t h e H u y g e n s – Fr e s n el  d e s c ri pti o n

ri gi n at e s  f r o m a  ri g o r o u s  t r e at m e nt  w h e r ei n  t h e s ali e nt  eff e ct s  a r e

i n k e d o nl y  t o p h y si c al  s o u r c e s  of  r a di ati o n  wit hi n  t h e f r a m e w o r k

f  t h e m a c r o s c o pi c  M a x w ell  e q u ati o n s.  Si mil a r  a n al y s e s  c a n  b e  i n -

e sti g at e d  a n al yti c all y  s u c h  a s  diff r a cti o n  f r o m ri b b o n s  [ 1 6] , wi d e

lit s  [ 1 7] , ci r c ul a r  di s k s  [ 1 8, 1 9] , s u b w a v el e n gt h  a p e rt u r e s  a n d  a r r a y s

h e r e of [ 2 0, 2 1] , k nif e  e d g e s  [ 2 2] , a n d  a r bit r a r y  a p e rt u r e s  [ 2 2 – 2 4] . 

. 1.  G r e e n  f u n cti o n d e s c ri pti o n  

W hil e  t h e o bj e cti v e  i s t o ulti m at el y  c o n si d e r  t h e i n fi nit e si m all y

hi n, i n fi nit el y wi d e,  s c r e e n  s  i n S e cti o n  2  , t h e t r e at m e nt  h e r e  b e -

i n s  wit h  a  fi nit e - si z e d,  t hi c k, di s k- s h a p e d  o bj e ct  f o r m at h e m at -

c al e x p e di e n c y.  L at e r,  t hi s di s k  will  b e  d ef o r m e d  t o b e c o m e  s  

h r o u g h a  li miti n g p r o c e s s.  U si n g  t hi s di s k  will  al s o  e n a bl e  a  di r e ct

o n n e cti o n  t o S e cti o n  4  w h e r e  3 D  o bj e ct s  a r e  c o n si d e r e d.  Fi g.  3

h o w s  t h e di s k  wit h  r a di u s  R  s  t h at i s o ri e nt e d  p e r p e n di c ul a r  t o

h e z  - a xi s  a n d  c e nt e r e d  o n  t h e o ri gi n.  T h e  t hi c k n e s s of  t h e di s k

s 2  η al o n g  t h e a xi s  a n d  t h e s u rf a c e  a n d  v ol u m e  a r e  S  a n d  V  i nt ,

e s p e cti v el y.  T h e  di s k  m at e ri al  i s a s s u m e d  u nif o r m  a n d  c h a r a ct e r-

z e d b y  p e r mitti vit y  ε a n d  p e r m e a bilit y  μ a n d  i s s u r r o u n d e d  b y

r e e s p a c e  ( ε o  , μ o  ). F a r  f r o m t h e di s k  i s c u r r e nt  d e n sit y  J i n c t h at

r o d u c e s  t h e i n ci d e nt b e a m,  a n d  a s  s u c h,  i s c o n si d e r e d  a  k n o w n

u a ntit y  i n d e p e n d e nt of  t h e p r e s e n c e  of  t h e di s k.  E n cl o si n g  b ot h

h e s o u r c e  a n d  di s k  i s a  l a r g e s p h e ri c al  s u rf a c e  S  ∞  of  r a di u s  R  ∞  

e fi ni n g  a n  e xt e ri o r  r e gi o n  V  e xt  . I n t h e li mit R  ∞  →  ∞  , all  s p a c e  i s

n cl o s e d.  L a stl y,  all  fi el d  q u a ntiti e s  i n t h e f oll o wi n g a r e  a s s u m e d  t o

o nt ai n  t h e s a m e  ti m e - h a r m o ni c  d e p e n d e n c e  e  − i ω t w h e r e  ω  =  k c  ;

h e s e a r e  s u p p r e s s e d  f o r b r e vit y.  

T h e  ti m e - h a r m o ni c  ( o r f r e q u e n c y d o m ai n  [ 2 5] ) M a x w ell  e q u a -

i o n s f o r r  i n r e gi o n s  V  i nt o r  V  e xt  a r e  [ 2 6] 

∇  × E  (  r  )  − iω B  (  r  )  =  0  

∇  × B  (  r  )  +  iω μ E  (  r  )  =  0  
r  ∈  V  i nt , ( 3) 
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E  
∇  × E  (  r  )  − iω B  (  r  )  =  0  

∇  × B  (  r  )  +  iω  o  μ o  E  (  r  )  =  μ o  J 
i n c (  r  )  

r  ∈  V  e xt  . ( 4)

Gi v e n  t h at n o  f r e e c h a r g e  i s p r e s e nt  ( ∇  · E  =  0),  a p pl yi n g  t h e

c u rl  o p e r ati o n  t o E q s.  ( 3) a n d  ( 4) yi el d s  t h e f oll o wi n g w a v e  e q u a -

ti o n s i n e a c h  r e gi o n:  

∇  × ∇  × E  (  r  )  − m  2  k  2  E  (  r  )  =  0  

∇  × ∇  × B  (  r  )  − m  2  k  2  B  (  r  )  =  0  
r  ∈  V  i nt , ( 5)

w h e r e  m  =  
√  

μ /  o  μ o  i s t h e r ef r a cti v e  i n d e x of  t h e di s k  a n d  

∇  × ∇  × E  (  r  )  − k  2  E  (  r  )  =  iω  μ o  J 
i n c (  r  )  

∇  × ∇  × B  (  r  )  − k  2  B  (  r  )  =  μ o  ∇  × J i n c (  r  )  
r  ∈  V  e xt  . ( 6)

T h e  fi el d s  E  a n d  B  s ati sf y  t h e u s u al  b o u n d a r y  c o n diti o n s  at  t h e

di s k  s u rf a c e  S  [ 2 6] , 

ˆ  n  × E  
e xt  (  r  )  − E  

i nt (  r  )  =  0  , r  ∈  S  ( 7)

ˆ  n  × B  
e xt  (  r  )  − B  

i nt (  r  )  =  μ o  K  (  r  )  , r  ∈  S  ( 8)

w h e r e  E  i nt a n d  E  e xt  a r e,  r e s p e cti v el y,  t h e fi el d s  i n V  i nt a n d  V  e xt  wit h

t h e u nit - v e ct o r  n o r m al  ˆ  n  di r e ct e d  o ut w a r d  f r o m V  i nt a s  s h o w n  i n

Fi g.  3  . H e r e,  K  i s a n y  i n d u c e d s u rf a c e  c u r r e nt  t h at m a y  r e si d e  o n  S  .

B e c a u s e  t h e di s k  will  e v e nt u all y  b e  t u r n e d i nt o a  s c r e e n,  w hi c h

h a s  n o  v ol u m e,  t h e f o c u s will  b e  o n  E q.  ( 6) r at h e r  t h a n E q.  ( 5) .

H e r e,  t h e w a v e  e q u ati o n s  a r e  i n h o m o g e n e o u s a n d  a  s ol uti o n  c a n

b e  f o r m ul at e d i n t e r m s of  G r e e n’ s  f u n cti o n s. T h e s e  f u n cti o n s s ati sf y

t h e p oi nt - s o u r c e  a n al o g s  of  E q.  ( 6) i. e., [ 2 6] 

∇  × ∇  ×
↔  

G  e  r  , r  
 − k  

2  
↔  

G  e  r  , r  
 =  

↔  

I δ r  − r  
 , ( 9)

∇  × ∇  ×
↔  

G  m  r  , r  
 − k  

2  
↔  

G  m  r  , r  
 =  ∇  ×

 
↔  

I δ r  − r  
 

 

. ( 1 0)

H e r e,  
↔  
G  e  a n d  

↔  
G  m  a r e  t h e d y a di c  G r e e n  f u n cti o n s of  t h e el e ct ri c

a n d  m a g n eti c  t y p e, r e s p e cti v el y,  
↔  
I i s t h e 3 × 3  i d e ntit y  d y a d, a n d

δ i s t h e 3 D  Di r a c  d elt a  f u n cti o n. T h e  G r e e n  f u n cti o n s a r e  f o u n d

b y  s ol vi n g  E q s.  ( 9) a n d  ( 1 0) s u bj e ct  t o s p e ci fi e d  b o u n d a r y  c o n di -

ti o n s. O n c e  k n o w n,  t h e s ol uti o n  t o E q.  ( 6) i s gi v e n  a s  a  c o n v ol uti o n

i nt e g r al of  t h e G r e e n  f u n cti o n wit h  t h e s o u r c e  J i n c a n d  a  s u rf a c e

i nt e g r al o v e r  S  i n v ol vi n g t h e G r e e n  f u n cti o n a n d  fi el d  b o u n d a r y -

v al u e s.  T hi s  will  b e  s e e n  b el o w.  N ot e  t h at t h e i nt e nt i s u s u all y  t o

i m p o s e t h e s a m e  b o u n d a r y  c o n diti o n s  o n  E q s.  ( 9) a n d  ( 1 0) t h at

a p pl y  t o t h e fi el d s  t h e m s el v e s  s u c h  t h at t h e s u rf a c e  i nt e g r al eit h e r

v a ni s h e s  o r  i s k n o w n.  A n ot h e r  o pti o n,  p u r s u e d  h e r e,  i s t o e m pl o y

t h e f r e e - s p a c e d y a di c  G r e e n  f u n cti o n s, w hi c h  a r e  t h e s ol uti o n s  t o

E q s.  ( 9) a n d  ( 1 0) i n t h e a b s e n c e  of  a n y  b o u n d a ri e s,  i. e., n o  di s k  S

i n Fi g.  3  , a n d  t h e r ef o r e  t a k e o n  a  si m pli fi e d  m at h e m ati c al  f o r m.

I m p o rt a ntl y, o n e  will  s e e  t h at t h e f u n cti o n s f a cilit at e a  cl e a r  p h y si -

c al  i nt e r p r et ati o n. T h e  p ri c e  p ai d,  h o w e v e r,  i s t h at if S  (t h e di s k)  i s

t o b e  r ei nt r o d u c e d  i nt o t h e a n al y si s,  t h e r e s ulti n g  s u rf a c e  i nt e g r al

m u st  t h e n b e  e v al u at e d  b y  ot h e r  m e a n s.  

A s  s h o w n  b y  [ 2 6, 2 7] , t h e s ol uti o n s  t o E q s.  ( 9) a n d  ( 1 0) f o r a

b o u n d a r y -f r e e  s y st e m  a r e  t h e f r e e - s p a c e d y a di c  G r e e n  f u n cti o n s: 

↔  

G  e  r  , r  
 =  

↔  

I +  
1  

k  2  
∇  ∇  G  o  r  , r  

 , ( 1 1)

a n d  

↔  

G  m  r  , r  
 =  ∇  ×

 
↔  

I G  o  r  , r  
 

 

, ( 1 2)

w h e r e  

G  o  r  , r  
 =  

1  

4  π
e  

i k | r  − r   | 

| r  − r   | 
, ( 1 3)
s t h e ( s c al a r) f r e e - s p a c e G r e e n  f u n cti o n a n d  i n E q s.  ( 1 1) a n d  ( 1 2) ,

r e p r e s e nt s  t h e di r e ct  p r o d u ct.  P h y si c all y,  
↔  
G  e  a n d  

↔  
G  m  a r e  3  ×

 t e n s o r s w h e r e  e a c h  c ol u m n  r e p r e s e nt s  t h e el e ct ri c  o r  m a g n eti c

el d,  r e s p e cti v el y,  at  r  p r o d u c e d  b y  a n  i n fi nit e si m al c u r r e nt  el -

m e nt  l o c at e d at  r   o ri e nt e d  al o n g  o n e  of  t h e C a rt e si a n  di r e c -

i o n s [ 2 6] . A s  s u c h,  t h e y d e s c ri b e  o ut w a r d  t r a v eli n g v e ct o r  s p h e r-

c al w a v e s  f r o m t h r e e o rt h o g o n al  p oi nt  s o u r c e s  t h at m a y  b e  s u -

e ri m p o s e d  t o r e p r e s e nt  a n y  s ol uti o n  t o t h e M a x w ell  e q u ati o n s.

q ui v al e ntl y,  t h e G r e e n  f u n cti o n s c a n  b e  t h o u g ht of  a s  p r o p a g at o r s

o r t h e el e ct ri c  a n d  m a g n eti c  fi el d  f r o m r   t o r  . C o n s e q u e ntl y,  
↔  
G  e  

ati s fi e s  t h e S o m m e rf el d  r a di ati o n  c o n diti o n  o n  S  ∞  : 

li m 
→ ∞  

 

∇  ×
↔  

G  e  r  , r  
 − i k ̂  r  ×

↔  

G  e  r  , r  
 

 

=  0  . ( 1 4)

T h e  s a m e  c o n diti o n  h ol d s  f o r 
↔  
G  m  [ 2 6] . T h e  s c att e r e d  fi el d s  al s o

u st  al s o  s ati sf y  a  si mil a r  r el ati o n  at  i n fi nit y k n o w n  a s  t h e Sil v e r –

üll e r  r a di ati o n  c o n diti o n,  s e e  [ 2 6] . N ot e  t h at b ot h  
↔  
G  e  a n d  

↔  
G  m  

r e  si n g ul a r  at  r  =  r   ; t hi s will  b e  a n  i m p o rt a nt c o n si d e r ati o n  i n

e cti o n  4  . 

N o w  c o n si d e r  G r e e n’ s  s e c o n d  v e ct o r  i d e ntit y 

 

V  
{  A  · [ ∇  × ∇  × C  ] − C  · [ ∇  × ∇  × A  ] }  d  v  

=  

 

S  
{  C  × [ ∇  × A  ] +  [ ∇  × C  ] × A  }  · ˆ  n  d  a , ( 1 5)

hi c h,  i n e s s e n c e,  i s a  g e n e r ali z ati o n  of  t h e di v e r g e n c e  t h e o r e m
2 8] . T o  c o n n e ct  t hi s t o t h e di s c u s si o n  a b o v e,  f o c u s o n  t h e el e ct ri c -
el d  p a rt  of  E q.  ( 6) a n d  it s G r e e n  f u n cti o n c o m p a ni o n,  E q.  ( 9) .

h e n,  l et A  =  E  a n d  C  =  
↔  
G  e  · a  i n E q.  ( 1 5) w h e r e  a  i s a  c o n st a nt  “ pi -

ot ” v e ct o r. A p pl yi n g  E q.  ( 1 5) t o V  e xt  , w hi c h  i s b o u n d e d  b y  t h e t w o
u rf a c e s  S  a n d  S  ∞  gi v e s:  

 

V  e xt  

 

E  ( r  ) ·
 

∇  × ∇  ×
↔  
G  e  r  , r   · a  

 

−

 ↔  
G  e  r  , r   · a  

 

· [ ∇  × ∇  × E  ( r  ) ] 
 

d  v  

=  

 

S  ∞  

  ↔  
G  e  r  , r   · a  

 

× [ ∇  × E  ( r  ) ] +  

 

∇  ×
↔  
G  e  r  , r   · a  

 

× E  ( r  ) 
 

· ˆ  n  ∞  d  a  

−

 

S  

  ↔  
G  e  r  , r   · a  

 

× [ ∇  × E  ( r  ) ] +  

 

∇  ×
↔  
G  e  r  , r   · a  

 

× E  ( r  ) 
 

· ˆ  n  d  a . 

