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ABSTRACT OF THE DISSERTATION

A Seareh for  Advanced F ie lds

in  E lec t romagne t i c  Rad ia t i on

by

Jef f rey  Dav id  Schmidt

Doc to r  o f  Ph i l osophy  i n  Phys i cs

Un ive rs i t y  o f  Ca l  j - f  o rn ia ,  I r v i ne ,  1980

Professor  R i ley  Newman,  Chai r

lTe have conducted an exper iment to search f  or an

advanced component  o f  e lec t romagnet ie  rad ia t ion,  &s

suggested by the t ime symmetry  o f  Maxwel l ' s  equat  j -ons.

A  d ipo le  t ransmi t t i ng  an tenna  was  d r i ven  pe r iod i ca l l y

wi th  10.2  GHz mi -crowave pu lses o f  L2 ns durat ion and

4  wa t t  i ns tan taneous  power .  A  rece i v ing  d ipo le  an tenna

at  a  d is tance r  =  10m away was ins t rumented to  search

for  power  above no ise rece ived in  a  t ime gate  a t  a  t ime

r  /e  p r l o r  t o  t ransmj -ss ion  o f  each  pu1se .  Da ta  were

j -n tegrated over  LOT pu lses.  The exper iment  was per f  ormed

a t  L i ck  Observa to ry ,  a top  i \ { t .  Hami l t on ,  CA,  to  enab le

p lacemen t  o f  t he  an tennas  so  tha t  a  l i ne  connec t i -ng  them,

when  ex tended  to  i n f i n i t y  i n  bo th  d i rec t i ons ,  encoun te rs



no  loca l  comp le te  abso rbe r .  De f i n ing  R  to  be  the  ra t i o  o f

s i -gnal  power in the "  advanced" t  ime gat e to power rece ived.

in  a  cor responding "  re tarded"  gate  a t  t  j -me r  /  e  a f  te r  pu lse

t ransmiss ion ,  t ve  ob ta in  a  l im i t :  R

conf  idence )  "  Runs were a lso made us i -ng d ie lec t r i -c  mierowave

lenses p laeed to  focus an advanced.  rad ia t ion component ,

y ie ld ing a  more theory-depend,ent  resu l t  :  R

These  resu l t s  have  cosmo log i ca l  imp l i ca t i ons  w i th in  the

wheeler -Feynman absorber  theory  o f  rac l ia t  ion  .
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Chapter  1

INTRODUCTI ON

1"1 A HIERARCHY OF PARADIGMS

Maxwel l  '  s  equat  j "ons prov ide an accurate  descr ip t  ion

of  e lec t romagnet ic  phenomena.  They have surv ived a

cen tu ry  o f  expe r i rnen ta l  t es t s  and  usage .

A l though  these  equa t ions  a re  fundamen ta l l y  t ime-

symmetr ic  i t  i s  a  s t r ik ing fac t  o f  common exper ience

tha t  on l y  t he  re t  a rded  so lu t  i ons  a re  obse rved .  :

e lec t romagne t i c  s igna ls  move  fo rward  i n  t ime .  The

advanced  so lu t i ons  to  Maxwe l l ' s  equa t i ons  wh ich  move

backwards  i n  t i -me  a re  as  ma themat i ca l l y  va l i d  as  the

re ta rded  so lu t i ons  bu t  as  o f  ye t  have  no t  been  obse rved .

Thus we have a  t ime-symmetr ic  theory  which has

qu i te  f ru i t f u l l y  gu ided  the  work  o f  resea rche rs  ove r

a  l ong  pe r iod  o f  t ime .  Such  a  we l l  es tab l i shed  f ramework

w i th in  wh ich  resea rche rs  ca r ry  on  the i r  wo rk  i s  known  as

a  "pa rad igm"  i n  t he  l anguage  o f  T .  S .  Kuhn  (1970 ) .
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I n  sp i t e  o f  t he  s t r eng th  o f  t he  e l ec t romagne t i c

parad igm researchers  are  d i rec ted away f rom ser ious

examinat ion o f  the t ime-symmetr ic  advanced,  so lu t ion by  an

even  more  en t renched  pa rad igm,  causa l i t y .  A l t hough  i t

i s  not  e lear  that  advanced e f fec ts  would  neces 'sar i ly

v i o l a te  t he  de te rm i -n i s t i c  connec t i on  o f  e f f ec t s  t o

causes ,  t hey  de f i n i t e l y  wou ld  v io la te  the  no rma l  t ime-

o rde r ing  o f  cause  and  e f fec t .

Neve r the less ,  t he  t ime-symmet r i c  so lu t j - ons  have  been

discussed by some authors (  surveyed by Pegg ,  L975) .  Much

of  the d iscuss ion has sprung f rom a t ime-symmetr lc  theory

which incorporates  the absorber  in to  the meehanism of

rad ia t i on  and  y ie lds ,  f o r  ce r ta in  abso rbe r  con f i gu ra t i ons ,

no rma l l y  obse rved  re ta rded  rad ia t i on .  Th i s  theo ry  p red i c t s

advanced  e f  f  ec t s  fo r  ce r ta in  o the r  abso rbe r  con f  i gu ra t i -ons .

I t  was our  purpose to  exper imenta l ly  search for

t hese  advanced  e f f ec t s  and ,  i o  t he  case  o f  t he i r  absence ,

to  p lace an upper  l imi t  on the i r  ampl i tude "

L .2 TIIE RETARDED AND ADVANCED SOLUTIONS OF MAXIIELL ' S

EQUATIONS

Maxwe l l ' s  equa t i ons  i n  a  med ium o f  un i t  d i e l ec t r i c

cons tan t  and  magne t i c  pe rmeab i l i t y  a re
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-+
1aA
EE

.>

A r r
re t  "
a d v .

f f +

(*, t)  =* 
J / tut l , ' t ' '  6(t ,r$ t)d3x,dt,
J  J  p t
t r

rr
I Jp(i'.t')d(t '  t  +  t )  d3x,dt ,  ,or . t  .  (  * '

a d v .

1
+ \  Iv )  E t r R r

r3
l r r i '1where  R '
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Here  " re ta rded"  i nd i ca tes  so lu t i ons  a t  t ime  t  based  on

in tegrat  j -on over  cur rents  and charges as they were

con f i gu red  a t  t j -mes  g i ven  by  ( t '  +  +  t )  =  0  o r- c

t r  =  ( t  * l  ,  t ha t  i s ,  a t  ea r l i e r  t imes .  Con fo rm ing  w i t hc

the usua l  not  ion o f  causa l i ty  ,  cont r ibut  j -ons to  the

po ten t i a l  a t  ( i , t )  a re  r e ta rded .  by  t he i r  p ropaga t i on  t ime
p l

+ and thus a t  t ime t  re f lec t  the charge and cur rentc

d i s t r i bu t l on  a t  t he  ea r l i - e r  t ime  t  R f
c

+ - +
X X '

sour c e
-+

X '

The "advanced"  so lu t ions a t  t ime t  are  based on charge

and  eu r ren t  d i s t r i bu t j -ons  a t  t imes  t ,  =  t  +  +  ,  t ha t  i s ,c

a t  l a te r  t imes .  A l though  these  f i e lds  go  aga ins t  usua l

no t i ons  o f  causa l i t y  t hey  a re  ma the rna t i ca l l y  equa l l y

a ' ccep tab le  so lu t i ons  o f  Maxwe l l ' s  equa t i ons .

Any 1 j -near  comb i -nat  ion o f  re t  arded and advanced

so lu t i ons  ,  a (  r e ta rded  f i e l d )  +  b (  advanced  f i e l d )  ,  whe re

a  +  b  =  1 ,  i s  a l so  a  so lu t i on  t o  Maxwe l l ' s  equa t i ons .

T ime symmetr ic  so lu t ions in  which an acce lera ted charge

g ives  r i se  to  a  f  i e l d  g i - ven  by  ha l f  t he  re ta rded  p lus  ha l f

the advanced so lu t  ions to  l laxwe 11 '  s  equat  ions ,  a l1ow

deve lopmen t  o f  a  theo ry  o f  d i rec t  i n te rpa r t i c l e  ac t i on  i n
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wh ich  cha rged  pa r t i c l e  equa t i ons  o f  mo t ion  a re  f ree  o f

se l f -ac t i on  te rms .  f n  the  Fokke r  f o rmu la t i on  (Fokke r ,

1929a, L929b, L932),  an example of  a" t ime syrnrnetr j -c t i reory,

t he  f  i e l d  o f  a  pa r t i c l e  i t se l f  d . oes  no t  en te r  i n t o  i t s

own equat j -on o f  mot ion.  "Runaway"  so lu t ions or  the need.

fo r  a  compensa t ing  "p re -acce le ra t i on "  a re  the reby  avo ided

( I l oy l e  and  Na r l i ka r ,  Lgz4 ,  p .  16 ,  Eq .  27  vs .  p .  31 ,  Eq .  10 ) .

I lowever ,  a  ser ious prob lem remains- the requ is i te  ad.vanced

hal f  o f  the t ime syrnnret r ic  so lu t ions are  not  cons is tent

w i th  no rma l  expe r ience .

1. 3 A ROLE FOR TIIE ABSORBER

This prob lem was resolved by lVheeler and Feynman in

the i r  L945  paper  "  rn te rac t i on  w l th  the  Abso rbe r  as

the  Mechan ism o f  Rad ia t i on "  (Whee le r  and  Feynman ,  1g4S)

(  re f  er red to  here in  as  the absorber  theory  o f  rad j -a t  ion  )  .

They argue that  even i f  we assume that  a l l  acce lera ted.

charges emi t  ha l f  re tarded.  and ha l f  ad.vanced rad. ia t  j -on,

cha rges  i n  t he  abso rbe r  respond  to  th i s  rad ia t i on  i n  such

a  way  tha t  t he re  a re  va r ious  se l f - cons i s ten t  so lu t i ons

fo r  t he  ne t  r ad ia t i . on  p resen t .  Mos t  s i gn i f  i can t l y ,

j - n  t he  case  o f  comp le te  abso rp t i on ,  one  such  se l f  - cons i s ten t

so lu t i on  i s  t he  no r rna l l y  encoun te red  pu re l y  re ta rd .ed .  one .

The mechanism by which the absorber  cont r j -butes to  the

ne t  rad ia t i on  w i l l  be  cove red .  i n  t he  nex t  chap te r .
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Othe r  so lu t i ons  a re  equa l l y  va l i d  f rom the  po in t  o f

v iew of  lTheeler -Feynman e l  ec t rodynamies ,  inc lud ing

so lu t i -ons go ing aga ins t  the t ime-order ing o f  events

imp l i c i t  i n  usua l  no t i ons  o f  causa l i t y :  a  pu re l y  advanced ,

so lu t ion,  fo r  example.  Wheeler  and Feynman suggest  that

for  thermodynamic  reasons nature  does not  choose the

ava i l ab le  se l f - cons i s ten t  advanced  so lu t i ons .  The  a rgumen t

is  that  advanced act iv i ty  a t  the absorber  invo lves

spon taneous  emiss ion  by  the  abso rbe r ,  a "  p rocess  go ing

against the thermodynamic arrow of t  ime and of inf  in i tes j -mal

p robab i l i t y .

L. 4 TIIE COSMOLOGI CAL CONNECTION

so  fa r ,  ou r  d i scuss ion  o f  t he  abso rbe r  t heo ry  o f

rad ia t i -on is  based on a  s ta t lc  Euc l i .dean un i .verse which

even tua l l y  abso rbs  a l l  r ad ia t i on .  Acco rd ing  to  Whee le r -

Feynman i t  i s  on ly  when the absorpt ion is  comple te  that

advanced radiat  lon is everywhere cancel led by the ad,vanced.

response o f  the absorber  and the net  rad ia t  ion  is  re tard .ed, .

I lowever  ,  i f  the d is t r ibut  ion o f  mat ter  in  the

un ive rse  o r  t he  evo lu t i ona ry  s t ruc tu re  o f  t he  un i ve rse  i s

such  tha t  abso rp t i on  o f  e lec t romagne t i c  rad ia t i on  f rom a .

pa r t j - cu la r  sou ree  i s  no t  comp le te ,  t hen  the  ne t  rad ia t l on

f rom that  souree would  ine lude a  presumably  deteetab le

advanced  componen t  .  conve rse l y ,  t he  resu l t  o f  an



7

exper imen ta l  sea rch  ( sueh  as  ou rs )  f o r  advanced  rad ia t i on

f rom an  app rop r ia te l y  p laced  sou rce  has  cosmo log i ca l

impl  ica t  ions vr i th in  the f  ramework  o f  the Wheeler -Feynman

theo ry .

I l oga r t h  ( 1962 )  po in ted  ou t  t he  s i gn i f i canee  o f  t he

fac t  t ha t  re ta rded  and  advanced  rad ia t i on  encoun te r  t he

abso rbe r  a t  d i - f f e ren t  t imes .  I f  t he  abso rbe r  i s  a t

cosmo log i ca l  d i s tances ,  advanced  and  re ta rded  componen ts

may  encoun te r  i t  i n  vas t l y  d i f f e ren t  s tages  o f  deve lopmen t :

t he  advaneed  componen t  i n  i t s  d i s tan t  pas t  con f , i gu ra t i on ,

the  re ta rded  componen t  i n  i t s  d i s tan t  f u tu re .

In  the V lhee ler -Feynman theory  an e lec t romagnet  ic

sou rce  g i ves  r i se  t o  r e ta rded  and  advanced  f i e l ds .  I n

the  case  o f  comp le te  abss rbe r ,  a  pu re l y  re ta rded  so lu t l on

i s  se l f - cons i s ten t  because  i t s  own  i n te rac t i on  w i t h  t he

abso rbe r  g i ves  r i se  to  advanced  and  re ta rded  f i e lds  whose

advanced par t  cance ls  the advanced f ie ld  o f  the source

(p r i o r  t o  t he  i ns tan t  o f  r ad ia t i on )  and  b r i ngs  up  t o  f u l l

s t reng th  the  re ta rded  f  i - e ld  o f  t he  sou rce  (  a f  t e r  t he

ins tan t  o f  r ad ia t i on ) .  A  pa ra l1e l  l i ne  o f  r eason ing

shows  tha t  a "  pu re l y  advanced  so lu t i on  i s  a l so  se l f -

cons i s ten t  i n  t he  case  o f  comp le te  abso rp t i - on .

Hogar th  no ted  tha t  i n  t hese  desc r ip t  i - ons  the  re ta rded

or  advanced  so lu t i ons  come abou t  t h rough  the i r  respec t l ve

i n te rac t i ons  w i t h  t he  abso rbe r .  Thus  se l f - cons i s ten t

f u I1  r e ta rded  so lu t i ons  requ i re  a  un i ve rse  wh i ch  ac t s



as a  complete  fu ture  absorber  o f  rad ia t ion and fu l l

advanced solut  ions require a un j -verse providing compl et  e

past  absorpt ion.  (  Th is  is  pr i -or  to  any thermodynamic

cons ide ra t i ons .  )

Var lous cosmolog iea l  models  can be examined for

the i r  fu ture  and past  absorpt ion proper t ies  and catagor ized

(based on the assumed va l id i ty  o f  the absorber  theory  o f

rad i -a t ion)  as  a l lowlng or  not  a l lowing pure ly  re tard .ed.  or

pu re l y  advanced  e lec t rodynamics .

The Fr iedmann cosmolog ica l  model  is  based on

app l i ca t i on  o f  E ins te i n ' s  f i e l d  equa t i ons ,

*uu - *SuuR = 8nGTpv,  to  an assumed homogeneous and iso t rop ic

(bu t  no t  s t a t i c )  ua i . ve r se .

There  a re  two  bas i ca l l y  d i f f e ren t  s i t ua t i ons  i n  t h i s

model  depending on whether  the un iverse has an average

dens i t y  o f  ma t te r  l ess  than  o r  g rea te r  t han  tha t  su f f i c i en t

to  s top  i t s  expans ion .  They  a re  respec t i ve l y  known  as

the k  =  -1  and k  =  +1 Fr iedrnann models ,  where k  is  a

parameter  in  the Fr iedmann model  met r ic .  These cor respond

to  un j -verses which are  spat  ia1 ly  open and c losed and,  have

negat  ive  and pos i t  i ve  spat  ia1 curvature  ,  respect  ive ly  .

The re  i s  a  th i rd  ease ,  k  =  0 ,  wh ich  co r respond .s  to  a

ba re l y  open  un i ve rse .
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Acco rd ing  t o  l l o y l e  and  Na r l i ka r  ( 1974 ,  pages  41 -48 ) ,

in  an open (or  bare ly  open)  un iverse the Fr iedmann model

p rov ides  comp le te  abso rp t i on  on l y  i n  t he  pas t  and  the re fo re

a l lows a .  fu11y advanced e lec t rodynamics but  not  a"  fu11y

retarded one.  Fur thermore,  the c losed un iverse Fr iedmann

model  features complete  absorpt ion in  both  the past  and

fu ture  and thus a l lows both  a  fu11y advanced and a .  fu11y

re ta rded  e lec t rodynamics ,  ru l i ng  ou t  ne l the r .

A  s ta t i c  un i f o rm  un i ve rse  o f  i n f i n i t e  ex ten t ,  f i 1 I ed

homogeneous ly  w i th  s ta rs ,  comp le te l y  abso rbs  rad ia t i on

in  the past  and fu ture  and thus a lso ru les  out  ne j - ther

purely ad.vanced nor purely retarded. electrod.ynamics

(Hoy1e  and  Nar l i ka r  ,  1974 ,  page  47 )  .

s teady  s ta te  cosmo logy  i s  based  on  a  mode l  o f  t he

un ive rse  wh ich  fea tu res  con t i nua l  c rea t i on  o f  ma t te r

un i formly  throughout  space a t  a  ra te  which main ta ins

eons tan t  ave rage  dens i t y  i n  sp i te  o f  cosmo log i  caL  expans ion .

I Ioy le  and Nar l ikar  ( t974,  pages 45-47)  and l {ogar th

(L962 ,  page 37O )  ca leu la te  complete  f  u ture  e leet romagnet  i .c

abso rp t i on  and  i ncomp le te  pas t  abso rp t i on  i n  t he  s tead .y

s ta te  mode l  .  The re fo re ,  t hey  conc lude ,  iR  the  abso rbe r

theo ry  o f  rad ia t i on  fu l I y  re ta rded  bu t  no t  f u11y  advanced .

so lu t i ons  a re  se l f - cons i s ten t .
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Dav ies  (1974 ,  pages  145 ,  L49 )  no tes  tha t  t he re  i s

comp le te  fu tu re  abso rp t i on ,  and  thus  se l f - cons i s ten t

re ta rded  so lu t j - ons ,  iD  ma t te r - conse rv ing  mode ls  i n  wh ich

the  rad . j -us  expands  as  t l / 3  o r  s lower .  ( s t r i c t l y  speak ing ,

i t  i s  the parameter  R(  t  )  in  the Rober tson-TJa lker  met r ic

(Dav ies ,  \ 974 ,  page  82 ) ,

e  t  - 2 '  -  o
d .sz  =  d . t z  n - ( t )  

a_  6  (a r2  +  
" zdez1  

,
(  1  +  *k r ' ) '

wh i ch  mus t  sa t i s f y  t h i s  cond i t i on .  Th i s  me t r i c  i s  based

on  a  un i ve rse  wh ieh  i s ,  on  a  l a rge  sca le ,  homogeneous

and  i so t rop i c  and  i n  un i fo rm mot ion .  )



Chap te r  2

DISCUSSION OF THE ABSORBER THEORY OF RADIATION

2.T INTRODUCTION

The \ fhee ler -Feynman absorber  theory  o f  rad. ia t ion

invokes advanced and re tarded.  potent ia ls  in  a  t ime-symmetr ic

way such that  w i th  appropr  ia te  boundary  cond. i t  ions there is

a  so lu t  ion  which reproduces observed.  pure ly  re tard ,ed.

e lec t rodynamics.  The theory  cane about  d .ur ing a  quest  to

deve lop  an  e lec t rodynamics  f ree  f rom in te rac t i on  o f  t he

e lec t ron  w i t h  i t se l f  and  f r om the  assoc ia ted  i n f i n i t e

energ ies  (Feynman ,  1966) .  A l though  th i s  was  accomp l i shed .

by QED the absorber  theory  o f  rad, ia t  ion  has remained.  an

a t t rac t  i ve  theo ry  o f  c lass i ca l  e lec t rod .ynamj . cs  because  o f

i t s  f undamen ta l  t ime-symmet ry  and  because  o f  i t s  po ten t i a l

f o r  re la t i ng  the  e lec t rod .ynamie  a r row  o f  t ime  to  the

the rmodynamlc  and /o r  cosmo log iea l  a r rows  o f  t ime .  Seve ra l

au tho rs  have  deve loped  the  theo ry  and  i t s  re la t i on  to  the

pas t  and  f u tu re  h i s t o r y  o f  t he  un i ve rse .  I n  t h i s  chap te r

we descr ibe the l [hee ler -Feynman absorber  theory  o f  rad. ia t  ion

and  i t s  ro le  i n  ou r  expe r imen t .

t-1
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2.2 ASSIruPTIONS OF ABSORBER THEORY

The theory  is  a  t ime-symnet r ic  e lec t rodynamics based

on the f  o l lowing f  our  postu la tes  ( lYheeler  and Feynman,

L945 ,  p&ge  160  )  :

1  .  An acce l  era t  ed po in t  charge in  o therwj -  se

charge - f ree  space  does  no t  rad ia te  e lec t romagne t l c

ene rgy .

2 .  The  f i e lds  wh ich  ac t  on  a  g i - ven  pa r t i c l e  a r i se

on l y  f r om o the r  pa r t i c l es .

3 .  These  f i e lds  a re  rep resen ted  by  one -ha l f  t he

re ta rded  p lus  one -ha l f  t he  advanced  L i6na rd -

IY iecher t  so lu t ions o f  Maxwel l  '  s  equat  ions .

4 .  Su f f i c i en t l y  many  pa r t i c l es  a re  p resen t  t o

abso rb  comp le te l y  t he  rad ia t i on  g i ven  o f f  by

the  sou rce .