( 1 6)

T h e  l a st s u rf a c e  i nt e g r al h a s  a  n e g ati v e  si g n  b e c a u s e  t h e s u rf a c e

o r m al  ˆ  n  i s di r e ct e d  i nt o V  e xt  f o r t h at i nt e g r al. T h e  fi r st  i nt e g r al

v e r  S  ∞  i s z e r o  vi a  t h e r a di ati o n  c o n diti o n,  E q.  ( 1 4) [ 2 6, 2 7] . Wit h

q s.  ( 4) , ( 6) , ( 9) , ( 1 1) a n d  ( 1 3) , E q.  ( 1 6) si m pli fi e s  t o 

 

V  e xt  

 

E  (  r  )  · a  δ r  , r  
 −

 
↔  

G  e  r  , r  
 · a  

 

· iω  μ o  J 
i n c (  r  )  

 

d  v  

=  −

 

S  

 

iω  

 
↔  

G  e  r  , r  
 · a  

 

× B  (  r  )  +  

 
↔  

G  m  r  , r  
 · a  

 

× E  (  r  )  

 

· ˆ  n  d  a . 

( 1 7)

U si n g  [ (  
↔  
G  e  · a  )  × B  ] · ˆ  n  =  − (  

↔  
G  e  · a  )  · (  ̂  n  × B  )  , [ (  

↔  
G  m  · a  )  × E  ] · ˆ  n  =

(  
↔  
G  m  · a  )  · (  ̂  n  × E  )  , e v al u ati n g  t h e d elt a -f u n cti o n  t e r m, a n d  c a n c el -

n g t h e ( a r bit r a r y) pil ot  v e ct o r  a  f r o m e a c h  si d e  of  E q.  ( 1 7) , o n e

n d s:  

E  r   if r   ∈  V  e xt  

0  if r   ∈  V  i nt 
=  iω  μ o  

 

V  e xt  

↔  

G  e  r  , r  
 · J i n c (  r  )  d  v  

+  

 

S  

 

iω  

↔  

G  e  r  , r  
 · ˆ  n  × B  (  r  )  +  

↔  

G  m  r  , r  
 · ˆ  n  × E  (  r  )  

 

d  a . ( 1 8)

E q.  ( 1 8) h a s  s e v e r al  i m pli c ati o n s. T o  s e e  t hi s, fi r st  r et u r n  t o

q.  ( 1 6) a n d  r e m o v e  t h e b o u n d a r y  S  b y  r e m o vi n g  t h e di s k  f r o m
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i g.  3  . Wit h  E q.  ( 1 4) i n mi n d,  t h e r e s ult  i s 
 

R  3  

 

E  (  r  )  ·

 

∇  × ∇  ×
↔  

G  e  r  , r  
 · a  

 

−

 
↔  

G  e  r  , r  
 · a  

 

· [ ∇  × ∇  × E  (  r  )  ] 

 

d  v  =  0  ( 1 9) 

h e r e  V  e xt  →  R  3  ( all s p a c e).  U s e  of  E q s.  ( 6) a n d  ( 9) , a n d  a g ai n  r e -

o vi n g  t h e pil ot  v e ct o r  s h o w s  t h at E q.  ( 1 9) b e c o m e s,  
 

R  3  

 

E  (  r  )  δ r  , r  
 − iω  μ o  

↔  

G  e  r  , r  
 · J i n c (  r  )  

 

d  v  =  0  , 

r,  e v al u ati n g  t h e d elt a -f u n cti o n  i nt e g r al, t hi s b e c o m e s  

 
i n c r  

 =  iω  μ o  

 

R  3  

↔  

G  e  r  , r  
 · J i n c (  r  )  d  v  . ( 2 0) 

E q.  ( 2 0) i s t h e G r e e n  f u n cti o n s ol uti o n  t o E q.  ( 6) w h e n  n o  di s k

s p r e s e nt  a n d  all  t h at e xi st s  i s t h e s o u r c e  J i n c , i. e., t hi s i s t h e i n ci -

e nt  fi el d  . N e xt,  a s s u m e  t h at J i n c i s n o n z e r o  o nl y  i n a  w ell - d e fi n e d
ol u m e  wit hi n  V  e xt  t h at e x cl u d e s  r e gi o n s  w h e r e  t h e fi el d  i s d e -
i r e d  s u c h  t h at t h e si n g ul a rit y  i n E q.  ( 2 0) at  r  =  r   i s a v oi d e d.  P h y s -
c all y, t hi s w o ul d  c o r r e s p o n d  t o t h e s o u r c e  of  t h e i n ci d e nt w a v e
ei n g  l o c ali z e d i n a  r e gi o n  f a r r e m o v e d  f r o m w h e r e  t h e fi el d s  a r e
a nt e d.  T h e n,  t h e v ol u m e  i nt e g r al i n E q.  ( 1 8) i s i d e nti c al t o t h at i n
q.  ( 2 0) a n d  t h e f o r m e r e q u ati o n  b e c o m e s,  

E  r   if r   ∈  V  e xt  

0  if r   ∈  V  i nt 
=  E  i n c r   

+  

 

S  

 

iω  
↔  
G  e  r  , r   · ˆ  n  × B  ( r  ) +  

↔  
G  m  r  , r   · ˆ  n  × E  ( r  ) 

 

d  a . ( 2 1) 

N oti c e  t h at E q.  ( 2 1) n o w  a p pli e s  w h e n  t h e di s k  i s p r e s e nt.  H o w -
v e r,  t h e e x p r e s si o n  utili z e s  a  s o m e w h at  u n c o n v e nti o n al  n ot ati o n
h e r e  t h e fi el d  p oi nt  r   i s e x p r e s s e d  i n t h e p ri m e d  c o o r di n at e  s y s -
e m w hil e  t h e s o u r c e  i nt e g r al s, E q.  ( 2 0) a n d  t h e s u rf a c e  i nt e g r al
n E q.  ( 2 1) , a r e  e x p r e s s e d  i n u n p ri m e d  c o o r di n at e s  r  . T h e  st a n d a r d
ot ati o n  i s r et ri e v e d  b y  i nt e r c h a n gi n g t h e c o o r di n at e s,  r  →  r   a n d
  →  r  a n d  u si n g  t h e s y m m et r y  r el ati o n s  of  t h e G r e e n  f u n cti o n s,
 
 e  (  r   , r  )  =  

↔  
G  e  (  r  , r   )  a n d  

↔  
G  m  (  r   , r  )  =  −

↔  
G  m  (  r  , r   )  , gi vi n g  [ 2 6] 

E  ( r  ) if r  ∈  V  e xt  
0  if r  ∈  V  i nt 

=  E  i n c ( r  ) 

+  

 

S  

 

iω  
↔  
G  e  r  , r   · ˆ  n   × B  r   −

↔  
G  m  r  , r   · ˆ  n   × E  r   

 

d  a   . ( 2 2) 

T hi s  i nt e r c h a n g e of  c o o r di n at e s  i s n ot  si m pl y  a  c h oi c e  of  n ot a -

i o n. T h at  i s, t a ki n g r  →  r   a n d  r   →  r  i n E q s.  ( 9) a n d  ( 1 0) w o ul d

o r r e s p o n d  t o pl a ci n g  t h e ( G r e e n f u n cti o n) p oi nt  c u r r e nt - s o u r c e  at

 r at h e r  t h a n at  r   , a n d  t h u s, t h e d e ri v ati v e s  w o ul d  s wit c h  f r o m

 t o ∇   . Ulti m at el y,  it i s a  c o n s e q u e n c e  of  t h e el e ct r o m a g n eti c

e ci p r o cit y  t h e o r e m t h at yi el d s  t h e s y m m et r y  p r o p e rti e s  l e a di n g t o

q.  ( 2 2) [ 2 6] . 

E q.  ( 2 2) , a n d  it s m a g n eti c - fi el d  c o m p a ni o n  [ vi a E q s.  ( 1 2) a n d

1 3) b ut  n ot  s h o w n]  a r e  t h e c e nt r al  r e s ult  of  t hi s s e cti o n.  T h e

a x w ell  e q u ati o n s  f o r t h e fi el d s  i n V  e xt  a r e  n o w  gi v e n  i n a n  e x -

ct  w a y  b y  t h e i n ci d e nt fi el d  E  i n c a n d  a  s u rf a c e  i nt e g r al of  t h e

a n g e nti al  c o m p o n e nt s  of  t h e fi el d s  a c r o s s  t h e di s k  S  . A s  i s st a n d s,

q.  ( 2 2) d o e s  n ot  di r e ctl y  p r o vi d e  t h e t ot al fi el d s  E  a n d  B  si n c e

h ei r s u rf a c e  c o m p o n e nt s  a r e  g e n e r all y  n ot  k n o w n.  T h u s,  E q.  ( 2 2) i s

n  i nt e g r al e q u ati o n  f o r t h e u n k n o w n  fi el d s,  w hi c h  c a n  b e  s ol v e d

h r o u g h v a ri o u s  m et h o d s  i n cl u di n g t h e e xt e n d e d  b o u n d a r y  c o n -

iti o n s  m et h o d  [ 2 9 - 3 1] . T hi s  i s t h e p ri c e  p ai d  f o r u si n g  t h e f r e e -

p a c e  G r e e n  f u n cti o n s m e nti o n e d  e a rli e r.  H o w e v e r,  E q.  ( 2 2) p e r-

it s  u s e  of  a p p r o xi m ati o n s  f o r t h e s u rf a c e - fi el d  c o m p o n e nt s,  o n e

f  w hi c h  i s t h e v e ct o r  a n al o g  of  t h e Ki r c h h off a p p r o xi m ati o n  i nt r o -

u c e d  i n S e cti o n  2  . M o r e  i m p o rt a ntl y, t h e r e i s a  cl e a r  di sti n cti o n

et w e e n  t h e p o rti o n  of  t h e t ot al fi el d  E  d u e  t o t h e i n ci d e nt w a v e

n d  t h at att ri b ut e d  s ol el y  t o t h e di s k,  wit h  t h e l att e r b ei n g  e n c a p -

ul at e d  b y  t h e s u rf a c e  i nt e g r al i n E q.  ( 2 2) . T hi s  will  h a v e  i m pli c a -

i o n s f o r p h y si c al  i nt e r p r et ati o n s b el o w.  
. 2.  E x a m pl e:  a  mi r r o r  

A s  t h e n e xt  st e p  o n  t h e w a y  t o d e s c ri bi n g  diff r a cti o n  t h r o u g h

q.  ( 2 2) , c o n si d e r  a  li miti n g o p e r ati o n  t h at t r a n sf o r m s  t h e 3 D  di s k

nt o a n  o p a q u e,  fl at  2 D  s h e et.  T hi s  i s d o n e  b y  t a ki n g R  →  ∞  , η →  0

n Fi g.  3  , μ =  μ o  , a n d  ε →  ∞  . T h e  r e s ult  i s t h e s a m e  i n fi nit e s -

m all y t hi n 2 D  s h e et  of  p e rf e ctl y  c o n d u cti n g  m at e ri al  a s  i n

e cti o n  2  t h at h a s  n o  e n cl o s e d  v ol u m e,  i. e., V  i nt →  0.  P h y si c all y,  t hi s

o ul d  c o r r e s p o n d  t o a  n o n - m a g n eti c  m et al  fil m  of  n e gli gi bl e  t hi c k-

e s s  t h at c a n  b e  r e g a r d e d  a s  a  p e rf e ct  el e ct ri c  c o n d u ct o r,  i. e., si m -

l y  a n  u n c o at e d  fi r st - s u rf a c e  mi r r o r  [ 3 2, 3 3] . A n  a p e rt u r e  a  i s still

ot  p r e s e nt,  b ut  will  b e  i n c o r p o r at e d l at e r. F o r  n o w,  f o c u s o n  t h e

m pli c ati o n s of  E q.  ( 2 2) f o r r  i n V  e xt  . 

T h e  s h e et  s plit s  s p a c e  i nt o t w o r e gi o n s,  V  ( − ) f o r l o c ati o n s wit h

 <  0  a n d  V  ( +  ) f o r z  >  0.  Gi v e n  t h at t h e i n ci d e nt w a v e  a p p r o a c h e s

f r o m V  ( − ) , t h e s e t w o r e gi o n s  will  b e  c all e d  t h e ill u mi n at e d a n d

h a d e d  si d e s,  r e s p e cti v el y.  Y et,  b ef o r e  E q.  ( 2 2) c a n  b e  a p pli e d,  a

u btl e  p oi nt  m u st  b e  a d d r e s s e d.  T h e  di s k  s u rf a c e  S  i s a  cl o s e d  s u r-

a c e. U p o n  d r a wi n g  t h e di s k  t hi c k n e s s η t o z e r o,  t h e t w o s u rf a c e s

o n stit uti n g  t h e ill u mi n at e d a n d  s h a d e d  si d e  of  t h e (t hi c k) di s k

r e  b r o u g ht  i nt o c oi n ci d e n c e  [ 9] . L et  t h e s e b e  c all e d  S  ( − ) a n d  S  ( +  ) 

it h  s u rf a c e  n o r m al s  ˆ  n  (− ) =  − ˆ  z  a n d  ˆ  n  (+ ) =  ˆ  z  , r e s p e cti v el y.  W h e n

h e li miti n g p r o c e s s  i s c o m pl et e,  S  ( − ) a n d  S  ( +  ) b e c o m e  t h e z  =  0

l a n e  a n d  t h e s u rf a c e  i nt e g r al i n E q.  ( 2 2) s plit s:  

 (  r  )  =  E  
i n c (  r  )  +  

  

S  ( +  ) 

 

iω  

↔  

G  e  r  , r  
 · ˆ  n  

( +  ) × B  r  
 

−
↔  

G  m  r  , r  
 · ˆ  n  

( +  ) × E  r  
 

 

d  a  
 

+  

  

S  ( − ) 

 

iω  

↔  

G  e  r  , r  
 · ˆ  n  

( − ) × B  r  
 

−
↔  

G  m  r  , r  
 · ˆ  n  

( − ) × E  r  
 

 

d  a  
 ( 2 3) 

M e a n w hil e,  t h e b o u n d a r y  c o n diti o n s  of  E q s.  ( 7) a n d  ( 8) a r e  

ˆ   
( +  ) × E  

( +  ) r  
 − E  

( − ) r  
 =  0  , r  

 ∈  , ( 2 4)

ˆ   
( +  ) × B  

( +  ) r  
 − B  

( − ) r  
 =  μ o  K  r  

 , r  
 ∈  , ( 2 5)

h e r e  E  ( +  ) a n d  E  ( − ) a r e,  r e s p e cti v el y,  t h e t ot al ( a n d p h y si c al)  fi el d s

n  t h e V  ( +  ) a n d  V  ( − ) si d e s  of  . N oti n g  t h at ˆ  n  (− ) =  − ˆ  n  (+ ) a n d

 ( − ) =  S  ( +  ) =  , t h e i nt e g r al s i n E q.  ( 2 3) c o m bi n e  vi a  E q s.  ( 2 4) a n d

2 5) t o gi v e  

 (  r  )  =  E  
i n c (  r  )  +  iω  μ o  

  
↔  

G  e  r  , r  
 · K  r  

 d  a  
 , r  ∈  V  

( − ) , V  
( +  ) 

( 2 6) 

E q.  ( 2 6) n o w  h a s  a  cl e a r  i nt e r p r et ati o n. Wit h  t h e G r e e n  f u n cti o n

n vi si o n e d  a s  t h e fi el d  p r o p a g at o r  f o r a  p oi nt - c u r r e nt  s o u r c e,  t h e

u rf a c e  i nt e g r al d e s c ri b e s  t h e fi el d  r a di at e d  b y  t h e p h y si c al  s u rf a c e

u r r e nt  o n  t h e s h e et.  T h u s,  t h e i n fl u e n c e of  t h e s h e et  o n  t h e t ot al

el d  i s di sti n g ui s h e d  f r o m t h e i n ci d e nt fi el d  a s  

 (  r  )  =  E  
i n c (  r  )  +  E  

r a d  (  r  )  , ( 2 7) 

h e r e  E  r a d  i s t h e i nt e g r al i n E q.  ( 2 6) . 