Tt tere  are  many conf igura t j -ons o f  f ie lds  in  t lme which

a re  se l f - cons i s ten t  w i t h  t hese  f ou r  pos tu l a tes .  One  o f

t hese  so lu t i ons ,  desc r i bed  i n  t he  nex t  sec t i on ,  Tep roduces

a l l  o f  t he  resu l t s  o f  t he  pu re l y  r e ta rded  t heo ry .

2 .3 COIUPLETE ABSORPTION , A SELF-CONS I STENT PUR,E

RETARDED SOLUTION

To  be t t e r  i l l u s t r a te  t he  na tu re  o f  se l f - cons i s ten t

so lu t  ions in  the t rvhee l  er -Feynman absorber  theory  o f

rad ia t i on  we  cons ide r  t he  rad ia t j - on  due  to  a  s ing le  cha rge
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t o ta l l y  su r rounded  by  comp le te  abso rbe r .  iVe  w i l l  desc r ibe

(w i th  re fe rence  to  F i -gu re  1 )  t he  mechan ism by  wh ich  a  fu11y

re ta rded  so lu t i on  i s  se l f - cons i s ten t  i n  t he  case  o f

comp le te  abso rp t i on .

There  i s  no  p re fe r red  po in t  i n  t ime  a t  wh ich  to

beg in  the  ana lys i s .  Le t  us  s ta r t  by  assuming  tha t  a l t hough

ind i v idua l  cha rges  (q  i n  ou r  examp le )  each  g i ve  r i se  to

ha l f  r e ta rded  (  *Rq )  and  ha l f  advanced  (  1A 'q )  f i e l ds  when

they  a re  d i s t u rbed  (acce le ra ted ) ,  t he  ne t  r esu l t  o f

d i s tu rb ing  ou r  s ing le  cha rge  i - s  a  f  u l1  re ta rc led  f  i e l d .  (  R )

which propagates f rorn  the charge to  the sur rounding absorber .

Th i s  ne t  r esu l t  (R )  ac t s  t o  d i s t u rb  eha rges  (b i )  i n  t he

abso rbe r ,  cha rges  wh ich  g i ve  r i se  to  ha l f  r e ta rded .  and

ha l f  advanced  f i e lds .  These  f i e lds  a re  o f  p rope r  amp l i t ude

and  phase  such  tha t  i ns ide  the  abso rbe r  t he  ne t  resu l t  i s

a  wave  wh lch  i s  a t tenua ted  w i th  dep th :  t h i s  i s  t he

abso rp t i -on  rnechan ism even  i n  a  conven t iona l  ana lvs i s  i n

r ,vh ich on ly  re tarded f  ie  lds  are  invo lved.  .  r  n  the

wheeler -Feynman scheme,  s ince the ha l f  ad.vanced par r

moves  ou t  ( f rom b i )  backward  i n  t ime  i t  has  a  much  ea r l i e r

ex i s tence  away  f rom the  abso rbe r .  The  pa th .  o f  t h i s  ha l f

advanced  pa r t  o f  t he  response  o f  t he  abso rbe r  t o  the  fu1 l

r e ta rded  f i e l d  (R )  i s  mos t  unde rs tandab l y  f o l l owed .  w i t h

t ime  mov lng  fo rward .  F rom th i s  pe rspec t i ve  the  ha l f

advanced  response  o f  t he  abso rbe r  sweeps  ac ross  space ,
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Flgure 1"  Complete  absorpt  ion ;  the f  u l l  re tard .ed.
se l f - cons i s ten t  so lu t  1on  .
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COMPLETE ABSORBER,
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ABSORBED )

b*  rep resen t  cha rges  o f  t he  abso rbe r .
t_

R and  A  rep resen t  re ta rded  and  advanced  f i e lds
respec t l ve l y .  Subsc r i p t s  i nd i ca te  respons ib l e
cha rges .

P r imes  mark  f i e lds  i n  ex i s tence  be fo re  the
acce le ra t  i on  o f  cha rge  q ;  unp r imed ,  & f te r  .

Ar rows show propagat  ion d i rec t  ions wi th  t  i -me rnov ing
fo rward :  a r rows  po in t i ng  toward  q  rep resen t
spher i ca l  waves  co l l aps ing  on to  q ;  a r rows  po in t i ng
away  f rom q  rep resen t  sphe r i ca l  waves  d i ve rg ing
f rom q .

Not  es  :
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f rom beyond  the  o r i g ina l  cha rge  (q ) ,  t oward .  t he  abso rbe r .

S ince  th i s  ha l f  advancec l  f i e l d  passes  the  o r i g ina l  cha rge

(q )  a t  t he  momen t  o f  acce le ra t i on ,  i t  i s  mov ing  toward  the

charge  be fo re  acce re ra t i on  (  l abe led  *A 'n  .  )  and  away
1

af terwards (  labeled +An. )  .
l-

Thus  be fo re  acce le ra t i on  the  ha l f  advanced  response

o f  t he  abso rbe r  (  +A 'b  .  )  moves  toward  the  cha rge  a long
1

wi th  t he  ha l f  advanced  f i e l d  (  *A '  o  )  f r om the  cha rge  i t se l f  .

I r lhee ler  and Feynman show that  in t " " terence between the two

is  des t rue t i ve  so  tha t  t he re  a re  no  rad . i a t i on  f i e lds  i n

advance  o f  t he  d i s tu rbanee  o f  t he  cha rge  (q ) .

A f  t e r  acce le ra t  i on  the  ha l f  ad ,vanced .  response  o f  t he

abso rbe r  (+ \ .  )  i s  mov ing  away  f rom the  cha rge  (q ) ,
1

con t i nu ing  on  i t s  way  to  the  abso rbe r  (b i ) ,  bu t  now moves

a long  w i th  the  ha l f  re ta rded ,  f i e l d  ( *Rq)  t rom the  eha rge

i t se l f .  Whee le r  and  Feynman  show tha t  i n te r fe renee

be tween  these  two  f i e lds  i s  cons t ruc t i ve ,  comb in ing  to

fo rm  the  f u l 1  r e ta rded  f i e l d  (R )  o r i g i na l l y  assumed .

Thus the or ig ina l  assumpt ion o f  a  fu l r  s t rength

re tarded wave to  which the absorber  is  to  respond.  is

i us t i - f i ed  i n  t he  sense  t ha t  a  se l f - cons i s ten t  p i c t u re  o f

f  i e l ds  and  mov i -ng  cha rges  emerges .  Th i s  se l f  - cons i s ten t

f u I l  r e ta rded  so lu t i on  i n  t he  abso rbe r  t heo ry  o f  r ad ia t i on

i s  seen  to  cons  i s t  equa l  l y  o f  re ta rded  rad . i a t  i on  (  +Ro  )

f r om the  acce le ra ted  cha rge  (q )  and  advanced  rad . j - a t i on ( *An . )
1f r om the  response  o f  t he  abso rbe r .
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2 .4 SPIIERICAL WA\TES

I Iow can the in ter ference descr ibed above be complete

when the in ter fer ing waves are  converg ing toward d i f fe rent

po in ts? Cons id .er  for  example the par t ic ipants  in  the

dest ruc t ive  in ter ference o f  advanced waves whieh occurs

be fo re  the  acce le ra t i on  o f  t he  cha rge .  The  ha l f  advanced

rad ia t i on  (+A ' ^ )  o f  t he  acce le ra ted  cha rge  i s  a  sphe r i ca l
q

wave  conve rg ing  on to  the  cha rge  (  q )  i t se l f  .  The  ha l f

advanced  response  o f  t he  abso rbe r  (  *A 'b  .  )  cons i s t s  o f
1

spher ica l  waves converg ing onto  each o f  the responding

charges  (b .  )  i n  t he  abso rbe r .  Each  o f  t hese  spher i ca l
4

waves  conve rg ing  on to  po in t s  i n  t he  abso rbe r  passes

through the charge (q)  a t  the same t ime ( the moment  o f

acce le ra t i on )  rega rd less  o f  t he  shape  o f  t he  abso rbe r .

(A  spher i ca l l y  shaped  abso rbe r  i s  used  i n  the  f i gu res

f  or  convenience .  )  Pr  j -or  to  that  t  ime these waves (  +A '  b  .  )
1

are approach ing the eharge (  q)  f  rom a l l  d  j , rec t  ions ,

t he  superpos i t i on  o f  wave f ron ts  appear ing  as  a  spher j - ca I

wavef  ront  eonverg ing onto  the charge ( -g) .  Thus in  advance

o f  t he  momen t  o f  acce le ra t i on  the  ha l f  advanced  response

o f  t he  abso rbe r  (  *a 'b  .  )  i s  a "  wave  w i th  the  same
1

( sphe r i ca l )  shape ,  mo t j - on ,  and  f ocus  on  t he  cha rge  (q )

as  the  ha l f  advanced  wave  (  tA  '  q  )  f  r o rn  the  cha rge  i t se l f  .

Th i s  f u l f i l 1 s  t he  geome t r i ca l  p re requ i s i t es  f o r  t he i r

t o ta l  i n t e r f e rence .  i n  t h i s  case  des t ruc t  i ve  .
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S im i l a r l y ,  a f t e r  t he  momen t  o f  acee le ra t  i on ,  t he

advanced response o f  the absorber  (  *A,^  )  is  mov ing away
" i

f r om the  cha rge  (q )  i n  a l l  d i r ec t i ons ,  appea r l ng  as  a

spher i ca l  wave  d i ve rg ing  f rom the  cha rge .  Th i s  wave

has  the  same shape ,  mo t ion ,  and  focus  as  the  ha l f  re ta rd .ed

wave  (  *Rq)  t rom the  cha rge  i t se l f  .  As  p rev ious l y  men t  i - oned ,

these  waves  i n te r f  e re  cons t ruc t  i ve l y  and  f  o r rn  the  f  u11

re ta rded  wave .

2 . 5 COMPLETE ABSORPTION , A SELF-CONS I STENT PUR.E ADVANCED

SOLUTION

Yfe  have  desc r ibed  how in  the  case  o f  comp le te

abso rp t l on  a  f u l 1  r e ta rded  so lu t i on  i s  se l f - cons i s ten t .

A f  u11 advanced so lu t  ion  ,  o r  any normal  ized l j -near

comb ina t i on  o f  re ta rded  and  advanced ,  i s  a l so  se l f -

cons i s ten t  i n  t h i s  case .  We  now  desc r i be  t he  se l f -

cons j - s t ency  o f  a  f u11  advanced  so lu t l on  (w i t h  r e fe rence

to  F igu re  2 )  .  The  desc r i p t  j - on  pa ra l l e l s  t ha t  f  o r  t he  f  u l 1

re t  arded so lu t  i -on .

An  acce le ra ted  cha rge  (q )  g i ves  r l se  t o  ha l f  r e ta rded

(  *n^  )  and  ha l f  advanced  (  +A ' ^  )  waves .  The  ne t  r esu l t  ,
q q

assumed  to  be  a  f u11  advanced  wave  (A ' ) ,  P roPaga tes

backward  i n  t ime  f r om the  cha rge  (q )  t o  t he  abso rbe r  ( b i _ )

where  i t  i s  a t tenua ted  as  i t  i s  abso rbed .  V iewed  w i th

t ime  mov ing  fo rward  we  wou ld  see  th i s  advanced  wave  (A )
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Figure 2 .  Complete  absorpt  ion;  the fu I1  ad,vanced.
se l f - cons i s ten t  so lu t i on .
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bu i l d i ng  up  iD ,  and  emerg ing  f r om,  t he  abso rbe r  ( b i ) ,

mak ing  i t s  way  toward  the  cha rge  (q ) ,  and  a r r i v i ng  the re

a t  t he  momen t  o f  acce le ra t i on .  cha rges  (b i )  i n  t he

absorber  are  d . is turbed by the ineoming (backward in  t ime)

fu l 1  advanced  wave  (A ' )  and  g i ve  r i se  t o  a  ha l f  r e ta rded

and ha l f  advanced response which a t tenuates the incoming

advanced vrave (  A '  )  in  the absorber  (  the absorpt  ion

process )  .  Outs ide o f  the absorber  the ha l f  re tard .ed.

response  o f  t he  abso rbe r  ( *n 'b .  )  moves  toward  the  cha rge
1

(  q)  (  f  o rward in  t lme )  a long wi th  the ha l f  ad.vanced.  f  ie ld

o f  t he  cha rge  i t se l f  ( * a ' n ) .  These  two  f i e l ds  add ,  t o

fo rm the  fu l l  advanced  f i e ld  (A ' )  wh ich  we  assumed .  t o

be  the  ne t  resu l t  o f  d i s tu rb ing  ou r  cha rge  (q ) .  The

ha l f  re ta rded  response  o f  t he  abso rbe r  (  Bn '  , .  )  passes
" i

t he  cha rge  a t  t he  t ime  o f  acce le ra t l on  and ,  t hen  ( l abe led

*%.  )  goes  beyond .  i t ,  mov ing  away  (  f rom q )  a long  w i th
1

t he  ha l f  r e ta rded  f i e l d  ( *nn )  o f  t he  eha rge  (q )  i t se l f  ,

exac t l y  cance l l i ng  i t .  r n  summary ,  t he re  i s  no  ne t

rad ia t i on  a f t e r  t he  acee le ra t i on  o f  t he  cha rge  (q ) .

Our  assumpt  ion that  fu11 ampl i tud.e  ad.vanced rad. ia t  ion  (  A '  )

ex i s t s  be fo re  the  cha rge  i s  d i s tu rbed .  t u rns  ou t  t o  be

se l f - cons j - s t en t .  Th i s  r ad ia t i on  i s  seen  t o  eons i s t  equa l l y

o f  advanced  rad ia t i on  ( *A 'q )  f r om the  acce le ra ted .  cha rge

(  q)  and re tard .ed.  rad. ia t  ion  (  *R,  ' ^  )  f  rom the response o f
" i

t he  abso rbe r .
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I n  t he  case  o f  comp le te  abso rbe r  t t r e  cho ice  be tween

the  pu re l y  re ta rded ,  t he  pu re l y  advanced ,  and .  no rma l i zed .

l i nea r  comb ina t i ons  o f  t hese  se l f - cons i s ten t  so lu t i ons

cannot  be made on e lec t rodynamic  grounds a1one.  Thermo-

dynamic  argunents  are  usua l ly  used to  ru le  out  advanced

so lu t  ions .

In  the examples g iven above we saw that  the advanced

f ie ld  o f  t he  abso rbe r  i s  a lways  a t  t he  cha rge  j us t  a t

t he  momen t  o f  t he  cha rge ' s  acce le ra t i on .  \ { hee le r  an6

Feynman show that  th is  advanced response o f  the absorber

p rov ides  the  f i e lds  necessa ry  to  exac t l y  accoun t  f o r  t he

rad ia t l on  reac t i on  fo rce  on  the  cha rge  wh ich  i s  app rop r ia te

in  each case .  Thus j .n  the absorber  theory  o f  rad, ia t  ion

the  reac t i on  f i e lds  expe r j -enced  by  an  acce le ra ted .  cha rge

are  n i - ce l y  aceoun ted  fo r  as  be i .ng  due  en t i re l y  t o  o the r

cha rges  ( i n  t h i s  case  cha rges  o f  t he  abso rbe r ) .  The

pos tu l a te  t ha t  t he  f i e l ds  wh i ch  ac t  on  a  g i ven  pa r t i c l e

a r i se  on l y  f rom o the r  pa r t i c l es  s imp l i f i es  the  d .e r l va t i on

o f  impo r tan t  r esu l t s .

2 .6 INCOMPLETE ABSORPTION, SELF-CONSISTENT SOLUTIONS

To the  ex ten t  t ha t  t he  pos tu la te  o f  comp le te

abso rp t i on  may  no t  be  comp le te l y  t rue ,  t he  abso rbe r

theo ry  o f  r ad ia t l on  p red i c t s  t he  poss ib i l i t y  o f  advanced .

ac t i on .  I n  t he  case  o f  i ncomp le te  abso rp t i on  t he re  a re
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an  in f  i - n i t y  o f  se l f  - cons i s ten t  so lu t  i ons  (Whee le r  and

Feynman,  L945 ,  page L76)  "  As an example we wi l l  descr ibe

(w i th  re f  e rence  to  F igu re  3  )  a  se l f  - cons i s ten t  so lu t  i - on

in  the case o f  an absorber  which is  i -ncomplet  e  in  one

d i rec t i on  (Whee le r  and  Feynman ,  L945 ,  Page  L74 ) .  Our

d iscuss j -on fo l lows that  o f  lYheeler  and Feynman.

An  acce le ra ted  cha rge  (q )  g i ves  r i se  to  ha l f  r e ta rded

( tRq )  and  ha l f  advanced  ( *A 'q )  waves .  lYe  w i l l  show  the

se l f - cons i s tency  o f  an  assumed  ne t  resu l t  where in  the

inne r  f ace  o f  t he  abso rbe r  oppos i te  the  open ing  i s  h i t

w i t h  a  f u11  amp l i t ude  advanced  wave  (A ' )  and  w i t h  a  f u l I

amp l i t ude  re ta rded  wave  (R ) . Th is  assumed so lu t  ion  is

mo t i va ted  by  the  absence  i n  the  open ing  o f  absonber

wh ich  cou ld  g i ve  r i se  to  f i e lds  wh j - ch  cance l  advanced

waves "  In  the absorber  theory  ,  incomplete  absorpt  j -on

neeess i ta tes  the  ex i s tence  o f  advanced  ac t i on  ( IThee le r

and Feynman,  \945 ,  page 175 )  "

Charges  (b i )  i n  t he  abso rbe r  oppos i te  the  open ing

are acce lera t  ed by the i -ncoming (  backward in  t  ime )

f u l 1  advanced  wave  (A ' )  and  g i ve  r i se  t o  a  ha l f  r e ta rded

and ha l f  advanced response which a t tenuates the incoming

advanced  wave  (A ' )  i n  t he  abso rbe r  ( t he  abso rp t i on  p rocess )

Ins ide  the  cav i t y  su r rounded  by  the  abso rbe r  t he  ha l f

r e ta rded  response  o f  t he  abso rbe r  (+R 'O .  )  moves  t owa rd  t he
-t-

cha rge  (q )  ( f o rwa rd  i n  t ime )  a l ong  w i t h  t he  ha l f  advanced
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F igu re  3 .  comp le te  abso rp t i on  i n  a l l  bu t  one
d i rec t  j - on ;  a  se l f  - cons i s ten t  so lu t i - on  f  ea tu r i ng  advanced .
and  re ta rded  ac t i on .
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f i e l d  o f  t he  cha rge  i t se l f  ( *A ' _ ) .  These  two  f i e l ds  addq '

t o  f o rm  the  f u1 l  advanced  f i e l d  (A ' ) ,  pa r t  o f  ou r  assumed

se l f  - cons i s ten t  so lu t  j - on .  The  ha l f  re ta rded  response

o f  t he  abso rbe r  ( *n ' b .  )  passes  t he  cha rge  (q )  a t  t he  t ime
1

o f  aece le ra t i on  and  t hen  ( I abe led  +%. )  goes  beyond  i t ,
l-

movlng away (  f rom q)  a long wi th  the ha l f  re tarded.  f ie1d.

(  +R^  )  o f  t he  cha rge  (  q )  i t se l f  ,  exac t  l y  cance r l i ng  i t  .
q

subsequen t l y ,  cha rges  i n  t he  abso rbe r  a re  aga in

d i s tu rbed ,  t h i s  t ime  a long  i t s  en t i re  i nne r  f aee  by  the

fu l1  re ta rded  pa r t  (R )  o f  ou r  assumed  se l f - cons i s ten t

so lu t i on .  These  d i s tu rbed  abso rbe r  cha rges  g i ve  r l se  to

ha l f  re tarded and ha l f  ad,vaneed f  ie  lds  whlch are  o f

proper  phase and ampl i tude to  cance l  in  the absorber

the  i ncoming  fu11  re ta rded  wave  ( the  abso rp t i on  p rocess ) .

I {owever ,  the ha l f  advanced par t  o f  th is  response o f

the absorber  moves backward.  in  t ime out  f rom the absorber .

I f  we  v iew  th i s  ea r l i e r  ex i s tence  w i th  t lme  mov lng  fo rward ,

we  see  i t  mov ing  ac ross  space ,  € f l t e r i ng  the  open ing ,

pass ing  the  cha rge  (q ) ,  and  mov ing  on  toward .  t he  i nne r

face  abso rbe r  oppos l te  the  open ing .  Wh i l e  mov ing  toward ,

the charge (  q)  ,  the absorber  '  s  ha l f  ad.vanced.  response

( *A ' , ^  )  t o  t he  f u l l  r e ta rd .ed .  wave  (R )  moves  t oge the r  w i t h ,o. ;
and .  

" i r r ce l s ,  
t he  ha l f  advanced .  wave  (  *A ,  q )  f  r om the

cha rge  (  q )  1 t se l f  .  A f t e r  pass ing  t he  cha rge  (  q )  t he



27

ha l f  advanced  response  o f  t he  abso rbe r  ( l abe led  +An .  )  moves

away f rom the charge (q)  together  w i th  the ha l f  re t l rOeO

f i e l d  ( *Rq )  o f  t he  cha rge  (q ) .  These  two  f i e l ds  comb ine

to  fo rm the  fu l1  s t reng th  re ta rded  f i e ld  assumed ,  ea r l i e r .

Thus  the  assumed  so lu t i on  i s  se l f - cons i s ten t .  Due

to  the  i ncomp le te  abso rp t i on ,  advanced  e f fec ts  as  we l l  as

re tarded appear  .  Note  that  no f  ie lds  ,  re tard .ed.  or  advanced"  ,

escape  th ru  the  open j -ng  i n  a  d i rec t i on  where  the re  i s  no

absorpt  ion .

Th i s  i s  no t  t he  on l y  se l f - cons i s ten t  so lu t i . on  to  the

abso rbe r  con f  i gu ra t  j - on  j us t  cons ide red .  Ano the r  so lu t i on

is  deser lbed by l fhee ler  and Feynman (Lg4s,  pages L73 ,  l7s  ,

t 76  )  and  by  Dav ies  (L974 ,  pages  L {g - t sz )  as  fo l l ows .