N e xt,  t a k e t h e i n ci d e nt w a v e  s o u r c e  J i n c t o b e  s u c h  t h at it p r o -

u c e s  a  pl a n e  w a v e  at  t h e s h e et.  T h e n,  t h e fi el d s  a r e  

 
i n c (  r  )  =  E  o  e  

i k ̂  z  ·r  ˆ  x  , B  
i n c (  r  )  =  

k  

ω  
ˆ  z  × E  

i n c (  r  )  , r  ∈  V  
( − ) , V  

( +  ) . ( 2 8)

I n d e e d, t hi s c a s e  i s si m pl e  e n o u g h  t h at t h e t ot al fi el d

E q. ( 2 7)] i s k n o w n  a  p ri o ri  ; it i n cl u d e s E q.  ( 2 8) a n d  a  r e fl e ct e d

l a n e  w a v e  i n V  ( − ) [ 1] , 

 
r ef  (  r  )  =  − E  o  e  

− i k ̂  z  ·r  ˆ  x  , B  
r ef  (  r  )  =  −

k  

ω  
ˆ  z  × E  

r ef  (  r  )  , r  ∈  V  
( − ) . ( 2 9)
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M e a n w hil e,  t h e t ot al fi el d s  o n  t h e s h a d e d  si d e  of  t h e s h e et  a r e

z e r o,  

E  
( +  ) (  r  )  =  B  

( +  ) (  r  )  =  0  , r  ∈  V  
( +  ) . ( 3 0)

T h u s,  o n  t h e ill u mi n at e d si d e  of  t h e s h e et,  t h e fi el d  i s t h e s u p e r-

p o siti o n  of  E q s.  ( 2 8) a n d  ( 2 9) , w hi c h  f o r m s a  st a n di n g  w a v e  [ 1 1] ,

E  
( − ) (  r  )  =  2  i E  o  si n  k  ̂  z  · r  ˆ  x  , B  

( − ) (  r  )  =  
2  k  

ω  
E  o  c o s  k  ̂  z  · r  ˆ  y  , r  ∈  V  

( − ) .

( 3 1)

U si n g  E q s.  ( 2 8) a n d  ( 2 9) i n E q.  ( 2 5) r e v e al s  t h e s u rf a c e  c u r r e nt

t h at m u st  b e  p r e s e nt:  

K  (  r  )  =  
2  

μ o  

k  

ω  
E  o  ̂  x  , r  ∈  s  . ( 3 2)

T hi s  i s c o n si st e nt  wit h  t h e e x p e ct ati o n  t h at t h e i n ci d e nt el e ct ri c

fi el d  d ri v e s  c u r r e nt  vi a  O h m’ s  l a w, i. e., u nif o r ml y  al o n g  t h e p ol a r-

i z ati o n di r e cti o n  ˆ  x  . 

E q.  ( 3 2) c a n  n o w  b e  u s e d  i n E q.  ( 2 6) t o d e s c ri b e  t h e fi el d s,

o r  l a c k t h e r e of, o n  eit h e r  si d e  of  t h e s h e et  i n t e r m s of  r a di a -

ti o n f r o m K  . T o  d o  s o,  l et r  =  r  − r   a n d  e v al u at e  t h e d e ri v ati v e s

i n E q.  ( 1 1) w hil e  r et ai ni n g  o nl y  t h e t e r m s wit h  r  − 1  d e p e n d e n c e,

w hi c h  d e s c ri b e  t h e r a di ati o n  c o nt ri b uti o n.  Wit h  ˆ  r  =  r  /  | r  | , hi s  gi v e s

[ 3 4] : 

↔  

G  e  r  , r  
 =  

1  

4  π

↔  

I − ˆ  r  ˆ  r  
e  i k r  

r  
. ( 3 3)

T h e n,  t h e fi el d  r a di at e d  b y  t h e i n d u c e d c u r r e nt  f oll o w s f r o m t h e

i nt e g r al i n E q.  ( 2 6) : 

E  
r a d  (  r  )  =  

i k 

2  π
E  o  

  ∞  

− ∞  

e  i k r  

r  

↔  

I − ˆ  r  ˆ  r  · ˆ  x  d  x  
 d  y  

 , r  ∈  V  
( − ) , V  

( +  ) 

( 3 4)

T hi s  c a n  b e  si m pli fi e d  b y  r e ali zi n g  t h at (  ̂  r  ˆ  r  )  · ˆ  x  =  ˆ  r  c o s  β
w h e r e  β i s t h e a n gl e  f o r m e d b y  ˆ  r  a n d  t h e p o siti v e  x  - a xi s.  B e c a u s e

K  i s a  c o n st a nt  o v e r  t h e x   -  y   pl a n e,  i. e., , r  m a y  b e  pl a c e d  a r bi -

t r a ril y al o n g  t h e z  - a xi s  i n V  ( − ) o r  V  ( +  ) . T h u s,  β r a n g e s  f r o m β =  0

w h e n  x  =  − ∞  t o β =  π w h e n  x  =  ∞  . T h e n,  c o s  β i s a n  o d d  f u n cti o n

i n x   a n d  y   s o  it s c o nt ri b uti o n  t o E q.  ( 3 4) c a n c el s,  l e a vi n g: 

E  
r a d  (  r  )  =  

i k 

2  π
E  o  ̂  x  

  ∞  

− ∞  

e  i k r  

r  
d  x  

 d  y  
 , r  ∈  V  

( − ) , V  
( +  ) . ( 3 5)

T hi s  i nt e g r al c a n  b e  e v al u at e d  b y  t r a n sf o r mi n g t o c yli n d ri c al  c o -

o r di n at e s  ( ρ  , φ  , z   ) w h e r e  ρ  2  =  x   2  +  y   2  gi vi n g  

E  
r a d  (  r  )  =  i k E  o  ̂  x  

 ∞  

0  

e  i k 
√  

ρ  2  +  z  2  

 

ρ  2  +  z  2  
ρ  d  ρ  r  ∈  V  

( − ) , V  
( +  ) , ( 3 6)

w h e r e  t h e φ  i nt e g r al h a s  b e e n  e v al u at e d.  N e xt,  u s e  t h e s u b stit u -

ti o n ξ (ρ ) =  

 

ρ  2  +  z  2  , w hi c h  c o n v e rt s  E q.  ( 3 6) i nt o 

E  
r a d  (  r  )  =  i k E  o  ̂  x  

 ∞  

ξ ( 0  ) 
e  

i kξ d  ξ . ( 3 7)

A s  it st a n d s,  E q.  ( 3 7) will  yi el d  a n  i n d et e r mi n at e r e s ult  d u e  t o

t h e i nt e g r al’ s u p p e r  li mit. O n e  w a y  t o r e s ol v e  t hi s i s t o a d d  a  s m all

i m a gi n a r y p a rt  α t o t h e w a v e  n u m b e r  s u c h  t h at k  →  k  +  i α , e v al u -

at e  t h e i nt e g r al, a n d  t h e n t a k e t h e li mit α →  0,  i. e. [ 3 2] , 

E  
r a d  (  r  )  =  E  o  li m 

α →  0  
e  

i k ∞  e  
− α ∞  − e  

i kξ ( 0  ) e  
− α ξ ( 0  ) ˆ  x  . ( 3 8)

L a stl y,  o n e  m u st  r e c o g ni z e  t h at t h e v al u e  f o r ξ ( 0) a p p e a ri n g  i n

t h e l o w e r li mit i n E q.  ( 3 7) t a citl y d e p e n d s  o n  t h e si g n  of  z  . If z  >  0,

t h e n ξ ( 0) =  z  , w hil e  if z  <  0,  t h e n ξ ( 0) =  − z  . Wit h  t h e s e li mit s a n d

E q s.  ( 2 8) a n d  ( 2 9) , E q.  ( 3 8) yi el d s  

E  
r a d  (  r  )  =  

− E  o  e  − i k z ˆ  x  =  E  r ef  (  r  )  , z  <  0  , 

− E  o  e  i k z ˆ  x  =  − E  i n c (  r  )  , z  >  0  . 
( 3 9)
T h e  t ot al fi el d  p r e s e nt  o n  eit h e r  si d e  of  t h e s h e et  i s t h e n, vi a

q.  ( 2 7) , 

 (  r  )  =  
E  i n c (  r  )  +  E  r ef  (  r  )  , z  <  0  , 

E  i n c (  r  )  − E  i n c (  r  )  =  0  , z  >  0  . 
( 4 0)

E q.  ( 4 0) r e v e al s  t h e r e m a r k a bl e  f a ct t h at t h e s h a d o w  b e hi n d  t h e

h e et  ( z  >  0)  c a n  b e  e x a ctl y  d e s c ri b e d  b y  r a di ati o n  f r o m t h e i n d u c e d

u r r e nt  o n  t h e s h e et  . T h at  i s, t h e c u r r e nt  r a di at e s  a  c o p y  of  t h e i n ci -

e nt  fi el d  t r a v elli n g  i nt o z  >  0  b ut  1 8 0  ° o ut  of  p h a s e,  w hi c h  e xti n -

ui s h e s  t h e i n ci d e nt fi el d,  a n d  h e n c e,  i s oft e n  c all e d  t h e e xti n cti o n

a v e  . O n  t h e ill u mi n at e d si d e,  z  <  0,  t h e s h e et  a g ai n  r a di at e s  a

o p y  of  t h e i n ci d e nt fi el d  1 8 0  ° o ut  of  p h a s e,  b ut  t h at w a v e  t r a v -

l s  i n t h e o p p o sit e  di r e cti o n.  T h u s,  t h e r a di at e d  fi el d  s u p e r p o s e s

it h  t h e i n ci d e nt fi el d  t o c r e at e  a  st a n di n g  w a v e,  a s  e x p e ct e d  f r o m

q.  ( 3 1) . 

T hi s  i nt e rf e r e n c e e x pl a n ati o n  of  t h e s h e et’ s  s h a d o w  m a y  s e e m

n n e c e s s a r y  f r o m t h e H u y g e n s - Fr e s n el  p e r s p e cti v e.  B e c a u s e  t h e

h e et  i s a  p e rf e ct  c o n d u ct o r,  it i s n at u r al  t o t hi n k t h at t h e s h e et

i m pl y  “ bl o c k s ” t h e  i n ci d e nt li g ht i n t h e s a m e  w a y  t h at a  w at e r

a v e  i s bl o c k e d,  t h e n r e fl e ct e d,  b y  a  ri gi d  b a r ri e r.  H o w e v e r,  r e -

e m b e r  t h at E M  w a v e s  r e q ui r e  n o  m e di u m  t o s u p p o rt  t h ei r p r o p a -

ati o n.  T hi s  i s o b vi o u s  f r o m t h e a bilit y  of  li g ht t o p r o p a g at e  i n v a c -

u m  a n d  i s c o n si st e nt  wit h  t h e a b s e n c e  of  a  l u mi nif e r o u s a et h e r.

o r e o v e r,  it i s t h e n o n - e xi st e n c e  of  t h e a et h e r  t h at ( p a rtl y) u n d e r-

i e s t h e s p e ci al  t h e o r y of  r el ati vit y  a n d  a c c o u nt s  f o r t h e diff e r e nt

e s c ri pti o n s  of  t h e D o p pl e r  s hift  f o r li g ht a n d  s o u n d  w a v e s  [ 1] .

o n s e q u e ntl y,  t h e r e i s n o  m e c h a ni c al -li k e  m e c h a ni s m  of  bl o c ki n g  a

i g ht w a v e  . A s  s u c h,  t h e o nl y  w a y  t h at li g ht c a n  b e  r e m o v e d  f r o m

n y  r e gi o n  of  s p a c e  i s t h r o u g h d e st r u cti v e  i nt e rf e r e n c e, a n d  t hi s

e q ui r e s  t h e a p p e a r a n c e  of  a  s e c o n d a r y,  o r  i n d u c e d, s o u r c e  of  r a -

i ati o n.  I n t h e e x a m pl e  a b o v e,  t hi s s o u r c e  i s t h e p h y si c al  s u rf a c e

u r r e nt  o n  t h e s h e et.  

. 3.  El e ct r o m a g n eti c  o ri gi n  of  t h e H u y g e n s – F r e s n el  p ri n ci pl e  

Gi v e n  S e cti o n  3. 2  , a  di r e ct  w a y  t o i n c o r p o r at e a n  a p e rt u r e  i n t h e

b o v e  t r e at m e nt  i s t o n ull  t h e s u rf a c e  c u r r e nt  w h e r e  t h e a p e rt u r e

a  i s t o b e.  Of  c o u r s e,  t hi s i s e q ui v al e nt  t o r e m o vi n g  t h e p o rti o n

f  t h e c o n d u ct o r  o c c u p yi n g  t hi s r e gi o n.  T h e n,  a n  alt e r n ati v e  t o t h e

u y g e n s - Fr e s n el  e x pl a n ati o n  f o r li g ht s p r e a di n g  i nt o a n  a p e rt u r e’ s

h a d o w  b e c o m e s  p o s si bl e,  s e e  Fi g.  4  . T h e  s e c o n d a r y  r a di ati o n  f r o m

h e c u r r e nt  i n d u c e d o n  t h e r e m ai n d e r  of  t h e s h e et,  w hi c h  i s n o w

 s c r e e n  s  , c a n n ot  c o m pl et el y  c a n c el  t h e i n ci d e nt w a v e  i n V  ( +  ) .

o r e o v e r,  t h e mi s si n g  c u r r e nt  i n a  will  alt e r  t h e c u r r e nt  t h at

o e s  d e v el o p  a c r o s s  s  , m e a ni n g  t h at t h e c a n c ell ati o n  of  t h e i n ci -

e nt  w a v e  r e m ai n s  i n c o m pl et e e v e n  wit hi n  t h e g e o m et ri c  s h a d o w.

s  o n e  m o v e s  al o n g  s  f a r f r o m a  , t h e eff e ct  of  t hi s mi s si n g  c u r-

e nt  o n  t h e c u r r e nt  t h at i s i n d u c e d d e c a y s  a n d  o n e  r e g ai n s  E q.  ( 3 2) .

h u s,  p oi nt s  “ d e e p ” i n  t h e g e o m et ri c  s h a d o w  b ut  n e a r  t h e s c r e e n

h o w  n e gli gi bl e  fi el d  b e c a u s e  t h e c u r r e nt  i s n e a rl y  a bl e  t o p r o d u c e

h e e xti n cti o n  w a v e.  

O n e  n o w  h a s  t w o s e e mi n gl y  diff e r e nt  w a y s  t o u n d e r st a n d

iff r a cti o n  f r o m a n  a p e rt u r e:  T h e  H u y g e n s - Fr e s n el  p ri n ci pl e  d e -

c ri b e s  t h e li g ht o n  σ a s  r a di ati o n  f r o m fi ctiti o u s  s o u r c e s  a c r o s s

h e e m pt y  s p a c e  of  t h e a p e rt u r e.  M e a n w hil e,  E q.  ( 2 6) d e s c ri b e s  t hi s

a m e  di st ri b uti o n  o n  σ a s  t h e s u p e r p o siti o n  of  t h e o ri gi n al  (i n -

i d e nt)  w a v e  wit h  t h at r a di at e d  b y  ( r e al) i n d u c e d s u rf a c e  c u r r e nt

n  t h e s c r e e n.  T h e s e  t w o vi e w s  a r e  r el at e d,  a n d  i n f a ct, t h e f a mil -

a r H u y g e n s - Fr e s n el  p ri n ci pl e  i s c o nt ai n e d  i n E q.  ( 2 6) vi a  B a bi n et’ s

ri n ci pl e.  

T o  s e e  h o w,  r e c all  t h at B a bi n et’ s  p ri n ci pl e  c o m p a r e s  t w o s e p a -

at e  s c e n a ri o s,  1  a n d  2,  a s  d e s c ri b e d  i n S e cti o n  2  . T h e  f o r m e r i n -

ol v e s  a  s c r e e n  
(1 ) 
s  wit h  a p e rt u r e  

(1 ) 
a  , w hil e  t h e l att e r c o nt ai n s

nl y  t h e a p e rt u r e’ s  c o m pli m e nt a r y  s c r e e n  
(2 ) 
s  , r e c all  Fi g.  2  . I m -

li cit  i n s c e n a ri o  2  i s t h e f r e e s p a c e  r e gi o n  t h at w o ul d  ot h e r wi s e
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Fi g.  4.  R a di ati o n  d e s c ri pti o n  of  s h a d o w s  a n d  diff r a cti o n.  I n ( a) i s t h e s h e et  

wit h  i n d u c e d s u rf a c e  c u r r e nt  K  o  . T hi s  c u r r e nt  ( r e d), i n d u c e d b y  t h e i n ci d e nt w a v e  

( g r e e n), r a di at e s  a  c o p y  ( d a s h e d p u r pl e)  of  t h e i n ci d e nt w a v e  t h at i nt e rf e r e s d e -  

st r u cti v el y  o n  t h e s h a d e d  si d e  ( z  >  0)  of  t h e s h e et  a n d  a  c o u nt e r- p r o p a g ati n g  c o p y  

t o p r o d u c e  a  st a n di n g  w a v e  o n  t h e ill u mi n at e d si d e  ( z  <  0).  I n ( b) i s t h e s c r e e n  s  
wit h  a n  a p e rt u r e  a  . H e r e  t h e i n d u c e d s u rf a c e  c u r r e nt  K  o  i s m o di fi e d  b y  t h e a p e r-  

t u r e t o b e c o m e  K  a n d  t h e r a di ati o n  i s i n c o m pl et e wit h  r e g a r d  t o it s a bilit y  t o c a n c el  

t h e i n ci d e nt w a v e  i n ( z  >  0).  T h e  r e s ult  i s a n  u n c a n c ell e d,  i. e., diff r a ct e d  w a v e  s u r-  

vi vi n g  i n z  >  0.  T h e  s h e et  a n d  s c r e e n  a r e  s h o w n  wit h  fi nit e  wi dt h  f or  cl a rit y,  b ut  

a r e  i n fi nit e si m all y t hi c k i n r e alit y.  ( F o r i nt e r p r et ati o n of  t h e r ef e r e n c e s  t o c ol o r  i n 

t hi s fi g u r e  l e g e n d, t h e r e a d e r  i s r ef e r r e d  t o t h e w e b  v e r si o n  of  t hi s a rti cl e.)  
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Fi g.  5.  B a bi n et’ s  p ri n ci pl e  f o r E M  w a v e s.  T h e  c o n c e pt  h e r e  i s i d e nti c al t o t h at i n 

Fi g.  2  e x c e pt  t h at t h e v e ct o r  n at u r e  of  t h e w a v e s  i s t a k e n i nt o a c c o u nt.  T o  d o  s o,  

t h e p ol a ri z ati o n  of  t h e i n ci d e nt w a v e  i s r ot at e d  9 0  ° a s  s h o w n  b et w e e n  s c e n a ri o  1  

a n d  2.  N ot e  t h at t hi s r ot ati o n  m e a n s  t h at t h e v e ct o r- b a s e d  t r e at m e nt of  B a bi n et’ s  

p ri n ci pl e  i s diff e r e nt  f r o m t h at f o r t h e s c al a r  c a s e  i n S e c.  2  i n t h at t h e ill u mi n ati o n 

s o u r c e  i s diff e r e nt  b et w e e n  t h e t w o s c e n a ri o s  wit h  r e g a r d  t o it s p ol a ri z ati o n.  A s  

s u c h,  t h e i n d u c e d s u rf a c e  c u r r e nt  i s al s o  r ot at e d,  e. g.,  E q.  ( 1 5) b el o w  [ 9] . 
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e  o c c u pi e d  b y  
(1 ) 
s  t o f o r m a  c o m pl et e  s h e et;  t hi s c a n  b e  e n vi -

i o n e d  a s  t h e a p e rt u r e  
(2 ) 
a  i n s c e n a ri o  2.  E a c h  s c e n a ri o  h a s  a s s o -

i at e d  fi el d s:  

 1  =  E  
i n c 
1  +  E  

r a d  
1  , B  1  =  B  

i n c 
1  +  B  

r a d  
1  , ( 4 1)

 2  =  E  
i n c 
2  +  E  

r a d  
2  , B  2  =  B  

i n c 
2  +  B  

r a d  
2  . ( 4 2)

T a k e  r  ∈  V  ( +  ) i n b ot h  s c e n a ri o s  b ut  a s s u m e  t h at r  /  ∈  
(1 ) 
s  i n

c e n a ri o  1  a n d  r  /  ∈  
(2 ) 
s  i n s c e n a ri o  2.  T h e n,  E q.  ( 4) will  n ot  i n -

ol v e  t h e c u r r e nt  s o u r c e -t e r m  a n d  E q s.  ( 3) a n d  ( 4) e x hi bit  d u alit y.

h at  m e a n s,  e. g.,  t h at E q.  ( 4) i s o bt ai n e d  f r o m E q.  ( 3) u p o n  m a k-

n g t h e s u b stit uti o n s  E  →  ( ω / k  ) B  a n d  B  →  − ( k  / ω ) E  a n d  vi c e  v e r s a.

ot e  t h at t r a n sf o r m ati o n  of  t h e v ol u m e s  of  S e cti o n  3. 2  t o t h e s u r-

a c e s V  i nt →  
( 1  , 2  ) 
s  ∪  

( 1  , 2  ) 
a  a n d  V  e xt  →  V  ( − ) ∪  V  ( +  ) i s a s s u m e d  h e r e,

h e r e  t h e s u p e r s c ri pt  ( 1, 2) r e p r e s e nt s  eit h e r  s c e n a ri o  1  o r  2.  T hi s

u alit y  c a n  b e  e x pl oit e d  if t h e p ol a ri z ati o n  of  t h e i n ci d e nt b e a m

s r ot at e d  b y  9 0  ° f r o m s c e n a ri o  1  t o 2,  i. e., E  i n c 
2  =  − (  ω / k  )  B  i n c 

1  a n d

 i n c 
2  =  (  k / ω  )  E  i n c 

1  a s  s h o w n  i n Fi g.  5  . 

U si n g  t h e b o u n d a r y  c o n diti o n s  o n  t h e s c r e e n s,  [ 9] s h o w s  t h at

h e el e ct r o d y n a mi c  v e r si o n  of  B a bi n et’ s  p ri n ci pl e  i s r e ali z e d  b y  t h e

oll o wi n g s u b stit uti o n s:  

 
r a d  
2  →  

ω  
B  1  f o r ( 2  ) 

a  →  
( 1  ) 
a  , ( 4 3) 
k  
 
r a d  
2  →  −

k  

ω  
E  1  f o r ( 2  ) 

s  →  
( 1  ) 
s  . ( 4 4) 

F o r  e x a m pl e,  if o n e  k n o w s  t h e r a di at e d  fi el d  f o r s c e n a ri o  2,  t h e n

h e t ot al fi el d  f o r s c e n a ri o  1  i s gi v e n  b y  E q s.  ( 4 3) a n d  ( 4 4) . L a b o r a -

o r y r e s ult s  d e m o n st r ati n g  t hi s r el ati o n s hi p  a r e  gi v e n  i n [ 3 5] . O n e

h o ul d  n ot e,  h o w e v e r,  t h at t hi s s p e ci fi c  r el ati o n  o nl y  h ol d s  f o r

oi nt s  i n V  ( +  ) alt h o u g h  it i s p o s si bl e  t o fi n d  a n al o g s  i n V  ( − ) [ 9] . 

N o w,  l et t h e s u rf a c e  c u r r e nt  i n d u c e d o n  
(1 ) 
s  b e  K  1  a n d  t h at o n

h e c o m pli m e nt a r y  s c r e e n  
(2 ) 
s  b e  K  2  . T h e n,  t h e r a di at e d  fi el d s  i n

a c h  s c e n a ri o  a r e  gi v e n  b y  t h e i nt e g r al t e r m i n E q.  ( 2 6) . F o r  s c e -

a ri o  2,  t h at i s 

 
r a d  
2  (  r  )  =  iω  μ o  

  

( 2  ) 
s  

↔  

G  e  r  , r  
 · K  2  r  

 d  a  
 . ( 4 5) 

B a bi n et’ s  p ri n ci pl e  c o n n e ct s  t hi s r a di ati o n  t o s c e n a ri o  1  vi a

q.  ( 4 3) a s  

 1  (  r  )  =  i k μ o  

  

( 2  ) 
s  

↔  

G  e  r  , r  
 · K  2  r  

 d  a  
 . ( 4 6) 

U si n g  E q.  ( 4) f o r p oi nt s  n ot  o n  t h e s c r e e n  s u c h  t h at n o  s o u r c e

e r m i s p r e s e nt,  E q.  ( 4 6) c a n  b e  r e - e x p r e s s e d  t o yi el d  t h e t ot al

l e ct ri c  fi el d  f o r s c e n a ri o  1  i n t e r m s of  K  2  o n  t h e c o m pli m e nt a r y

c r e e n  a s  

 1  (  r  )  =  − μ o  c  

  

( 2  ) 
s  

↔  

G  m  r  , r  
 · K  2  r  

 d  a  
 , ( 4 7) 

h e r e  E q s.  ( 1 2) a n d  ( 1 3) h a v e  al s o  b e e n  u s e d.  Si m pli fi c ati o n  i s

c hi e v e d  vi a  E q.  ( 1 1) t o s h o w  t h at 

↔  

 m  (  r  , r  )  =  
1  

4  π
∇  ×

↔  

I 
e  i k r  

r  
. ( 4 8) 

it h  t h e r el ati o n s  

 ×
↔  

I f r  , r  
 =  ∇ f r  , r  

 ×
↔  

I a n d  ∇  
e  i k r 

r  
=  i k −

1  

r  

e  i k r 

r  
ˆ  r  , 

h e r e  f i s a n y  w ell - b e h a v e d  s c al a r  f u n cti o n, a n d  u si n g  t h e f a r- fi el d

i mit [ 4] , 

1  

r  
→  

1  

r  
a n d  e  

i k r  →  e  
i k (  r − ˆ  r  ·r   )  , 

E q.  ( 4 8) b e c o m e s  

↔  

 m  r  , r  
 

 
i k 

4  π
e  i k r 

r  
ˆ  r  ×

↔  

I e  
− i k ̂  r  ·r   . ( 4 9) 
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t  

a  
C o m bi ni n g  E q s.  ( 4 7) a n d  ( 4 9) yi el d s,  

E  1  (  r  )  =  −
iω  μ o  

4  π
e  i k r 

r  

  

( 2  ) 
s  

ˆ  r  ×
↔  

I · K  2  r  
 e  

− i k ̂  r  ·r   d  a  
 , 

r  ∈  V  
( +  ) i n f a r − fi el d  . ( 5 0)

L a stl y,  e m pl o y  t h e el e ct r o d y n a mi c  e q ui v al e nt  of  t h e Ki r c h h off

a p p r o xi m ati o n.  T hi s  m e a n s  t h at t h e s u rf a c e  c u r r e nt  o n  t h e c o m pli -

m e nt a r y  s c r e e n  
(2 ) 
s  i s a p p r o xi m at e d  b y  E q.  ( 3 2) wit h  t h e r e c o g -

niti o n  t h at t h e di r e cti o n  of  t h e c u r r e nt  i s n o w  al o n g  t h e n e g ati v e

y  - a xi s  vi a  Fi g.  5  , i. e., 

K  2  (  r  )  =  −
2  

μ o  

k  

ω  
E  o  ̂  y  , r  ∈  

( 2  ) 
s  . ( 5 1)

N oti n g  t h at (  ̂  r  ×
↔  
I )  · ˆ  y  =  ˆ  r  × ˆ  y  , E q.  ( 5 0) vi a  E q.  ( 5 1) b e c o m e s:  

E  1  (  r  )  =  
i k 

2  π
E  o  

e  i k r 

r  
ˆ  r  × ˆ  y  

  

( 2  ) 
s  

e  
− i k ̂  r  ·r   d  a  

 , r  ∈  V  
( +  ) . ( 5 2)

R et u r ni n g  t o E q.  ( 4 6) , u si n g  E q s.  ( 3 3) a n d  ( 5 1) , a n d  i m pl e m e nt -

i n g t h e f a r- fi el d li mit i n 
↔  
G  e  yi el d s  t h e e x p r e s si o n  f o r t h e m a g n eti c

fi el d  

B  1  (  r  )  =  −
i k  2  

2  π ω  
E  o  

e  i k r 

r  
ˆ  y  − ˆ  r  · ˆ  y  ˆ  r  

  

( 2  ) 
s  

e  
− i k ̂  r  ·r   d  a  

 , 

r  ∈  V  
( +  ) i n f a r − fi el d  , ( 5 3)

w h e r e  t h e i d e ntit y (  
↔  
I − ˆ  r  ˆ  r  )  · ˆ  y  =  ˆ  y  − (  ̂  r  · ˆ  y  )  ̂  r  i s u s e d.  B ef o r e  p r o -

c e e di n g,  n oti c e  t h at t h e i nt e g r al s i n E q s.  ( 5 2) a n d  ( 5 3) a r e  n e a rl y

F o u ri e r  t r a n sf o r m s  of  t h e c o m pli m e nt a r y  s c r e e n  
(2 ) 
s  . T h e y  c a n  b e

c a st  i nt o t h e f a mili a r f o r m b y  d e fi ni n g  a n  a p e rt u r e  f u n cti o n 

A  (  r  )  =  
1  , r  ∈  

( 2  ) 
s  , 

0  , r  /  ∈  
( 2  ) 
s  . 