An inc ident  fu11 s t rength  advanced f ie ld  converg ing toward.

the  cha rge  (  q )  s t r i kes  the  ou te r  f ace  o f  t he  abso rbe r

oppos i te  the  open ing  and  i s  abso rbed .  t he re .  A  fu I l

re tard .ed f  ie  ld  is  absorbed a long the ent  i re  inner  f  ace

o f  t he  abso rbe r ,  excep t  t he  open ing .  The re  a re  no

advanced  e f  f  ec t s  i ns i . de  the  cav i t y  f o rmed  by  abso rbe r .

A  fu l I  r e ta rded  f i e ld  p ropaga tes  ou t  t h rough  the  open ing .

Th is  f ie ld  is  equ iva lent  to  a  eont j -nuat j -on,  &s a .  d . iverg ing

retarded wave now,  o f  the inc ident  converg ing advanced.

wave (  lTheeler  and Feynman,  Lg4s ,  page : . .16)  .  A11 o f  the

energy  l os t  by  the  rad ia t i ng  cha rge  (q )  appears  i n  t he
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absorbe r :  some on  i t s  ou te r  f ace  oppos i te  the  open ing

(an  advanced  e f f ec t )  and  t he  res t  a l ong  i t s  en t i r e  i nne r

f ace  (a  r e ta rded  e f f ec t ) .

Wheeler  and Feynman make no a t tempt  to  choose between

so lu t i ons  p lac ing  the  advanced  ac t j -on  on  the  i nne r  f ace

of  the absorber  and those p lac ing the advanced act ion on

the absorber  '  s  outer  f  ace ( \ {hee ler  and Feynman ,  1945 ,

page  L76 )  .  I n  f ac t ,  t he re  a re  an  i n f i n i t y  o f  o the r

poss ib i l i t i e s .  The  gene ra l  case  i nvo l ves  a  f r ac t i on  f

o f  ou te r  f ace  advanced  e f f ec t  and  (1 - f )  o f  i nne r  f ace

advanced  e f fec t .  We  de f i ne  A  as  the  so l i d  ang le  o f  t he

opening and E"  as  the to ta l  energy emi t ted by our  source

charge when that  eharge is  comple te ly  sur rounded by

abso rbe r  and  f o r ced  t o  f o11ow a  spee i f i ed  t r a j ec to r y .

Then  an  ene rgy  fE " (# )  w i l l  be  depos i ted  on  the  ou te r

face  o f  t he  abso rbe r  oppos i te  the  open ing  as  an  advaneed

e f  f  ec t ,  &o  ene rgy  (  1 - f  )E= ( * )  w i l l  be  em i t t ed .  by  t he  i nne r

face o f  the absorber  oppos i te  the opening as an advanced.
r)

e f  f  ec t ,  and  an  ene rgy  Es (  t  
h )  

w111  be  depos i ted  a round .

the  en t  j - re  i nne r  f  ace  o f  t he  abso rbe r  as  a  f  u11  s t reng th

re ta rded  e f  f  ee t .  The  a lgeb ra i - c  sum o f  t hese  ene rg ies  i s

af rac t ion,  [1  (1- f ) f f i l ,o f  Es.  (Ad iscuss j -onby

I {hee ler  and Feynman (7945,  page 1 ,74)  enables  compar ison

in  the  f  =  0  case  )  .  The  sou rce  eha rge  expe r i -ences  th i s



29

f r ac t i on  o f  t he  f u11  rad ia t i on  reac t i on  f o ree  ( t he  f u l l

f o rce  be ing  wha t  i t  wou ld  expe r ienee  i n  the  case  o f

ident  j -ca1 mot ion but  comple te ly  absorb ing sur roundings )  .

Thus  the  rad ia t i on  reae t i on  fo rce  expe r i -enced  by  the

charge (  q)  is  dependent  upon f  ,  upon the outer  f  ace and. /or

i nne r  f ace  l oca t l on  o f  t he  advanced  e f fec ts .  The

so lu t i on  ( f  =  0 )  w i t h  a l l  advanced  ac t i on  on  t he  abso rbe r ' s

i nne r  f ace  oppos i te  the  open ing  has  l ess  than  fu1 l

r ad ia t i on  reac t i on  because  o f  t he  ac t i on  (on  q )  o f  f i e l ds

f  rom inner  f  ace charges set  in to  mot  ion by  the ad.vanced.

pa r t  (A ' )  o f  t he  so lu t i on  ( I { t hee le r  and  Feynman ,  Lg4s ,

page  t 74 ) .  On  t he  o the r  hand ,  t he  so lu t i on  ( f  =  1 )

w i th  a l l  advanced  ac t i on  on  the  abso rbe r ' s  ou te r  f ace

oppos i te  the  open ing  has  no  ne t  advanced  f i e lds  i ns id .e

the  abso rbe r  eav i t y  where  the  cha rge  (q )  i s  l oca ted  and

p rov ides  f u l 1  r ad ia t i on  reac t i on  f o r ce  (Dav ies ,  L974 ,

page 150;  lTheeler  and Feynman,  Lg45 ,  page LTS)  .

No te  tha t  "ou te r  f aee"  advanced  e f fec ts  i nvo l ve  the

depos i t i on  o f  ene rgy  i n to  the  abso rbe r  whereas  " i nne r

face "  advanced  e f fec ts  i nvo l ve  the  spon taneous  emiss ion

of  energy f rom the absorber  (Dav ies ,  t974,  pages t44-L45 ,

150 -151 ) .  The  "ou te r  f ace "  advanced  so lu t i on ,  t hen ,

i s  no t  sub  j ec t  t o  t he  s ta t i s t i ca l  mechan  j - ca I  c r i - t  i c i s rn .
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2 .7 EXPERI i\,IENT

Th is  amb igu i t y  i n  t he  expec ted  rad ia t i on  reac t i on

fo r ce  has  been  used  (Dav ies ,  1975 ,  pages  278 -Z7g )  t o

cr i t i c j -ze  an exper iment  by  Par t r idge (  1973) ,  who looked

for  a  t ransmi t ter '  s  d imin ished power  requ i rements  in

an absorber conf i -gurat ion s lmi lar to that of  our examples

(F igu re  3 ) .  Even  i f  t he re  was  an  advaneed  f i e ld . ,  i t  may

no t  have  reached  h i s  sou rce  an tenna .

Par t r idge moni tored the power  drawn by a  microwave

t ransmi t te r  as  i t s  rad ia t  i on  was  a l t e rna te l y  d i - rec ted

skyward and in to  absorb ing mater ia l .  The skyward

d i rec t i on  ea r r i es  the  poss ib i l i t y  o f  i ncomp le te  abso rp t i on

(depend ing  on  cosmo log i ca l  cons ide ra t i ons )  and  the re fo re

o f  advanced  f i e lds  a t  t he  t ransmi t te r  wh ich  cou ld  reduce

it  s power requirement s .  I lowever ,  there are two pot ent ia l

p rob lems  he re .  F i r s t ,  i f  t he  advanced  ac t i on  assoc la ted

w i th  th i s  expe r imen ta l  con f i -gu ra t i on  i s  o f  t he  so r t  wh ich

oceu rs  on  t he  abso rbe r ' s  " ou te r  f ace "  (  as  d i scussed

ear l i e r )  t hen  the  ac l vanced  e f fec ts  wou ld  occu r  on  the  s id .e

o f  t he  ea r t h  oppos i t e  t he  t r ansm i t t e r ,  no t  a t  t he

t ransm i t t e r  i t se l f .  I n  t h i s  case ,  d i scussed  a t  t he  end

o f  Sec t i on  2 .5 ,  t he  t r ansm j - t t e r  wou ld  expe r i ence  f u l l

r ad ia t  i on  reac t i on  f  o ree .  Thus  the  Par t r i dge  expe r  j -men t
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was  a t  bes t  sens i t i ve  t o  " i nne r  f ace "  advanced  e f f ee t s .

Second ,  even  sens i t i v i t y  t o  t hose  e f f ec t s  i s  ques t i onab le .

A l though  such  l nne r  f ace  advanced  e f fee ts  resu l t  i n  a

reduced  rad ia t i on  reac t i on  fo rce  on  each  rad ia t i ng  cha rge

in  t he  t r ansm i t t e r ' s  t r ansm i t t i ng  e l emen t ,  i t  i s  no t

c lea r  wha t ,  i f  any ,  e f fec t  t h i s  wou ld  have  on  the  to ta l

power  consumed  by  the  t ransmi t te r  e lec t ron i cs .  I n  any  case ,

us ing apparatus capable  o f  detect  ing a  power  asynxnet ry

o f  1  pa r t  i n  108  Par t r i d .ge  measured .  no  e f  f  ec t .

Our  exper iment  was des igned to  remove the ambigu i ty

by  rep lac ing  any  ea r thbased  abso rbe r  oppos i te  the  open ing

w i th  a  rece i v ing  an tenna  (  see  F igu re  4 )  .  Th i s  an tenna  i s ,

o f  cou rse ,  an  abso rbe r ,  bu t  one  wh ich  can  be  mon i to red .

fo r  advaneed  e f fec ts  on  e i t he r  s ide .  A l though  the  rece i ve r

e lec t ron i cs  may  respond  d i f f e ren t1y  t o  " i nne r  f ace "

advanced  e f fec ts  and  "ou te r  f ace "  advanced .  e f fec ts ,

w i t h  t h i s  se t -up  ne i t he r  w i l l  be  b l ocked  by  o the r  abso rbe r .

w i t h  t h i s  se t -up  i t  i s  on l y  t he  case  o f  f  =  *  f o r  wh i ch

we  expec t  no  de tec tab le  advanced  s igna l  power .  I n  t h i s

case  the  ou te r  and  i nne r  f aces  o f  t he  abso rbe r  (  an tenna)

respect i -ve ly  ga in  and lose equal  amounts  o f  e lec t romagnet ic

ene rgy  i n  t he  advanced  t ime  pe r iod .

Our  sou rce  and  rece i v ing  an tennas ,  s imp le  ha l f -wave

d ipo les ,  we re  pos i t i oned  so  t ha t  t he  l i ne  (1 )  connee t i ng

them,  when  ex tended  i n f i n i t e l y  i n  e i t he r  d i r ec t i on ,
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Figure 4 .  P lacement  o f  antennas in  exper iment
ind i ca t i ng  co r respondence  to  theo re t i ca l  con f l gu ra t l on
o f  F i gu re  3 ,
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encountered no ear th-based absorber  such as bu i ld ings

or  mounta ins  "  To accompl  ish  th is  the exper  iment  was d .one

on  a  moun ta in  top .  The  sou rce  an tenna  t ransmi t ted  pu l ses

of  10 GHz microwave rad ia t ion and the rece iv ing antenna,

I  .7  m away ,  was moni tored f  or  ad.vanced,  e f  f  ec t  s  .

r t  shourd be noted that  a l though our  set -up was

c lea r l y  des igned  to  max im ize  the  l i ke l i hood  o f  de tec t i on

of  advanced e f fec ts  w i th in  the lVheeler -Feynman absorber

theo ry  o f  rad ia t i on ,  i t  cons t i t u ted .  a  more  genera l  sea rch

for  advanced e f fec ts- the t ime reg ion which we moni tored.

fo r  advanced  e f fee ts  i s  i nd i ca ted .  by  Maxwe l l ' s  equa t i ons .

The Par t r idge exper iment  was more e lose ly  t ied .  to  the

absorber  theory  o f  rad la t ion

The deta i ls  o f  our  exper iment  w111 be d iscussed.  in

l a te r  chap te r s .

lYe used m j"crowaves in our experiment .  This eho iee

had  ce r ta in  advan tages  ove r  v i s ib le  rad . i a t  i on  .  I t  enab led

us  to  use  ba re  eonduc to r  t ransmi t t i ng  and .  rece l v ing

e lemen ts  wh ich ,  un l i ke  pho tomu l t i p l i e r  t ubes ,  have  no

abso rbe r  as  back ing .  I t  a l so  enab led  us  to  ca r ry  ou t  a l1

of  our  equ ipment  des ign and ca lcu la t  j -ons in  the c lass ica l

pa rad igm ( ra the r  t han  the  quan tum mechan ica l ) ,  cons i s ten t

w i th  the  t rThee le r -Feynman  theo ry .  F ina11y ,  ou r  10 .z43  GHz

f requency  i s  t hough t  t o  be  app rop r ia te  fo r  t ransmi -ss ion
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t h rough  i n te rga lac t i c  space  as  i t  avo ids  abso rp t i on  1 j -nes

o f  va r i ous  mo lecu les  wh ich  may  be  p resen t  t he re  (Sagan ,

1973 ,  pages  282 -285 ,  3 t4 -315 ;  shk lovsk i i  and  sagan ,  1966 ,

pages  64 -67  ,  38O-381 ,  388 -389 )  .  pa r t r i dge  (1975 )

est imates on ly  77o absorpt ion through our  ga laxy and less

than  57o  abso rp t i on  to  cosmo log iea l .  d i s tances  i n  t h i s

f requency  reg ion .

2.8 THE }{ECESSITY OF A DBLIBERATE SEARCII

One may ask whether  advanced e f feets ,  i f  they do

ex is t ,  would  have a l ready been observed,  in  the course o f

human exper ienee.  The presence o f  1ocaI  absorb€r ,  whose

response  wou ld  cance l  advanced  e f fec ts ,  i s  ra re l y  avo ided

i "nadve r ten t l y .  I n  ea r th -based  rad io  o r  l i gh t  commun iea t i ons

the  l i ne  connec t i ng  t ransmi t te r  and  rece i ve r ,  when

ex tended  in  bo th  d i rec t i ons ,  a lmos t  a lways  i n te rsee ts

abso rbe r .  Even  i f  t h i s  were  no t  t he  case  the re  a re  two

reasons  why  advanced  e f fec ts  m igh t  no t  be  seen  w i thou t  a

de l  j -bera te  search "  F i rs t  ,  the advaneed.  s  igna l  ar r ives

in  such c lose t  ime prox imi ty  to  the re tard .ed.  s  igna l  as

to  r equ i re  a  de l i be ra te  e f f o r t  t o  d i s t i ngu i sh  t he  two .

Seeond ,  t he  i n tens i t y  o f  t he  advanced  s i gna l ,  as  a  f r ac t i on

o f  t he  re ta rded ,  i s  g i ven  by  t he  f r ac t j - ona l  absence  o f

u l t ima te  abso rp t i on .  so ,  iD  t he  case  o f  pa r t i a l
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absorpt ion ,  d f ry  advanced s igna l  would  appear  a t tenuated

and  m igh t  requ i re  de l j - be ra te  s igna l  p rocess ing  techn iques

(  i n t eg ra t i on )  t o  de tec t  "

F ina11y ,  one  mus t  neve r  f o rge t  t he  power  w i th  wh ich

pa rad igms  d i r ec t  t he  wo rk  o f  sc i en t i s t s  (Kuhn ,  1970 ) .

Anomal i -es encount ered in work per ipheral  to an exper iment

tend  to  be  d i scoun ted  un less  they  i n te r fe re  w i th  the  goa l

o f  t he  expe r imen t .

A11  o f  t hese  cons ide ra t i ons  a rgue  fo r  a  de l i be ra te

sea rch  fo r  advanced  e f fec ts .



Chapter  3

ADVANCED EFFECTS: A LOGICAL PARADOX?

Do advanced e f  f  ec ts  lead to  1og ica1 ly  i -ncons i -s tent  ,

imposs i -b le ,  phys ica l  s i tuat  j -ons? Can the advanced e f  f  ec ts

o f  an  even t  be  ha rnessed  to  eance l  t he  even t  be fo re  i t

occurs? I {e  wi l l  ou t l ine  here an argument  g iven by

Wheeler  and Feynman (1949) ,  based.  on the presumed.  absence

o f  d i scon t i nu i t i es  i n  na tu re ,  wh ich  shows  sys tems  invo l v ing

advanced  e f fec ts  to  be  j us t  as  de te rm in i s t i c  as  l { ew ton ian

mechan ics .  They  cons ide r  t he  behav io r  o f  a  sys tem wh ieh

is  s imple  because human aet ion is  not  invo lved but

con ta i ns  a l l  t he  essen t i a l  e l emen ts  o f  t hegene ra l  pa radox .

A  pe l l e t  i s  mov ing  toward  po in t  X  on  the  a rm o f  a

shu t te r  (F igu re  5 )  wh ich  i s  f ree  to  ro ta te  abou t  a  p i vo t

w i thou t  f r i c t i on .  The re  i s  no  g rav i t y .  The  pe l l e t  i s  due

to  pass  t he  co rne r  (S )  o f  t he  shu t t e r  a t  5 :59  p .m .  and

s t r i ke  X  a t  6 :00  p .m .  I f  i t  does  so ,  cha rge  A  a t t ached

to  the  a rm w i l l  be  a ,ece l  e ra ted  and  w i  11  emi t  re ta rded

and  advanced  rad ia t i on .  Charge  B ,  res id ing  5  l i gh t -hou rs

37
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F igu re  5  .  Pe l1e t ,  shu t t e r ,  and  cha rges .
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away ,  w i l l  acce le ra te  a t  1 :00  p .m .  unde r  t he  advanced

rad ia t i on  f r om 4  (and  aga in  a t  11 :00  p .m"  due  t o  A ' s

re ta rded  rad ia t i on ) .  The  advanced  rad ia t i on  f r om B ' s

aece le ra t i on  a r r i ves  back  a t  A  a t  8 :00  a .m .  and  g i ves  A

an  impu lse  i n  sp i te  o f  hav ing  su f fe red  much  a t tenua t i on

due  to  the  d i s tances  i nvo l ved .  Th i s  impu lse  impar t s  t o

the  shu t te r  a  sma1 l  c lockw ise  (angu la r )  speed .  wh ich  by

the  end  o f  t he  8 :00  a .m .  -  5 :59  p .m .  day  has  d i sp laced

the  shu t t e r ,  i f l  e f f ec t  c l os i ng  i t  "

The  ques t i on  j - s  t h i s :

t he  pe l l e t  s t r i ke  X?

Wha t  happens  a t  6  :  00  p .m .  ;  does

I f  i t  does  s t r i ke  X ,  t hen  the  assoc ia ted  advanced .

ac t j -on  c loses  the  shu t te r  du r ing  the  day ,  b lock ing  the

pe11e t .  Thus ,  pa radox i - ca l l y ,  t he  pe l l e t  Coes  no t

s t r i ke  X .

r f  t he  pe l l e t  does  no t  s t r i ke  x  t hen  t he re  i s  no

acce l  e ra t  1on o f  the eharge s  and theref  ore  no ad.vanced

ac t j -on  to  c lose  the  shu t te r  and  b lock  the  pe l l e t  .  Thus ,

pa radox i ca l l y ,  t he  pe l l e t  mus t  s t r i ke  X .

Fo l lowing lTheeler  and Feynman we ana lyze the s i tuat ion

g raph ica l l y .  f n  F igu re  6  we  p lo t  t he  l i nea r  re la t i onsh ip

be tween  t he  shu t t e r ' s  speed  cu r i ng  t he  day  (8 :00  a .m

5 :59  p .m .  )  and  i t s  t o ta l  d i sp lacemen t  by  t he  end  o f  t he

day  (5 :59  p .m . ) .  I l I e  have  no ted  t ha t  su f f i c i en t  t o ta l
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F igu re  6 .  E f f ec t s  o f  advanced  ve loc i t v .
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disp lacement  c loses the shut ter .  Thus tve have graphed.

wha t  we  ca l l  poss ib le  e f fec ts  o f  advanced  shu t te r

ve loc i . t y .

i le  want  now to  p lace the causes o f  advanced.  shut ter

ve loc i . t y ,  de f  i ned  as  the  poss ib le  shu t te r  pos i t  i ons  a t

5 :59  p .o . ,  i n  g raph  pos i t i ons  assoc ia ted  w i t h  t he i r

co r respond ing  e f f ec t s .  F i r s t ,  " open  a t  5 :59  p .m .  "  means

the  pe l l e t  h i t s  X  and  we  ge t  max imum advanced  ve loc i t y .

rn Figure 7 we graph this cause at maximum advaneed

shu t te r  ve loc i t y  i n  t he  reg ion  o f  "open"  f i na l  d i sp lacemen t .

S im i l a r l y  " c l osed  a t  5 :59  p .m . "  i s  g raphed  as  t he  cause

o f  ze to  advanced  shu t te r  ve loc i t y  i n  t he  reg ion  o f

"  c losed"  f  i -na l  d isp laeement .  Each o f  these two graph ings

i s  obv ious l y  pa radox iea l .  Fo r  examp le ,  shu t te r  "open

at 5 :  59 p .  m. "  is graphed as the cause of maximum ad.vanced,

c l os i ng  speed  8 :00  a "m"  -  5 :59  p .m .

The paradox is  due to  our  impl ic i t  assumpt ion that

on l y  two  f i na l  shu t t e r  pos i t i ons  ex i s t ,  open  o r  c l osed ,

and that the movement f  rom one to another i  s di-scont i -nuous .

I lowever ,  i f  we take a  phys ica l  po in t  o f  v iew where in

fo rces  i n  na tu re  va ry  con t i nuous l y ,  t hen  the re  i s  a

con t i nuum o f  poss ib le  f i na l  shu t te r  pos i t i ons ,  caus ing

a  eon t i nuum o f  advanced  c los ing  speeds  du r ing  the  day .

Th is  i s  shown  in  F igu re  8 .
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Figure 7  "  Two poss ib le  causes whi -ch are
paradox ica l  .
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F lgu re  8 .  Graph  o f  t he  1og ica11y  cons i s ten t
so 1ut  ion .
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A log i ca I1y  cons j - s ten t  so lu t i on  i s  t hen  ava i l ab le .

r t s  desc r i p t i on  has  no  p re fe r red  s ta r t i ng  po in t :  The

shu t t e r  i s  pa r t i a l l y  c l osed  a t  5 :59  p "m" ;  t he  pe l1e t

s t r i kes  a "  g lane ing  b1ow,  g i v ing  the  shu t te r  a  pa r t i a l

acce le ra t i on ;  t he  pa r t i a l  acce le ra t i on  o f  eha rges  y i e l ds

a "  pa r t i a l  advanced  ve loc i t y  wh ich  pa r t i a l l y  c loses  the

shu t t e r  by  5 :59  p .m .  Th i s  i s  i l l u s t r a ted  j - n  F igu re  g .