( 5 4)

Wit h  t h e r e c o g niti o n  t h at 
(2 ) 
s  r e si d e s  i n t h e x  -  y  pl a n e,  t h e

i nt e g r a n d c a n  b e  m ulti pli e d  b y  1  =  e  i k ̂  z  ·r   , si n c e  ˆ  z  · r   =  0  o n  
(2 ) 
s  ,

a n d  i nt r o d u ci n g t h e s c att e ri n g  w a v e  v e ct o r  q  =  k  (  ̂  z  − ˆ  r  )  , o n e  fi n d s

t h at: 
  

( 2  ) 
s  

e  
− i k ̂  r  ·r   d  a  

 =  

  

( 2  ) 
s  

e  
i k (  ̂  z  − ˆ  r  )  ·r   d  a  

 =  

  ∞  

− ∞  
A  r  

 e  
i k q  ·r   d  a  

 . 

Wit h  t hi s, t h e t ot al fi el d s  c a n  b e  u s e d  t o c al c ul at e  t h e el e c -

t r o m a g n eti c  e n e r g y  fl o w  f r o m t h e ti m e - a v e r a g e d  P o y nti n g  v e c -

t o r a s   S   t =  (  1  /  2  μ o  )  R e  {  E  1  × B  ∗
1  }  , w h e r e  t h e a st e ri s k  d e n ot e s  c o m -

pl e x  c o nj u g ati o n.  T h e  r a di at e d  i nt e n sit y t h e n f oll o w s f r o m I =   S  t  t ,

w hi c h  i s m o st  r e a dil y  e x p r e s s e d  i n s p h e ri c al  c o o r di n at e s  ( r  , θ , ϖ ).

Fi n all y,  if I i s e v al u at e d  o n  a  l a r g e h e mi s p h e ri c al  s u rf a c e  of  r a di u s

r  =  d  (f o r z  >  0)  w h e r e  r  i s l a r g e e n o u g h  t h at t h e s m all  a n gl e  a p -

p r o xi m ati o n s  f o r si n  θ a n d  c o s  θ m a y  b e  u s e d,  t h e n o r m ali z e d  r a -

di at e d  i nt e n sit y b e c o m e s  

I (  θ , φ )  

I o  
=  

  ∞  

− ∞  
A  r  

 e  
i k q  ·r   d  a  

 

2  

. ( 5 5)

w h e r e  (  ̂  r  × ˆ  y  )  × [ (  ̂  r  · ˆ  y  )  ̂  r  − ˆ  y  ] =  [ 1  − (  ̂  r  · ˆ  y  )  
2  
]  ̂  r  i s u s e d  a n d  t h e s m all

a n gl e  a p p r o xi m ati o n s  a r e  e q ui v al e nt  t o a s s u mi n g  t h at t h e h e mi -

s p h e ri c al  s u rf a c e  a p p r o xi m at el y  c oi n ci d e s  wit h  t h e o b s e r v ati o n

s c r e e n  σ i n S e cti o n  2  . 

E q.  ( 5 5) i s t h e cl a s si c  r e s ult  t h at t h e diff r a cti o n  p att e r n  f o r (1 ) 
a  

i n t h e f a r- fi el d z o n e  i s t h e a b s ol ut e  s q u a r e  of  t h e F o u ri e r  t r a n s -

f o r m of  t h e ( o p e n) a p e rt u r e  , i. e., E q.  ( 1) . Y et,  n oti c e  t h e si g ni fi -

c a n c e  of  t hi s r e s ult.  E q.  ( 5 5) d e ri v e s  f r o m a  f o r m al s ol uti o n  t o

t h e M a x w ell  e q u ati o n s.  T h e  d u alit y  of  t h e M a x w ell  e q u ati o n s  al -

l o w s f o r m ul ati o n of  t h e fi el d s  r a di at e d  b y  t h e i n d u c e d c u r r e nt  o n  a

s c r e e n  i n t e r m s of  t h e c u r r e nt  i n d u c e d o n  it s c o m pli m e nt a r y  s c r e e n

vi a  B a bi n et’ s  p ri n ci pl e.  T h e  Ki r c h h off a n d  f a r- fi el d a p p r o xi m ati o n s
h e n l e a d t o t h e F o u ri e r  t r a n sf o r m  p r o p e rt y  of  t h e e n d  r e s ult  wit h -

ut  t h e n e e d  t o i nt r o d u c e fi ctiti o u s  H u y g e n s  p oi nt  s o u r c e s.  I n ot h e r

o r d s,  w h e n  e m pl o yi n g  H u y g e n s  p oi nt  s o u r c e s  i n t h e H u y g e n s - F r e s n el

ri n ci pl e,  o n e  i s t a citl y u si n g  b ot h  B a bi n et’ s  p ri n ci pl e  a n d  t h e Ki r c h -

off a p p r o xi m ati o n  . L a stl y,  n ot e  t h at t h e t r e at m e nt  a b o v e  i s n ot  t h e

nl y  w a y  t o f o r m ul at e a n  E M  a n al o g  of  t h e H u y g e n s - Fr e s n el  p ri n -

i pl e,  e. g.,  s e e  [ 4, 2 7, 2 8] . T h e  g e n e r al  c o n cl u si o n s,  h o w e v e r,  r e m ai n

h e s a m e.  

B ef o r e  p r o c e e di n g  a  s u btl e  p oi nt  i n t hi s t r e at m e nt  s h o ul d  b e

d d r e s s e d.  W h e n  t h e a p e rt u r e  i s c ut  i n t h e s h e et  , t h e i n d u c e d

u r r e nt  m u st,  o b vi o u sl y,  v a ni s h  i n t h e f r e e - s p a c e r e gi o n  of  t h e r e -

ulti n g  a p e rt u r e.  T hi s  m e a n s  t h at t h e c u r r e nt  o n  t h e s c r e e n  i s di s -

o nti n u o u s  u p o n  c r o s si n g  t h e a p e rt u r e  ri m,  w hi c h  i s d e fi n e d  b y  a

o nt o u r,  C  . Y et  E q s.  ( 4 5) a n d  ( 4 6) d e ri v e  f r o m G r e e n’ s  s e c o n d  v e c -

o r i d e ntit y, E q.  ( 1 5) , w hi c h  i s a  g e n e r ali z ati o n  of  t h e di v e r g e n c e

h e o r e m. T h u s,  E q s.  ( 4 5) a n d  ( 4 6) a p p e a r  t o b e  i n v ali d d u e  t o t h e

i s c o nti n uit y  of  K  a c r o s s  C  [ 3 6] . M o r e o v e r,  t hi s c o n c e r n  e xt e n d s  t o

h e fi el d s  a s  w ell  vi a  E q s.  ( 2 4) a n d  ( 2 5) . St r att o n  a n d  C h u  r e c o g -

i z e  t hi s i s s u e a n d  p r o p o s e  a  r e s ol uti o n  b y  a d di n g  li n e i nt e g r al s

f  t h e fi el d s  al o n g  C  t o v a ri a nt s  of  E q.  ( 2 2) [ 3 6] . P h y si c all y,  t h e

d e a i s t h at i n o r d e r  f o r t h e c u r r e nt  t o di s c o nti n u o u sl y  v a ni s h  at

h e a p e rt u r e  ri m,  t h e r e m u st  b e  a n  a c c u m ul ati o n  of  c h a r g e  d e n -

it y  t h e r e. F o r  e x a m pl e,  i n t h e c a s e  of  t h e slit  a p e rt u r e  i n S e cti o n

 , t hi s c h a r g e  d e n sit y  l o o k s li k e t h e slit  i s a  st ri p  of  el e ct ri c  di p ol e

o m e nt s  o s cill ati n g  i n a nti p h a s e  wit h  t h e i n ci d e nt el e ct ri c  fi el d.

v e nt u all y,  o n e  fi n d s  t h at t h e b e h a vi o r  of  t h e fi el d s  a c r o s s  C  i s

u c h  t h at t h e li n e -i nt e g r al c o r r e cti o n s  a r e  n ot  n e e d e d  if t h e e x a ct

c o r r e ct) v al u e s  of  t h e fi el d s  a r e  u s e d  [ 3 7] . T h at  i s, u si n g  E q.  ( 3 2) ,

hi c h  i s t a nt a m o u nt  t o t h e Ki r c h h off a p p r o xi m ati o n,  m e a n s  t h at

q s.  ( 4 5) a n d  ( 4 6) a r e  o nl y  a p p r o xi m at e  d e s c ri pti o n s  f o r t h e r a -

i at e d  fi el d s  a n d  t h e li n e -i nt e g r al c o r r e cti o n s  s h o ul d  a p pl y.  H o w -

v e r,  a s  will  b e  m e nti o n e d  i n S e cti o n  4  , t h e r e n o w  e xi st  m et h -

d s  t o fi n d  t h e ( n u m e ri c all y) e x a ct  fi el d s  i n t h e a p e rt u r e,  a n d  t h u s

q s.  ( 4 5) a n d  ( 4 6) a r e  v ali d  i n p r a cti c e.  

.  E w al d – O s e e n  t h e o r e m  

T h e  p r e c e di n g  s e cti o n  hi g hli g ht s  t w o i m p o rt a nt c o n c e pt s.  Fi r st,

iff r a cti o n  c a n  b e  vi e w e d  a s  s e c o n d a r y  r a di ati o n  f r o m s o u r c e s  of

u r r e nt  i n d u c e d o n  s c r e e n s.  S e c o n d,  t h e s p e ci al  c a s e  of  a  c o m pl et e

h e et  s h o w s  t h at it s s h a d o w  a ri s e s  f r o m t hi s s a m e  r a di ati o n,  w h e r e

t b ot h  p e rf e ctl y  c a n c el s  t h e i n ci d e nt w a v e  i n t h e s h a d e d  r e gi o n

n d  p r o d u c e s  t h e r e fl e ct e d  w a v e  i n t h e ill u mi n at e d r e gi o n.  T h u s,

h e s h a d o w  i s a  c o n s e q u e n c e  of  i nt e rf e r e n c e r at h e r  t h a n a  m e c h a ni c al -

i k e bl o c ki n g  of  t h e i n ci d e nt li g ht a s  m a y  b e  i m pli e d b y  t h e H u y g e n s -

r e s n el  p ri n ci pl e.  I n f a ct, t hi s c o n c e pt  i s g e n e r al  a n d  a p pli e s  t o

r a n s p a r e nt  o r  o p a q u e  3 D  o bj e ct s  i n a d diti o n  t o t h e 2 D  s c r e e n s

b o v e.  T h e  ai m  n o w  i s t o s h o w  h o w  a n d  e x a mi n e  s e v e r al  i m pli -

ati o n s.  

T o  b e gi n,  r e pl a c e  t h e di s k  i n S e cti o n  3. 1  b y  a  si n gl e  3 D  p a rti -

l e  of  a r bit r a r y  si z e,  s h a p e,  a n d  u nif o r m  r ef r a cti v e  i n d e x m  , w hi c h

a y  c o r r e s p o n d  t o eit h e r  a b s o r bi n g  o r  n o n - a b s o r bi n g  m at e ri al s.  F o r

i m pli cit y,  a s s u m e  t h at t h e p a rti cl e  i s n o n m a g n eti c  wit h  μ =  μ o  .

g ai n,  a  s o u r c e  J i n c i s p r e s e nt  f a r f r o m t h e p a rti cl e  t o p r o d u c e  a n

n ci d e nt w a v e.  T h e  e x a ct  s a m e  t r e at m e nt  i n S e cti o n  3. 1  m a y  b e  a p -

li e d  t o t hi s sit u ati o n,  c ul mi n ati n g  i n E q.  ( 2 2) . Fi r st  c o n si d e r  l o c a -

i o n s r  t h at a r e  i n si d e t h e p a rti cl e  v ol u m e  V  i nt , 
 

S  

 

iω  

↔  

G  e  r  , r  
 · ˆ  n  

 × B  r  
 −

↔  

G  m  r  , r  
 · ˆ  n  

 × E  r  
 

 

d  a  
 

=  − E  
i n c (  r  )  , r  ∈  V  i nt . ( 5 6)

I n vi e w  of  E q.  ( 5 6) , t h e i nt e g r al o v e r  S  c a n  b e  i nt e r p r et e d a s  r a -

i ati o n  e mitt e d  f r o m t h e p a rti cl e  s u rf a c e  i n a n al o g y  t o t h at f r o m

h e s h e et  i n E q.  ( 2 6) . Y et,  o n e  m u st  n ot  t a k e t hi s lit e r all y a s  t h e

ct u al  s o u r c e  of  r a di ati o n  i s l e s s o b vi o u s  t h a n K  a b o v e;  m o r e  will
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w  

a  
↔

G

k

 

E
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E  

v  

t  

p  
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d

 

n  

t  

E  

V
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v  

fi  

l  

t

 

E  

O  

p  

m  

e  

c  

t  

i  

t  

c  

v  

t

E  

 

 

c  

r  

t

↔

L

w

w  

d  

fi  

t

 

d  
e  s ai d  o n  t hi s p oi nt  b el o w.  E q.  ( 5 6) al s o  r e v e al s  t h at t hi s r a di a -

i o n i s a n  e x a ct  c o p y  of  t h e i n ci d e nt fi el d  b ut  1 8 0  ° o ut  of  p h a s e,

. e., s u c h  t h at t h e i n ci d e nt fi el d  i s e xti n g ui s h e d  e v e r y w h e r e  i n si d e

h e p a rti cl e.  T hi s  r e s ult  i s k n o w n  a s  t h e E w al d - O s e e n  ( E O) e xti n c -

i o n t h e o r e m [ 2 7] . M o r e  p r e ci s el y,  it i s a  p a rti cl e - s u rf a c e  f o r m ul a -

i o n of  t h e E O  t h e o r e m. N oti c e  t h at E q.  ( 5 6) d o e s  n ot  r el y  o n  a n

s s u m e d  v al u e  f o r m,  t h u s t h e c a n c ell ati o n  of  t h e i n ci d e nt w a v e  o c -

u r s  f o r a b s o r bi n g  a n d  n o n - a b s o r bi n g  p a rti cl e s  ali k e  . It f oll o w s t h at

h e t h e o r e m s h o ul d  al s o  a p pl y  t o a n y  w a v el e n gt h,  i n cl u di n g X- r a y s,

n d  e vi d e n c e  f o r t hi s i s gi v e n  i n [ 3 8] . 
O ut si d e  t h e p a rti cl e  t hi s s a m e  i nt e g r al yi el d s  t h e p a rti cl e’ s  s c at -

e r e d w a v e,  

 s c a  ( r  ) =  

 

S  

 

iω  
↔  
G  e  r  , r   · ˆ  n   × B  r   −

↔  
G  m  r  , r   · ˆ  n   × E  r   

 

d  a   , r  ∈  V  e xt  . 