Th is  so lu t i on  i s  t he  i n te rsec t l on  o f  t he  cu rve

rep resen t i ng  t he  e f f ec t  o f  t he  shu t t e r ' s  f u tu re  on  i t s

pas t  ( " cause " )  w i t h  t he  cu rve  rep resen t i ng  t he  e f f ec t

o f  t he  shu t t e r ' s  pas t  on  i t s  f u tu re  ( "e f f ec t " ) .  The re  i s

no  t ime  o rde r i ng  " cause  t hen  e f f ec t . "  " cause "  and

"E f  f  ec t "  become a rb i t ra r i l y  ass ignab le  te rms .  I l owever ,

the so lu t ion in  our  example is  un ique so that  ad.vanced

e f f ec t s  a re  as  "de te rm in i s t i c "  as  re ta rded .  e f f ec t s .

One can d isagree wi th  lVheeler  and Feynman's  c la im

tha t  t he  examp le  o f  t he  shu t te r  eon ta ins  a l l  t he  essen t i a l

e lement  s  o f  the genera l  paradox .  ly leehanisms invo lv ing

human  pa r t i c i pa t i on  o r  dev l ces  des igned  to  move  ab rup t l y

be tween  pos i t i ons ,  f o r  examp le ,  may  requ i re  more  e labo ra te

ana l ys i s .

Quantum mechanica l  arguments  can be ra ised aga ins t

the  assumpt lon  o f  con t i nu i t y  o f  f o rce  j -n  na tu re .  lT i t h in

the quantum mechaniea l  parad igm cou ld  charge A respond.
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F igu re  9 .  The  l og i ca l l y  cons i s ten t  so lu t i on  "



PARTIAL  ACCELERATION

CAUSES PARTIAL

ADVANCED SPEED OF
SHUTTER 8  AM -  5 :59  PM

THE LOGICALLY  CONSISTENT
SOLUTION

SHUTTER IS

PARTIALLY CLOSED

AT 5 :59  PM

50

AT  5 :59  PM
PELLET  STRIKES
A GLANCING BLOW,
G IVES  SHUTTE R  A

"  PART|AL "  AccELERAT|oN

+=



51

to  ^  pa r t i a l  b low  w i th  the  exac t  pa r t i a l  amp l i t ude

necessary  i f  i t  does not  have a"  cont inuum of  poss ib le

responses ava i lab le? I Iow would  we descr lbe the mot  ion

o f  t he  pe11e t  and  shu t te r?  Wou ld  l og i ca l l y  cons i s ten t

so lu t ions be ava i lab le  for  nature? There are  manv

quest  ions f  o r  f  u r ther  invest  igat  i -on .



Chap te r  4

DESIGN OF 15IE EXPERIMENT

Our  search for  advanced e f fec ts  was car r ied out  w i th

a microwave t ransmi t ter  and rece iver  whose antenna des ign

and  pos i t i on ing  were ,  &s  p rev ious l y  desc r i -bed ,  mo t i va ted

by the absorber  theory  o f  rad ia t  i -on .

Microwave pu lses were sent  out  by  the t ransmi t ter

wh ieh  was  under  compu te r  con t ro l  ( see  F igu re  10 ) .  F igu re  11

shows the expected t  j -me-response o f  the rece iver  to  these

microwave pulses .  I  t  is  th i  s response whi ch we examj-ned

fo r  advanced  e f f ec t s .

fn  F igu re  11  we  have  no ted  tha t  t he  re ta rded  s igna l

i s  de layed ,  &s  expec ted ,  by  the  t ransmi t te r  t o  rece i ve r

t rans i t  t ime  and  a r r i ves  a t  t he  reee ive r  a  t i -me :  a f te r

t ransmiss ion.  Thus any advanced s lgna l  would  p"J" .o"

the re tard .ed.  s  igna l  by  
+  ,  wh ich in  our  exper iment  was

65  ns .  I n  t he  d i scuss ion  wh i ch  f o l l ows  we  w i l l  r e fe r

to  va r ious  t ime  reg ions  as  i nd i ca ted  i n  F igu re  11 .

52
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F igu re  10 .  Ou t l i ne  o f  t he  appara tus .
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F igu re  11 .  ske tch  o f  expec ted .  response  o f  t he
rece iver  to  a  mi -crowave pu lse f  rom the t ransmi t ter :
de f i n i t i on  o f  t ime  reg ions .
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RETARDED
S IGNAL

B- C- D-

A: ADVANCED Tl  ME- REGION
B: ADVANCED SIGNAL Tl  ME - REGION
C: TIME OF TRANSMITTER PULSE
D: RETARDED SIGNAL TIME - REGION

ADVANCED
SIGNAL ?



c t

Our  expe r imen t ,  i o  p r i nc ip le ,  eons i s ted  o f  compar ing

the  amp l i t ude  measured  i n  the  advanced  s igna l  t ime- reg ion

w i th  tha t  i n  t he  re ta rded  s igna l  t ime- reg lon  to  d .e te rm ine

the  ra t i o  o f  advanced  to  re ta rded  power :

f  n  pract  i -ee,  however  ,  a  non-  zero  ampl i tude wi l l  be

rneasured in  the advanced s igna l  t  ime-reg ion even in  the

absence o f  an advaneed s igna l  .  Th ls  ampl i tude is  d .ue to

no ise ,  t he  ex i s tenee  o f  wh i - ch  cons t ra ined .  t he  resu l t  o f

our  exper iment  to  b€,  a t  wors t  ,  &D upper  l imi t  on

p '^ adv
F= fn  order  to  reduee the e f fec t  o f  no i -se we sampled

re t

the advanced s igna l  t ime*reg ion many t imes and averaged.

t he  resu l t s .

use  o f  a  m ic rowave  re fe rence  r i ne  to  b r i ng  phase

in format ion to  the rece iver  great ly  improved.  the

reee i ve r ' s  s i gna l  t o  no i se  capab i l i t y ,  as  w i l l  be

d l scussed  l a te r  "

The rece iver  output  hac l  a  non-zera DC 1eve l  .

Because  o f  t h i s  pedes ta l  ou r  mos t  sens i t i ve  t es t  f o r

the ex is tence o f  an advanced s igna l  \ ras  a  compar j -son o f
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the  amp l i t ude  i n  the  advanced  s igna l  t ime- reg ion  w i th  tha t

e l sewhere  i n  t he  advanced  t ime  reg ion .  To  reduce  the

e f f ec t s  o f  d r i f t s  i n  t he  pedes ta l  each  o f  t he  va r i ous

t ime  reg lons  were  samp led  f requen t l y .

S teps  we re  t aken  t o  r eduee  t he  e f f ec t s  o f  sys tema t i c

sources o f  arnp l  i tude in  t  he advanced t  ime-reg ion .  These

were  bo th  phys i ca l  and /ma themat i ca l  and  w i l l  be  desc r ibed

1a te r .

F i na I1y ,  t he re  was  1 i t t l e  poss i . b i l i t y  o f  d i s t an t

ob jee t s  r e f l ec t i ng  s i gn i f i can t  amoun ts  o f  r e ta rded

mic rowave  s igna l  f rom one  t ransmi t ted  pu l se  back  i n to  the

advanced  t ime- reg ion  assoc ia ted  w i th  the  nex t  t ransmi t ted

pu1se .  The  t ime  be tween  pu l ses ,  L28  US,  was  l a rge  f rom

the  s tandpo in t  o f  t h i s  e f fec t .  Fu r the rmore  such  rada r

s igna ls  o f f  o f  randomly  shaped  ob jec ts  l i ke  moun ta ins

lose power as -1
(  range )  

4

Our  exper i -ment  was car r ied out  by  vary ing,  i r  256 1ns

inc remen ts ,  t he  t ime  o f  t he  t r ansm i t t e r  pu l ses  re l a t i ve

to  t he  t ime  o f  r ece i ve r  ga t i ng .  The  256  t ime  se t t l ngs

were  scanned  t h ru  repea ted l y ,  t he  resu l t s  we re  i n teg ra ted ,

and  the  resu l t i ng  256  da ta  po in t s  were  used  to  eons t ruc t

the  g raph  whose  fo rm i s  rep resen ted  by  F igu re  11 .



Chapter  5

THE APPARATUS AND ITS OPERATION

5 " 1 ELEMENTS OF THE BLOCK DIAGRAM

A deta i led b lock d iagram of  the exper imenta l  apparatus

is  g iven in  F igure L2.  The nature  and purpose o f  most

apparatus e lements  requ l re  no exp lanat ion beyond the i r

i den t i f i ca t i on  i n  t he  f i gu re .  Many  se rve  pu l se  shap ing

funet  ions .

our  x -band t rave l l ing  wave tube ampl i f ie r  had a

spec i f  ied  operat ing rage o f  8  .  0  GHz to  t2  .4  GI Iz  and output

power  capabi l i ty  o f  10 wat ts  "  lVe measured i ts  ga j -n

to  be  45  db .

The microwave source is  a .  Gunn d iode osc i l la tor ,

t empera tu re  s tab i l i zed  aga ins t  f requency  d r i f t .  IA Ie

operated i t  a t  a  f requency measured to  be Lo.z4B GHz.

a  f  ree  space  wave leng th  o f  29 .2  mm.  The  power  o f  t he

source u /as  spec i f  ied .  as  70 mW. t rTe measured i t  to  be

52 mW + LO%. About  ha l f  o f  th is  power  f lowed.  f rom the

59
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F igu re  L2 .  B lock  d iag ram o f  t he  appara tus .
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mic rowave  sou rce  i n to  the  i so la to r ,  t he  o the r  ha l f  i n to

the  a t t enua to r  a t  t he  beg inn ing  o f  t he  re fe rence  1 i ne .

The var iab le  a t tenuator  was set  a t  20 db dur ing data

co l l ec t i on  runs  i n  o rde r  t o  ope ra te  the  TWT amp l i f i e r

nea r  ,  bu t  no t  i n to  ,  i t s  sa tu ra t  i on  reg ion .  The

i -ns tantaneous TIVT ampl i f ie r  output  power  then was measured

to  be  abou t  4  wa t t s .  Under  these  cond i t i ons  the  rece i ve r

was  d r i ven  to  sa tu ra t i on ,  so  tha t  a  measuremen t  o f  t he

de tec ted  "peak  re ta rded  power "  cou l .d  no t  be  made .  I n

o rde r  t o  de te rm ine  the  re ta rded  power  de tec ted  by  the

rece iv ing  an tenna ,  runs  were  made  w i th  the  t ransmi t ted

power  reduced  by  a  fac to r  o f  1000 .  Th i s  was  accomp l i shed

by set t ing the var iab le  a t tenuator  a t  50 db dur ing these

"ca l i b ra t i on  runs "  so  tha t  t he  rece i ve r  wou ld  no t  sa tu ra te

in  the  t ime  reg ion  o f  t he  re ta rded  peak .