( 5 7) 

B ot h  E q s.  ( 5 6) a n d  ( 5 7) a r e  e x a ct  r el ati o n s hi p s  wit h  m u c h  p h y s -

c al m e a ni n g.  R e c all  f r o m S e cti o n  3. 1  t h at t h e a p p e a r a n c e  of  t h e

u rf a c e  i nt e g r al h e r e  i s e s s e nti all y  a  c o n s e q u e n c e  of  a p pl yi n g  t h e

i v e r g e n c e  t h e o r e m t o t h e fi el d s  i n V  e xt  . T h u s,  i n t hi s c a s e  w h e r e  S

o u n d s  V  i nt , t h e s u rf a c e  i nt e g r al i s a  “ s h o rt - h a n d ” r e p r e s e nt ati o n  of

 v ol u m e  eff e ct  i n t h e s a m e  w a y  t h at G a u s s’ s  l a w i n el e ct r o st ati c s

q u at e s  a  s u rf a c e  e x p r e s si o n  i n v ol vi n g t h e n o r m al  c o m p o n e nt s  of

h e fi el d  t o a  v ol u m e  q u a ntit y,  t h e e n cl o s e d  c h a r g e  d e n sit y.  W hil e

q.  ( 5 6) s h o w s  t h at t h e i n ci d e nt fi el d  i s c a n c el e d  i n si d e t h e p a r-

i cl e, it i s i m p o rt a nt t o r e ali z e  t h at d o e s  n ot  m e a n  t h e t ot al fi el d

n t h e p a rti cl e  i s z e r o.  B e c a u s e  E q.  ( 5 6) r e s ult s  f r o m i nt e g r ati n g

h r o u g h o ut  V  e xt  , a n y  s o u r c e  of  r a di ati o n  i n V  i nt i s n ot  e x pli citl y  c a p -

u r e d i n t h e t r e at m e nt, a n d  o n e  will  s e e  b el o w  t h at t h e p a rti cl e’ s

m at e ri al) p ol a ri z ati o n  fill s  t hi s c o n c e pt u al  v oi d.  

P u r s ui n g  t h e a n al o g y  wit h  G a u s s’ s  l a w, t h e s o u r c e  r e s p o n si bl e

o r t h e r a di ati o n  e x p r e s s e d  i n E q s.  ( 5 6) a n d  ( 5 7) s h o ul d  a p p e a r  i n

h e v ol u m e  i nt e g r al r e p r e s e nt ati o n  of  t h e s e e q u ati o n s.  O n e  w a y  t o

e e  t hi s i s t o r e c a st  E q.  ( 5) t o b uil d -i n  a n  a d  h o c  c u r r e nt  d e n sit y

 i nt t h at i s n o n z e r o  o nl y  i n V  i nt a n d  will  b e  s e e n  l at e r t o r el at e  t o

h e p ol a ri z ati o n  of  t h e p a rti cl e’ s  m at e ri al  [ 3 9] . D e fi n e  

 
i nt (  r  )  =  − iω  o  m  

2  − 1  E  (  r  )  r  ∈  V  i nt , ( 5 8)

h e r e  E  i s t h e t ot al ( m a c r o s c o pi c)  el e ct ri c  fi el d  i n si d e t h e p a rti cl e.

h e n  t h e M a x w ell  e q u ati o n s  f o r t h e el e ct ri c  fi el d  i n eit h e r  r e gi o n

a n  b e  w ritt e n  a s  

 × ∇  × E  (  r  )  − k  
2  E  (  r  )  =  

iω  μ o  J 
i nt (  r  )  r  ∈  V  i nt 

iω  μ o  J 
i n c (  r  )  r  ∈  V  e xt  . 

( 5 9)

N ot e  t h at k  h e r e  i s t h e v a c u u m  w a v e  n u m b e r  a n d  w hil e  J i n c i s

n  e xt e r n al  s p e ci fi e d  c u r r e nt,  J i nt r el at e s  t o t h e i nt e r n al fi el d,  a n d

h u s, ulti m at el y  d e p e n d s  o n  J i n c . N o w  E q.  ( 5 9) h a s  t h e c o r r e ct  f o r m

o b e  s ol v e d  vi a  t h e m et h o d  of  d y a di c  G r e e n  f u n cti o n s a s  d e fi n e d

y  E q.  ( 9) . A p pl y  G r e e n s  s e c o n d  i d e ntit y, E q.  ( 1 5) – ( 5 9) f o r t h e v ol -

m e  V  i nt . If t h e v e ct o r  r   i s r e st ri ct e d  t o V  e xt  , t h e n t h e d elt a  f u n c -

i o n m a k e s  n o  c o nt ri b uti o n  a n d  aft e r  i m pl e m e nti n g t h e s y m m et r y

r o p e rti e s  f oll o wi n g E q.  ( 1 7) , t h e r e s ult  i s 

 

V  i nt 

↔  

G  e  r  , r  
 · J i nt (  r  )  d  v  

=  

 

S  

 

iω  

↔  

G  e  r  , r  
 · ˆ  n  × B  (  r  )  +  

↔  

G  m  r  , r  
 · ˆ  n  × E  (  r  )  

 

d  a , 

r  
 ∈  V  e xt  ( 6 0) 

h e r e  t h e pil ot  v e ct o r  a  h a s  b e e n  c a n c el e d  a s  i n E q.  ( 1 8) . N e xt,

it h  E q.  ( 5 8) , i nt e r c h a n gi n g t h e c o o r di n at e s,  r  →  r   a n d  r   →  r  , a n d

g ai n  u si n g  t h e s y m m et r y  r el ati o n s  of  t h e G r e e n  f u n cti o n s w h e r e
 
 e  (  r   , r  )  =  

↔  
G  e  (  r  , r   )  a n d  

↔  
G  m  (  r   , r  )  =  −

↔  
G  m  (  r  , r   )  , E q.  ( 6 0) yi el d s  
 
2  m  

2  − 1  

 

V  i nt 

↔  

G  e  r  , r  
 · E  r  

 d  v  
 

=  

 

S  

 

iω  

↔  

G  e  r  , r  
 · ˆ  n  

 × B  r  
 −

↔  

G  m  r  , r  
 · ˆ  n  

 × E  r  
 

 

d  a  
 

r  ∈  V  e xt  . ( 6 1) 

T h e  k e y  st e p  n o w  i s t o n oti c e  t h at t h e s u rf a c e  i nt e g r al i n

q.  ( 6 1) i s t h e s a m e  a s  i n E q.  ( 5 7) , s h o wi n g  t h at 

 
s c a  (  r  )  =  k  

2  m  
2  − 1  

 

V  i nt 

↔  

G  e  r  , r  
 · E  r  

 d  v  
 , r  ∈  V  e xt  . ( 6 2) 

E q.  ( 6 2) i s e q ui v al e nt  t o t h e s u rf a c e  i nt e g r al e x p r e s si o n  of

q.  ( 5 7) . A si d e  f r o m a  c o n st a nt  p r ef a ct o r,  t h e i nt e r n al fi el d  E  i s

i e w e d  a s  a  r a di ati n g  s o u r c e  i n a n al o g y  t o K  i n S e cti o n  3. 2  . I n f a ct,

hi s i nt e r p r et ati o n c a n  b e  m a d e  e x pli cit  b y  r el ati n g  t h e fi el d  t o t h e

a rti cl e’ s  p ol a ri z ati o n  P  a s  P  =  ε o  ( m  2  − 1)  E  . Di vi di n g  t h e v ol u m e  i n -

e g r al i nt o a  c oll e cti o n  of  diff e r e nti al  el e m e nt s  d  v   of  p ol a ri z ati o n,

h e s c att e r e d  fi el d  c a n  t h e n b e  vi e w e d  a s  c oll e cti v e  r a di ati o n  f r o m

l e ct ri c  di p ol e  m o m e nt s  p  e a c h  r el at e d  t o t h e i nt e r n al fi el d  wit hi n

 v   . 

If G r e e n’ s  s e c o n d  i d e ntit y i s n e xt  a p pli e d  t o V  e xt  , t h e s o u r c e  i s

o w  J i n c a n d  t h e r e s ult  i s e x a ctl y  t h e s a m e  a s  E q.  ( 2 2) . E x c h a n gi n g

h e r e s ulti n g  s u rf a c e  i nt e g r al b y  E q.  ( 6 2) , t h e c o m pl et e  s ol uti o n  t o

q.  ( 5 9) f o r r  ∈  V  e xt  i s o bt ai n e d  a s  all  s p a c e  i s n o w  i nt e g r at e d, i. e.,

 i nt a n d  V  e xt  , gi vi n g  

 (  r  )  =  E  
i n c (  r  )  +  

k  2  

o  

 

V  i nt 

↔  

G  e  r  , r  
 · P  r  

 d  v  
 , r  ∈  V  e xt  , ( 6 3) 

T hi s  i s o n e  f o r m of  t h e v ol u m e  i nt e g r al e q u ati o n  ( VI E) a n d  i s

ali d  f o r l o c ati o n s o ut si d e  of  t h e p a rti cl e.  It s h o w s  t h at t h e t ot al

el d  i s t h e s u p e r p o siti o n  of  t h e i n ci d e nt a n d  s c att e r e d  fi el d s,  t h e

att e r of  w hi c h  i s d u e  t o r a di ati o n  f r o m t h e p ol a ri z ati o n  of  t h e p a r-

i cl e m at e ri al.  

T h e  q u e sti o n  n o w  i s w h at  i s t h e v ol u m e -i nt e g r al  e q ui v al e nt  of

q.  ( 5 7) , w hi c h  w o ul d  b e  t h e v ol u m e  a n al o g  t o t h e E O  t h e o r e m.

n e  m a y  t hi n k t h at all  t h at i s r e q ui r e d  i s t o all o w  r   [t h e fi el d

oi nt  i n t h e d e ri v ati o n  l e a di n g t o E q.  ( 6 0) ] t o r e si d e  i n V  i nt . R e -

e m b e r  t h at r   a n d  r  a r e  n ot  e x c h a n g e d  u ntil  aft e r  E q.  ( 6 0) . H o w -

v e r,  b e c a u s e  t h e v ol u m e  i nt e g r al i n E q.  ( 6 0) r u n s  o v e r  V  i nt i n t h e

o o r di n at e  r  , it will  i n cl u d e t h e p oi nt  r   =  r  w h e r e  t h e G r e e n  f u n c -

i o n b e c o m e s  si n g ul a r,  r e c all  E q.  ( 1 1) . I n t h at c a s e,  G r e e n’ s  s e c o n d

d e ntit y, E q.  ( 1 5) , c a n n ot  b e  a p pli e d.  T hi s  i s r e s ol v e d  b y  e x cl u di n g

h e si n g ul a r  p oi nt  b y  r e m o vi n g  a  s m all  v ol u m e  V  δ , c all e d  t h e p ri n -

i pl e  v ol u m e,  at  r   =  r  a n d  t h e n t a ki n g t h e li mit t h at t hi s v ol u m e

a ni s h e s.  Aft e r  e x c h a n gi n g  r   a n d  r  , E q.  ( 6 3) f o r p oi nt s  ( r  ) i n si d e

h e p a rti cl e  b e c o m e s  [ 3 9 – 4 1] 

 (  r  )  =  E  
i n c (  r  )  +  

k  2  

o  
li m 
V  δ →  0  

 

V  i nt − V  δ

↔  

G  e  r  , r  
 · P  r  

 d  v  
 +  

↔  

L  (  r  )  · J i nt (  r  )  

iω  o  
,

r  ∈  V  i nt . ( 6 4)

T h at  i s, t h e fi el d  i n si d e t h e p a rti cl e  i s still  gi v e n  b y  t h e VI E  e x -

e pt  wit h  t h e p ri n ci pl e  v ol u m e  r e m o v e d  a n d  t h e a d diti o n  of  a  c o r-

e cti o n  t e r m t o a c c o u nt  f o r t hi s mi s si n g  c o nt ri b uti o n.  T h e  c o r r e c -

i o n t e r m i n v ol v e s t h e s o - c all e d  s elf -i nt e r a cti o n  d y a di c  [ 4 0] 

 

 (  r  )  =  
1  

4  π

 

S  δ

ˆ  n   ̂  r  

r  2  
d  a  

 , ( 6 5) 

h e r e  r  =  r  − r   [ r e c all E q.  ( 3 3) ] a n d  S  δ i s t h e s u rf a c e  b o u n di n g  V  δ
it h  o ut w a r d  n o r m al  ˆ  n   . N ot e  t h at E q.  ( 6 4) r e q ui r e s  y et  a n ot h e r

y a di c  t e r m if t h e li mit i n E q.  ( 6 4) i s n ot  t a k e n a n d  V  δ r e mi a n s

nit e;  t hi s h a p p e n s  w h e n  o n e  e m pl o y s  E q.  ( 6 4) t o s ol v e  E M  s c at -

e ri n g p r o bl e m s  i n p r a cti c e  [ 3 9 - 4 1] . 

If S  δ i s t a k e n t o b e  a  s p h e r e  of  r a di u s  R  δ , t h e s elf -i nt e r a cti o n

y a di c  i s 
↔  
L  =  

↔  
I /  3  [ 4 0] . M o r e o v e r,  t h e c u r r e nt  a p p e a ri n g  i n t h e c o r-
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d  

p  

t  

f  
r e cti o n  t e r m c a n  b e  e x p r e s s e d  a s  a  ti m e - d e ri v ati v e  of  t h e p ol a ri z a -

ti o n wit hi n  V  δ , J i nt =  − i ω P  . T h e n,  E q.  ( 6 4) b e c o m e s  

E  (  r  )  =  E  
i n c (  r  )  +  

k  2  

o  
li m 
R  δ →  0  

 

V  i nt − V  δ

↔  

G  e  r  , r  
 · P  r  

 d  v  
 −

1  

3  o  
P ( r  )  , 

r  ∈  V  i nt ( 6 6)

Wit h  t h e s e p a r a m et e r s  s p e ci fi e d,  t h e t e r m s i n E q.  ( 6 6) c a n  b e

i nt e r p r et e d. Si n c e  t h e li mit R  δ →  0  m e a n s  t h at t h e p ri n ci pl e  v ol u m e

i s m u c h  s m all e r  t h a n t h e r ef r a ct e d  w a v el e n gt h  λ / R e { m  },  t h e p o -

l a ri z ati o n wit hi n  t hi s v ol u m e  m a y  b e  a s s u m e d  u nif o r m.  T h u s,  t h e

l a st t e r m d e s c ri b e s  t h e fi el d  at  t h e c e nt e r  of  a  u nif o r ml y  p ol a ri z e d

s p h e r e,  r e p r e s e nti n g  t h e s elf - fi el d  i n t h e mi c r o s c o pi c  d e s c ri pti o n

of  di el e ct ri c s  [ 4 0] . T h e  s u m  of  t h e fi r st  t w o t e r m s o n  t h e ri g ht -

h a n d  si d e  of  E q.  ( 6 6) i s t h e n t h e L o r e nt z,  o r  l o c al fi el d,  i. e., t h e

fi el d  at  r  d u e  t o t h e i n ci d e nt fi el d  a n d  t h at r a di at e d  f r o m all  t h e

v ol u m e  el e m e nt s  t h r o u g h o ut  t h e p a rti cl e  ot h e r  t h a n t h e p ri n ci pl e

v ol u m e.  

A  utilit y  of  E q.  ( 6 6) i s t h at o n e  c a n  u s e  it t o s ol v e  f o r t h e

u n k n o w n  i nt e r n al fi el d  E  . I n s h o rt,  t h e p a rti cl e  v ol u m e  i s di s -

c r eti z e d  i nt o v ol u m e  el e m e nt s  m u c h  s m all e r  t h a n λ / R e { m  },  w h e r e

t h e p ol a ri z ati o n  wit hi n  e a c h  el e m e nt  c a n  r e a s o n a bl y  b e  r e pl a c e d

wit h  a  si n gl e,  p oi nt  el e ct ri c  di p ol e  m o m e nt  p  [ 4 1] . B y  a s s u mi n g

a  li n e a r r el ati o n s hi p  b et w e e n  p  a n d  t h e s o - c all e d  e x citi n g  fi el d

E  e x c  =  E  +  P  / 3 ε o  t h r o u g h a  p ol a ri z a bilit y  f a ct o r α , E q.  ( 6 6) i s r e c a st

a s  a  s y st e m  of  li n e a r al g e b r ai c  e q u ati o n s  f o r t h e u n k n o w n  di p ol e

m o m e nt s.  S ol vi n g  t h e s y st e m  yi el d s  t h e di p ol e  m o m e nt s,  a n d  t h u s,

t h e fi el d  E  . T hi s  i s k n o w n  a s  t h e di s c r et e  di p ol e  a p p r o xi m ati o n

( D D A) [ 3 9, 4 1] . 

I n t h e c o nt e xt  of  t h e D D A,  E q.  ( 6 6) c a n  b e  u n d e r st o o d  i n a n

i nt uiti v e w a y  b y  i m a gi ni n g t h e i nt e r a cti o n b et w e e n  t h e di p ol e s  i n

a  c o nt ri v e d  t e m p o r al c o nt e xt.  Fi r st  c o n si d e r  t h e di p ol e s,  w hi c h  a r e

di st ri b ut e d  t h r o u g h o ut  V  i nt o n  a  l atti c e, i n t h e c a s e  w h e n  t h e i n ci -

d e nt  pl a n e  w a v e  i s n ot  p r e s e nt,  i. e., J i n c =  0.  I n t hi s c a s e,  t h e m o -

m e nt s  h a v e  z e r o  m a g nit u d e  b e c a u s e  t h e r e i s n o  el e ct ri c  fi el d  t o

p ol a ri z e  t h e m. N o w  s u p p o s e  t h at J i n c i s “t u r n e d  o n. ” E a c h  di p ol e

b e c o m e s  p ol a ri z e d  a n d  o s cill at e s  wit h  t h e i n ci d e nt w a v e.  A  gi v e n

di p ol e  t h e n r a di at e s  a  s e c o n d a r y  w a v e  t h at p r o p a g at e s  t h r o u g h t h e

v a c u u m  filli n g  t h e l atti c e a n d  i n fl u e n c e s t h e p ol a ri z ati o n  of  t h e

ot h e r  di p ol e s.  T h e  s e c o n d a r y  r a di ati o n  f r o m t h e s e ot h e r  di p ol e s

t h e n a ct s  b a c k  o n  t h e fi r st  di p ol e,  a n d  s o  o n,  a d  i n fi nit u m . T hi s  i n -

t e r a cti o n, e n a bl e d  b y  t h e s e c o n d a r y  w a v e s,  c o u pl e s  t h e m o m e nt s.

E v e nt u all y,  a  “ st e a d y  st at e ” i s  r e a c h e d,  w h e r e  t h e di p ol e s’  m a g ni -

t u d e, di r e cti o n,  a n d  p h a s e  st o p s  e v ol vi n g  u n d e r  t hi s c o u pli n g  a c -

ti o n a n d  t h e di p ol e s  c oll e cti v el y  att ai n  a  st at e  of  c o m m o n  ti m e -

h a r m o ni c  o s cill ati o n.  T h e  e n d  r e s ult  i s t h at e a c h  di p ol e  b e h a v e s

( a si d e f r o m a  c o n st a nt  p r ef a ct o r)  a s  if it i s d ri v e n  b y  t h e i nt e r-

n al  el e ct ri c  fi el d  E  t h at w o ul d  ot h e r wi s e  b e  f o u n d b y  s ol vi n g  t h e

M a x w ell  e q u ati o n s  a s  a  b o u n d a r y  v al u e  p r o bl e m  ( B V P), e. g.,  Mi e

t h e o r y f o r a  s p h e ri c al  p a rti cl e.  F r o m  t hi s p oi nt  of  vi e w,  it i s t h e

c o u pli n g  t h at c a u s e s  t h e p h e n o m e n o n  o n e  a s s o ci at e s  wit h  r ef r a c -

ti o n. 

N oti c e  t h at t hi s pi ct u r e  i s a  diff e r e nt  d e s c ri pti o n  of  E M  s c at -

t e ri n g t h a n w h at  o n e  m a y  s e e  f r o m t h e B V P  p oi nt  of  vi e w.  T h e

c o n c e pt  of  a  r ef r a cti v e  i n d e x i s i n a  s e n s e  a b s e nt  h e r e,  r e pl a c e d  b y

t h e r e q ui r e m e nt  t h at t h e c o u pli n g  b et w e e n  t h e di p ol e s  r e s ult s  i n

a  s elf - c o n si st e nt  s ol uti o n  f o r t h e di p ol e - di p ol e  i nt e r a cti o n s. I n t h e

B V P  a p p r o a c h,  o n e  si m pl y  s c al e s  t h e w a v e n u m b e r  i n t h e p a rti cl e

b y  t h e r ef r a cti v e  i n d e x, i. e., k  i nt =  m k  , a n d  t h e fi el d s  i n V  i nt a n d  V  e xt  

a r e  e x p a n d e d  o v e r  a  c o m pl et e  s et  of  v e ct o r  s p h e ri c al  w a v e  f u n c -

ti o n s [ 8] . At  t h at p oi nt,  it i s o nl y  a  m att e r  of  i m p o si n g t h e b o u n d -

a r y  c o n diti o n s  at  S  t o r el at e  t h e e x p a n si o n  c o e ffi ci e nt s  a n d  h a v e  a

c o m pl et e  s ol uti o n.  It i s r e m a r k a bl e  t h e n, t h at t h e c o m pli c at e d  c o u -

pli n g  b et w e e n  t h e di p ol e s  r e s ult s  i n t h e s a m e  fi el d s  a n d  a s s o ci at e d

p h e n o m e n a  of  r e fl e cti o n,  r ef r a cti o n,  a n d  s c att e ri n g,  a s  a r e  al s o  p r o -

vi d e d  i n t h e B V P  a p p r o a c h  [ 4 2, 4 3] . 

s  
T h e  st r e n gt h  of  t h e c o u pli n g  b et w e e n  t h e di p ol e s  d e p e n d s,  i n

a rt  o n  t h e p ol a ri z a bilit y  α , a n d  o n  t h e a n g ul a r  st r u ct u r e  of  t h e

i p ol e  fi el d s.  T h e  p ol a ri z a bilit y  d o e s  d e p e n d  o n  m  , a n d  o v e r all,  t h e

i p ol e s  a r e  m o r e  st r o n gl y  c o u pl e d  a s  t h e r e al  p a rt  of  m  i n c r e a s e s.

f t h e r e al  p a rt  of  m  i s cl o s e  t o o n e,  α i s s m all  a n d  t h e c o u pli n g  b e -

w e e n t h e di p ol e s  i s w e a k.  T hi s  m e a n s  t h at t h e i n ci d e nt w a v e  will

o mi n at e  t h e p ol a ri z ati o n  of  t h e p a rti cl e,  r e s ulti n g  i n a  sit u ati o n

h e r e  E  d e vi at e s  littl e f r o m E  i n c . T hi s  w e a k- r ef r a cti o n  li mit i s oft e n

all e d  t h e R a yl ei g h - D e b y e - G a n s  ( R D G) o r  fi r st  B o r n - a p p r o xi m ati o n

2] . If t h e r e al  p a rt  of  m  i s i n c r e a s e d, t h e c o u pli n g  al s o  i n c r e a s e s

n d  t h e di p ol e  m o m e nt s  b e c o m e  f u rt h e r d e vi at e d  f r o m t h e R D G

x p e ct ati o n.  

El e m e nt a r y  t e xt s oft e n  d e s c ri b e  r ef r a cti o n  a s  t h e “ sl o wi n g

o w n ” of  li g ht a s  it e nt e r s  a  m e di u m  f r o m v a c u u m  [ 1, 3 2] . T h e

p e e d  of  li g ht i s r e d u c e d  t o c  / R e { m  }  a n d  t h e w a v el e n gt h  i s r e d u c e d

o λ / R e { m  }.  H o w e v e r,  i n t h e c o nt e xt  of  E q.  ( 6 6) w h e r e  t h e eff e ct s

f  r ef r a cti o n  a r e  c a u s e d  b y  di p ol e - di p ol e  c o u pli n g,  o n e  c o ul d  p r o -

o s e  t h at li g ht a ct u all y  t r a v el s i n si d e t h e p a rti cl e  m e di u m  at  t h e

a m e  s p e e d  a s  it d o e s  t h r o u g h v a c u u m,  c  [ 4 4] . T hi s  i s s u p p o rt e d

y  t h e p r e s e n c e  of  t h e v a c u u m  w a v e  n u m b e r  k  i n t h e G r e e n  f u n c -

i o n i n E q.  ( 6 6) , w hi c h  a ct s  a s  t h e f r e e s p a c e  p r o p a g at o r  f o r t h e

el d.  I n d e e d, t hi s i s e x p e ct e d  if o n e  vi e w s  t h e m e di u m  a s  D e m o c ri -

u s d o e s;  “ …t h e r e  a r e  o nl y  at o m s  a n d  t h e v oi d, ” ( a n d  n o  m e di u m)

4 5] . 

T h e  a p p a r e nt  r e d u cti o n  of  t h e w a v el e n gt h  of  li g ht u p o n  e nt e r-

n g a  m e di u m  f r o m v a c u u m  c a n  b e  o b s e r v e d,  e. g.,  f r o m t hi n - fil m

nt e rf e r e n c e [ 1] . S o,  if t h e w a v e s  e x c h a n g e d  b et w e e n  t h e p a rti -

l e’ s  di p ol e s  t r a v el at  c  , h o w  m a y  o n e  t o a c c o u nt  f o r t h e o b s e r v e d

e d u c e d  i nt e r n al w a v el e n gt h ?  T h e  k e y  i s t o r e ali z e  t h at it i s t h e

i p ol e  m o m e nt s,  o r  e q ui v al e ntl y  t h e p ol a ri z ati o n  P  , t h at c o n stit ut e

h e r a di ati n g  s o u r c e  of  t h e s c att e r e d  w a v e,  w hi c h  i s t h e w a v e  t h at

s o b s e r v e d.  T h e  di st ri b uti o n  of  P  h a s  a  w a v el e n gt h  l e s s t h a n λ d u e

o t h e s hift  i n p h a s e,  r el ati v e  t o t h e i n ci d e nt w a v e,  of  t h e di p ol e

s cill ati o n s  b r o u g ht  a b o ut  b y  c o u pli n g,  w hi c h  it s elf d e p e n d s  o n  m

1] . Y et,  t h e c o u pli n g  i nt e r a cti o n s t h at e st a bli s h  P  a r e  r e ali z e d  b y

h e e x c h a n g e  of  di p ol e  w a v e s  of  w a v el e n gt h  λ a n d  s p e e d  c  [ 4 6] .

ot e,  h o w e v e r,  t h at t h e r e i s s o m e  d e b at e  o n  t hi s i nt e r p r et ati o n, s e e

4 7] . 

Al s o,  c o n si d e r  t h e s p e ci fi c  r e gi o n  of  s p a c e  V  i nt w h e n  t h e p a rti cl e

s a b s e nt  a n d  w h e n  it i s p r e s e nt.  W h e n  it i s a b s e nt,  o nl y  E  i n c o c -

u pi e s  V  i nt . W h e n  it i s p r e s e nt,  E  o c c u pi e s  V  i nt . T h u s,  E  i n c i s s o m e -

o w  r e pl a c e d  b y  t h e i nt e r n al fi el d  E  , t h e l att e r of  w hi c h  i s e q ui v a -

e nt t o p ol a ri z ati o n  P  =  ε o  ( m  2  − 1)  E  . B e c a u s e  E M  w a v e s  r e q ui r e  n o

e di u m  t o s u p p o rt  t h ei r p r o p a g ati o n,  t h e r e i s n o  m e c h a ni s m  f o r

e c h a ni c al -li k e  bl o c ki n g  of  a  w a v e  a n d  t h e o nl y  w a y  t hi s r e pl a c e -

e nt  c a n  o c c u r  i s t h r o u g h i nt e rf e r e n c e [ 4 4, 4 8 – 5 0] . T h at  i s, t h e s e c -

n d a r y  r a di ati o n  e mitt e d  b y  P  a s  d e s c ri b e d  b y  E q.  ( 6 6) m u st  c a n c el

 i n c t h r o u g h o ut  V  i nt vi a  d e st r u cti v e  i nt e rf e r e n c e. W hil e  t hi s i s n ot

i r e ctl y  r e v e al e d  i n E q.  ( 6 6) , it i s s e e n  i n E q.  ( 5 6) – t h e  E O  t h e -

r e m  – w h e r e  t h e s a m e  E  ( a n d B  ) l e a di n g t o P  a ct  a s  t h e s o u r c e

f  t hi s r a di ati o n.  N oti c e  t h o u g h, t h at it i s n ot  j u st t h e fi el d s  at  t h e

a rti cl e  s u rf a c e  i n E q.  ( 5 6) t h at a r e  r e s p o n si bl e  f o r t h e e xti n cti o n

f  E  i n c si n c e  t h o s e s u rf a c e  fi el d s  a r e  e st a bli s h e d  f r o m s e c o n d a r y

a di ati o n  e mitt e d  t h r o u g h o ut V  i nt [ 4 4] . T h e  E O  e xti n cti o n  of  t h e i n -

i d e nt  fi el d  s h o ul d  b e  p h y si c all y  r e g a r d e d  a s  o ri gi n ati n g  f r o m t h e

o m pl et e  v ol u m e  of  t h e p a rti cl e,  alt h o u g h  t h e p r a cti c all y  u s ef ul

o r m of  t h e E O  t h e o r e m i s u s u all y  t h e s u rf a c e  i nt e g r al, E q.  ( 5 6) . 

.  T h e  r ol e  of  E w al d – O s e e n  i n s c a t t e ri n g  a n d  diff r a c ti o n  

S e cti o n  4  hi nt s  at  a  c o n n e cti o n  b et w e e n  s e v e r al  a p p a r e ntl y  i n -

e p e n d e nt  eff e ct s.  T h e  E O -t h e o r e m’ s  c a n c ell ati o n  of  E  i n c wit hi n  t h e

a rti cl e,  t h e a p p e a r a n c e  of  E  i n it s pl a c e  di s pl a yi n g  t h e c h a r a c -

e ri sti c s of  r ef r a cti o n,  a n d  E  s c a  o ut si d e  of  t h e p a rti cl e  all  o ri gi n at e

r o m s e c o n d a r y  r a di ati o n  f r o m a n  i n d u c e d c u r r e nt  s o u r c e  J i nt . C o n -

e q u e ntl y,  w h et h e r  it i s li g ht ( s e e mi n gl y)  “ diff r a cti n g ” t h r o u g h  a n
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Fig. 6. Demonstration of EO extinction and its connection to scattering for a spherical particle illuminated by a linearly polarized wave as shown in (a). The size parameter 

of the particle is kR = 151.5 and the refractive index is m = 1.33 + 0 i . Plot (b) shows the total electric-field magnitude | E inc + E sca | in the x - z plane through the origin outside 

the particle and the internal field | E | inside the particle as calculated from Mie theory. In (c) however, is shown the superposition of the incident wave and the EO extinction 

wave of Eq. (56) , i.e., | E inc + Eq. (56) |. The internal field is not shown here although Eq. (56) is evaluated from it. The dark appearance of the interior region demonstrates 

that the extinction wave cancels the incident wave in the particle. Outside of the particle, Eq. (56) becomes Eq. (57) , and the total-field magnitude is again shown except 

calculated from Eq. (57) i.e., | E inc + Eq. (57)|. One can see agreement with this external field and that from Mie theory in (b). 
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perture in an opaque screen or “scattering” from a particle, the

bserved distribution of light is due to, and completely explained

y, radiation from one J int or the other in either case. And, accom-

anying this radiation is the inherent process of extinguishing the

ncident wave for all points within the particle. 

One can see refraction, diffraction, scattering, and EO extinction

ll in Fig. 6 . Here, Mie theory is used to find the internal fields,

 and B , in a spherical particle with m = 1.33 + 0 i and size param-

ter kR = 151.5 where R is the particle radius. The particle is illu-

inated by a linearly polarized plane wave as shown in Fig. 6 (a).

ig. 6 (b) shows the magnitude of the total electric field | E inc + E sca |

utside the particle in the near-field zone as calculated from Mie

heory. Inside the particle, the physical field present is the inter-

al field E and | E | is shown. From the internal field, it is possi-

le to demonstrate that radiation from the associated polarization

 extinguishes the incident field inside the particle. This is done

n Fig. 6 (c) by plotting the superposition of E inc and the integral

n Eq. (56) using the Mie-calculated internal fields E and B in the

ntegral. The entire interior of the particle appears dark, showing

hat the incident field is extinguished by the integral in Eq. (56) .

emember that this (surface) integral physically represents radi-

tion from the induced polarization throughout the entire particle

olume, i.e., the surface dependence in Eq. (56) merely results from

se of the divergence theorem. Also realize that the dark particle-

nterior does not mean that there is no field present in reality; the

nternal field is present and (with B ) leads to this cancellation of

 
inc via Eq. (56) . Note that this EO extinction is also fundamentally

onnected to the extinction cross section of the particle but that is

eyond the scope of this discussion, see [51] . 

Outside of the particle in Fig. 6 (c), the total electric-field mag-

itude | E inc + E sca | is shown, except now E sca is calculated by

q. (57) , which is what Eq. (56) becomes for locations outside of

he particle. There is exact agreement between the external field

agnitude here and the Mie result in Fig. 6 (b). Looking more

losely at Fig. 6 (c), one can see that the particle’s dark interior

leaks out” of the particle parallel to the z -axis on either side of

he high magnitude focused feature. What this is communicating is

hat the scattered field in this external region has much the same

haracter of the extinction wave inside the particle and is what

ay be called the near-field shadow for this transparent particle. 

Comparing Eqs. (56) and (57) shows that exactly the same inte-

ral appears in each, demonstrating that it is radiation from the

ame source, the internal field (or more appropriately its polar-
zation), that establishes the scattered field and extinguishes the

ncident field inside the particle. Of course, this does not mean

here is no field inside the particle, just that the incident field has

een canceled. Indeed, the refractive index in this example corre-

ponds to a strongly refractive transparent particle for visible light

nd one can clearly see the expected characteristics of refraction

n Fig. 6 (b). 

It is now possible to illustrate the fundamental equivalence of

iffraction and scattering. Notice from Fig. 6 (c) that the end effect

f the EO theorem is to extinguish a portion of the incident wave-

ront across the area of the geometric cross section C geo = πR 2 of

he particle as seen along ˆ n . With respect to this extinction area,

ne has exactly the same situation that would occur for an opaque

D screen with the same size and shape as C geo . In this anal-

gy, the screen would be a disk of radius R . As demonstrated by

qs. (26) and (57) , exactly the same source is responsible for extin-

uishing the incident wave and generating the scattered wave for

he screen [Eq. (26)] or the particle [Eq. (57)] . From the recognition

n Sections 3.1 and 3.2 that the finite size of the source producing

he extinction wave means that the incident wave’s cancellation is

ot complete over all space, the spread of light across the observa-

ion screen σ for small θ will be the same for a spherical particle

r its corresponding screen. This is because the induced source for

ach of these objects extends over the same cross-sectional area

 
geo . Moreover, via Babinet’s principle, this spread will also be the

ame as a circular aperture in an infinite screen. There will, how-

ver, be differences between the angular distribution of scattered

ight for larger θ for a sphere and the disk-shaped screen (or its

omplimentary aperture) due to the fact that the sphere has finite

xtent along the z -axis while the screen does not [15] . This can

e understood from the z -dependence present in Eq. (57) that is

bsent in Eq. (26) . 

. How diffraction works in electrodynamics 

In the title of this section the term “diffraction” follows the

ommon usage to mean a spreading wave scattered from an ob-

ect to create a diffraction pattern. Now recall that earlier, diffrac-

ion was defined as simply the spreading of a propagating wave.

owever, the common usage has value in its brevity for the com-

lex scattering mechanism, i.e., re-radiation, that forms a diffrac-

ion pattern. Yet, the goal here is to clearly describe the relation-

hip between diffraction, both as defined and as used, with scat-
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Fig. 7. A wave (green) incident upon a semi-infinite slab of glass. To aid discussion, the incident wave is imagined to have a finite width much larger than the wavelength 

such that it can be thought of qualitatively as a plane wave. This wave causes polarization in the glass (blue) which radiates an EO extinction wave (dashed purple) 180 °
out of phase with the incident wave both inside the slab and after where both propagate out the exit side. The interior polarization wave (blue) also radiates the exterior 

reflected and transmitted waves, which are scattered waves (red). (For interpretation of the references to color in this figure legend, the reader is referred to the web version 

of this article.) 
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tering. The exposition above demonstrates that diffraction patterns

are generated by scattering and they are the intensity distribution

of the diffracting (spreading) EO extinction wave. With this sound

mathematical foundation, a heuristic explanation of “diffraction” is

now possible. 

This explanation begins by examining the EO extinction the-

orem in a familiar example. Fig. 7 shows a semi-infinite slab of

glass illuminated by a wave with finite width much greater than

the wavelength such that it can be approximated by a plane wave.

From the EO point-of-view this wave passes unperturbed into the

glass, through it, and back out the exit side. However, when it is in

the slab, it induces the EO extinction wave (through polarization of

the glass) that propagates along with the incident wave but is 180 °
out of phase. Thus, the well-known EO extinction occurs within the

slab via destructive interference between these two waves. Note,

however, that these waves continue to propagate together out of

the slab on the exit side as drawn such that the destructive in-

terference continues as well. One might say that on the exit side

of the slab, the EO wave destructively interferes with the incident

wave to create a shadow. Furthermore, because these two waves

have the same width, they diffract, i.e., spread, the exact same way

and the complete destructive interference continues into the far

field. 

The polarization of the glass induced by the incident wave

propagates as to constitute the interior refracted wave as drawn.

This polarization radiates a reflected wave at the entrance side of

the slab and an exterior transmitted wave on the exit side. One

might say that these two waves outside the slab are the waves that

are scattered by it. 

Now consider the same plane wave incident on a glass sphere

with diameter 2 R much less than the width of the wave 2 w o as

drawn in Fig. 8 . From Section 4 , there are several components to

the total wave present either inside or outside the particle, which

are tagged according to the source producing them. Specifically,

outside the particle, there is the incident wave shown in green and
he scattered wave shown in red. Inside the particle, there is again

he incident wave (green), and two additional waves: the EO ex-

inction wave (dashed purple), and the internal, i.e., polarization,

ave (blue). Notice that all of these have complements in Fig. 7 for

he glass slab. 

From the EO point of view the incident wave passes into the

phere and continues forward out of the sphere unperturbed. Yet,

hen inside the sphere it induces the EO extinction wave that

ropagates along with it, but 180 ° out of phase. Thus, EO extinc-

ion occurs within the sphere via destructive interference between

hese two waves. As with the glass slab, these waves continue to

ropagate together out of the sphere along the forward direction

s drawn in the figure, and the destructive interference continues

s well. Thus, immediately behind the sphere, this interference cre-

tes a shadow equal in extent to the circular geometric cross sec-

ion of the sphere. Now the situation differs from that of the slab

ecause the sphere diameter is smaller than the width of the in-

ident beam. Given this, the geometric shadow is surrounded by

 bright halo of the incident beam. Remarkably, as the two waves

ontinue to propagate into the far field, the narrower EO wave will

iffract (spread) more than the incident wave to the point where

ave overlap, and hence destructive interference, will be minimal;

ecall that this is not the situation for the slab. The end result is

he diffraction pattern of a circular obstacle of diameter 2 R on the

istant screen σ with a bright central spot, i.e., “Drude’s spot” [5] .

he diffraction pattern is the intensity of the EO extinction wave in

he far field; the Drude spot is the lesser diffracted (lesser spread)

emainder of the incident wave. 

To use more common terminology, the wider incident beam

iffracts less than the narrower EO extinction wave so the com-

lete destructive interference between the two (occurring inside

he particle and immediately after it) cannot continue as one pro-

eeds along the propagation axis. The narrower incident beam

ill form a diffraction pattern consistent with the (perhaps Gaus-

ian) beam profile. Because the diffraction is “narrow” for this
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Fig. 8. Diffraction revisited. Shown is a diagram of a beam of light with width 2 w o incident upon a spherical particle of radius R . The diagram is split with the left portion 

showing the particle interior and near-field zone with component waves , and the right portion shows the far-field zone intensities . The component waves inside and outside 

of the particle are indicated by the color coding as follows: incident wave green, internal (polarization) wave blue, EO extinction wave dashed purple, and scattered wave 

(outside) red. Note that the shadow region shown may, or may not, constitute a complete field-free region. If the particle is large (compared to λ) and strongly absorbing, 

it will, whereas if the particle is smaller and/or partly absorbing, it would not. The intent here is to emphasize the extinction, via destructive interference, of the incident 

wave by the EO extinction wave inside and immediately behind the particle and to contrast that to the lack of extinction – due to the significantly different amounts of 

diffraction – between these same two waves in the far field. The far-field intensities on σ show the classic diffraction pattern from the particle, while the remainder of the 

incident beam is seen as the brighter central peak, i.e., the Drude spot. (For interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.) 
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ide beam, the intensity will remain relatively large; this is, again,

rude’s spot. The narrower EO extinction wave, which is also the

cattered wave when outside the particle, will spread more than

he incident wave. Given the circular profile of the particle from

hich it is radiated, the diffraction pattern will resemble that of a

ircular aperture. The key point with this description of diffraction

y a particle is that light is never blocked. Furthermore, light does

ot “diffraction around the particle” ; it is in fact radiated light

rom the particle itself. Finally, Drude’s spot results from what re-

ains of the incident beam after the EO extinction wave removes

 portion of it across C geo . 

It is now useful to consider Babinet’s principle from this per-

pective. Fig. 9 shows a screen with a circular aperture. This screen

s the complement to a circular disk, hence, via Babinet’s principle,

t should have approximately the same diffraction pattern in the

ar field. In Fig. 9 we see the incident wave passing unperturbed

hrough the screen. At the screen, the EO extinction wave is cre-

ted. Immediately behind the screen, the destructive interference

etween the incident and EO waves creates an annular shadow

ith outer diameter equal to the diameter of the incident wave

nd inner diameter equal to the aperture diameter (see dashed

urple in Fig. 9 ). Immediately behind the aperture, there is no

O wave, and hence, no destructive interference for the incident

ave. As the two waves in the annulus continue to propagate into

he far field, they diffract (spread) by the same amount, and thus,

ontinue to completely, destructively interfere. On the other hand,

he narrower incident wave part that passed through the aperture

ill diffract (spread) to create a circular aperture diffraction pat-

ern in the far field as drawn. This is the same diffraction pat-

ern as for the complimentary circular-disk and approximately the

ame as for a sphere, and hence, is consistent with Babinet’s prin-

H  
iple [52,53] . Note, however, that wave that is responsible for the

iffraction pattern of the aperture is the remainder of the incident

ave, whereas the particle’s diffraction pattern was due to the EO

xtinction wave. Also, note that for the screen there is no Drude

pot. 

. Summary 

Diffraction is the spreading of waves. However, common usage

ften applies the word “diffraction” to a scattering phenomenon in

hich the scattered waves spread, especially around the forward

irection, to create a diffraction pattern. In this review, Maxwell’s

quations are applied to understand how electromagnetic radiation

nteracts with an object to create the resulting diffraction patterns.

n particular, it is shown that the diffracted wave from an object,

uch as a particle, smaller that the width of the incident beam

s the Ewald–Oseen extinction wave radiated from the object into

he far field zone. This same Ewald–Oseen extinction wave extin-

uishes the incident wave inside the object and immediately be-

ind the object to create a shadow. 

We have also shown that if the object is wider than the inci-

ent beam and contains an aperture, the Ewald–Oseen extinction

ave radiated from the screen destructively interferes with the in-

ident wave immediately behind the screen to create a shadow.

eanwhile, the portion of the incident wave that passes through

he aperture propagates into the far field to create the diffrac-

ion pattern. If the aperture and the obstacle have the same cross-

ectional shape, i.e., are complimentary, the diffraction patterns are

he same, thus giving another explanation of Babinet’s principle.

owever, this review adds that while the diffraction patterns of
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Fig. 9. Diffraction of a beam of light with width 2 w o incident upon a wider screen with a circular aperture of radius R smaller than the beam width. The sketch is split 

with the left portion showing the screen and near-field zone with the component waves , and the right portion showing the far-field zone intensities . The component waves 

are indicated by the color coding as: incident wave is green and the EO extinction wave is dashed purple. The intent here is to emphasize the extinction, via destructive 

interference, of the incident wave by the EO extinction wave in an annulus immediately behind the screen and to show the remaining circular incident wave. The screen 

does not block the incident wave, instead the screen radiates the EO wave that eliminates the incident wave except for that portion passing through the aperture. (For 

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

complimentary objects are the same, the waves that lead to the

observed diffraction patterns are different. 

These explanations rely on the radiation of the Ewald–Oseen

extinction wave induced by the incident wave’s interaction with

the entire object. Thus, this is essentially a scattering process and

the incident wave is not “blocked” by the object. Rather, the object

radiates a wave, the Ewald–Oseen extinction wave, which can can-

cel the incident wave and create near field shadows and far-field

diffraction patterns. Furthermore, with this explanation, the inci-

dent beam does not diffract around the edge of objects. Instead,

the differing degrees of spreading, i.e., diffraction, of the incident

and Ewald–Oseen waves lead to finite wave-intensities within the

far-field projections of the near field shadows. In summary, diffrac-

tion patterns are created by the manipulation of the incident wave

through the Ewald–Oseen extinction wave. 
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