The  an tennas  were  s imp le  ho r i zon ta l  ha l f  wave leng th

d ipo les ,  p l aced  abou t  9 .7  m  apa r t .  The  vo l t age  s tand ing

wave  ra t i o  (VSWR)  o f  each  an tenna ,  a  measu re  o f  i t s

e f f i c i ency  i n  rad ia t i ng  power  de l i ve red  to  i t ,  was  measured

w i th  the  a id  o f  a  s lo t ted  wavegu ide  see t i on  and  p robe .  The

an tenna  e lemen ts  were  ad jus ted  to  m in j -m ize  re f  l ec t  j - on .

A f t e r  f i na l  ad jus tmen t  t he  ra t l o  o f  t r ansm i t t ed  t o

re f l ec ted  power  was  abou t  9 .

The  phase  sh i f t e r  was  advanced  by  a  s tepper  mo to r

under eornput er cont rol  .
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The  m j -c rowave  sw i t ch  has  spec i f i ca t i ons  o f  85  db

min imum at tenuat ion in"  the r ro f  f  r r  mode and 2  "6  db maxi -mum

at tenuat ion in  the r ron ' r  mode f  or  10 GHz mierowaves.

The pu lse-sp l i t te r  and programrnable  de lay  would ,

upon rece ip t  o f  the sys tem t r i -gger  pu lse f rom the

compu te r ,  send  ou t  two  pu l ses ,  one  to  t r i gge r  t he

t ransmi t te r  and  one  to  t r i gge r  t he  rece i ve r .  The

t ransmi t te r  t r i gge r  pu l se  was  de layed  by  a  t lme  p rese t

by  the  compu te r .  Ava i l ab le  de lays  ranged  f rom 0  to  255  ns .

Th is  made i t  poss ib le  to  vary  under  computer  cont ro l

t he  t ime  a t  wh ieh  the  s igna l  a t  t he  rece i v ing  an tenna  i s

samp led  by  the  rece i ve r ,  r€ la t i ve  to  the  t ime  tha t  t he

t ransmi t te r  i s  pu l sed .  Cons tan t  de lays  i n  t he  rece i ve r

t r  igger  l  ine  were chosen to  i -nsure that  use o f  a t  l  east

pa r t  ( t he  l ower  qua r te r )  o f  t he  0  to  255  ns  t ransmi t te r

t r i gge r  de lay  range  resu l ted  i n  rece i ve r  eove rage  o f  t he

re ta rded  peak  o f  t he  t ransmi t ted  m ic rowave  pu l se .  The

de lay  i n  t h i s  l i ne  was  ca r r i ed  ou t  i n  two  s teps  w i th

pu l se  shap ing  i n  be tween .  The  d i sc r im j -na to r s ,  E .G .  &  G .

i l Iode l  TL21/NL,  served to  shape pu lses in  ampl  i tude and

durat i -on .

5.2 PIIANTOM STRUCTURE Ii 'T THE ADVANCED TIME REGION NOISE

A p rob lem w i t h  t he  e l ec t ron i cs  was  t he  p resence  o f

s t ruc tu re  i n  t he  rece j " ve r  no i se  a t  t imes  j us t  be fo re  the
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expec ted  reee ip t  o f  t he  m ic rowave  pu l se .  Th i s  s t ruc tu re

pe rs i s ted  even  when  the  m ic rowave  sou rce  was  o f f .

The source o f  the prob lem was found to  be rad ia t ion

f rom the  compu te r  assoc ia ted  w i th  i t s  execu t i on  o f  i nd i -

v idua l  program ins t ruc t ions in rned ia te ly  a f ter  i ts  emiss i -on

o f  t he  sys tem t r l gge r  pu l se  .  The  na tu re  o f  t he  rad la t  j - on

re f  leeted.  the par t icu lar  prograrmrab le-de1a5z set t ing be ing

mainta  j -ned a t  the t  ime by the computer  .  The rad ia t  ion

was  p i cked  up  by  the  rece i ve r '  s  g round .

Th is  source o f  s t ruc ture  in  the advanceC t ime reg ion

no ise  was  e l im ina ted  by  i nse r t i ng  a  70  Us  de lay  be tween

the  sys tem t r i gge r  and  the  pu l se  sp l i t t e r .  Th i s  de layed

t ransmi t te r  and  rece i ve r  t r i gge r ing  un t i l  comp le t j -on  o f

the  compu te r  p rog ram s teps  respons ib le  fo r  t he  d i f f i cu l t y .

5 " 3 TRANSMITTER TRIGGERING AND RECEPTION

The t ransmi t ter  t r lgger  pu lse opens the microwave

sw i t ch  b r i e f l y ,  send ing  to  the  TWT amp l i f i e r  a  m ic rowave

pu lse  o f  72  ns  app rox ima te  w id th ,  w i th  r i - se  and  fa l I

t i -me  under  5  ns .  lTo te  tha t  t he  9 .7  m an tenna  separa t i on

was about  2Z t imes the microwave pu lse length .

The  m ixe r  rece i ved  i t s  phase  i n fo rma t ion  th ru  a

re fe rence  l i ne  ( see  F igu re  13 )  wh ich  de l i ve red  a  power  o f

about  I  mlT f  rom the microwave source.
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F igu re  13  "  M ixe r  f unc t i on  i n  t he  rece i ve r .
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The t ime averaged output of  sueh a mixer and.

re ference-wave set -up is  a  nceasure o f  the s igna l

amp l i t ude .  r f  t  r ep resen t s  t he  i n teg ra t i ng  (pu l se

accumul at  i .on )  t  ime ,  then we can wr i te ,

( i n teg ra ted  s igna l  amp l i t ud .e )  r  t

(  i n teg ra ted  no i se  amp l i t ude )  n^ .8 -

so  tha t  t he  ra t i o  o f  s l gna l  t o  no i se  power  i nc reases
/  +  \ 2

as  {  "  }  =  t .
\ t f  /

Wi thout  the re ference wave we would  be in tegrat ing

s igna l  and no ise powers  ra ther  than ampl i tudes so that

the s igna l  power  to  no ise power  ra t  j -o  would  increase

only  as  tn  ra ther  than t  as  in  our  set -up.

The re ference l ine  waveguide was de l ibera te ly  made

longer  than  the  an tenna  separa t i on  i n  o rde r  t o  de lay  any

d is tu rbance  i n  the  re fe rence  wave  assoc ia ted  w i - th

t ransmi t te r  t r i gge r lng .  Such  a  d i s tu rbance  m igh t  o the r -

wlse mi -mic  an advanced e f  fec t .  For  the same reason a .

smal1  gap was main ta i .ned in  the re ference l j -ne waveguide

near  the  rece i ve r .  Th i s  gap  improved  e lee t r l ca l

sepa ra t  i on  o f  t he  t rans rn i t t e r  and  rece i ve r  by  remov ing

a  poss ib l e  g round  l oop  pa th .
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The  l i nea r  ga te  se rved  to  p ro tec t  t he  ADC f rom the

la rge  re ta rded  s igna ls  wh ich  a r r i ve  du r ing  i t s  p rocess ing

of  samples f  rorn  the advanced t  ime reg ion.  I {h i le  the ADC

has  i t s  own  in te rna l  ga te  fo r  t h i s  f unc t i on ,  i t  was

cons ide red  des i rab le  to  add  th l s  ex t ra  l eve l  o f  p ro tec t  j - on

to  i nsu re  tha t  t he  ADC was  sens i t i ve  on l y  to  the  s igna l

rece ived dur ing 1 ts  get ing t ime.  The l inear  gate  was

set  to  open about  2OS ns before  the ADC gate  opened and

to  c lose  abou t  10  ns  a f te r  t he  ADC ga te  c losed .  The

l i nea r  ga te  has  a "  spec i f i ed  open ing  and  e los ing  t ime

o f  2 "5  ns "

The ADC integrates i ts input s ig,nal  over a" t ime

de f i ned  by  t he  w id th  o f  i t s  ga t i ng  pu l s€ ,  7  ns .  The

resu l t  o f  t h i s  i n teg ra t i on  de te rm ines  the  number  o f  25  ns

pu lses sent  out  to  the computer - read counter .  The ADC

ou tpu t  respondeC in  a  l i nea r  and  b ipo la r  f ash ion  to  i t s

l npu t  s igna l  1eve1 ,  w i th  a  ze ro  i npu t  s igna l  l eve1

correspondi "ng to  a  non-zeto  number  o f  output  pu lses.

The f iTT input pulse was tested f  or dr i f  t  in t  i rn ing

re la t i ve  to  the  ADC ga t i ng  pu l se .  The  d r i f t  was  l ess  than

1  ns /day .

5 .4  L INEARITY OF THE SYSTEM

The  l j - nea r i t y  o f  t he  en t i re  t ransmi t te r - rece i ve r

system was tes ted by runn ing i t  fo r  about  7  mj -nutes a t
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each o f  an increas ing ser ies  o f  T \ I IT  ampl i f ie r  input  l ine

a t tenua t i -ons .  Each  i n teg ra ted  rece i ved  amp l i t ude  i s

p lo t ted  i n  F igu re  L4  aga ins t  t he  assoc j -a ted  t ransmi t te r

at t enuat ion . The po i-nt at about 8 5 db wh i ch i s

consp icuous l y  o f f  t he  g raph  rep resen ts  poss ib le  fa i l u re  to

advance  the  a t tenua to r  by  i t s  10  db  i n tended  lnc remen t .

I n  o rde r  t o  ge t  be t t e r  s t a t i s t i c s  a t  t he  h i ghes t

t ransmi t te r  a t tenua t i on ,  a  much  longer  (abou t  I  hou r )

run was car r  ied  out  in  add i t  ion  to  the 7  mi -nut  e  run .

The  resu l t i ng  da ta  po in t  i s  s l i gh t l y  o f f  t he  l i ne  due ,

poss ib l y ,  t o  d r i f t s  i n  t he  TWT ga in  wh ich  were  assoc ia ted

w i th  such  l ong  runs .  F requen t  samp l ing  o f  va r i ous  t ime

reg ions  m in im i zed  t he  e f f ec t s  o f  d r i f t s .

5.5 THE COMPUTER CONTROLLED SEQUENCE

The  compu te r  con t ro l l ed  va r ious  appara tus  e lemen ts

in  a  sequence  desc r  j - bed  as  fo l l ows .

A f t e r  se t t i ng  i n i t i a l  phase  and  de lay  pa rame te rs ,

the  compu te r  genera ted  256  mas te r  t r i gge r  pu l ses ,  & t

1 ,28  Usec  i n te r va l s .  Each  t r i gge r  pu l se  was  sp l i t  t o

t r i gge r  t he  t ransmi t t  e r  and  ga t  e  the  rece  j - ve r  w i th

re la t l ve  t im ing  de te rm lned  by  the  de lay  pa ra r re te r .

A f te r  each  sequence  o f  256  pu l ses  the  compu te r  read  and

c lea red  t he  ADC eoun te r ,  and  changed  t he  de lay  se t t i ng
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F lgu re  L4  "  L inea r i t y  o f  t he  t ransmi t te r - rece i ve r
sys tem "



71

J

z
I
a
,^r li

il ro"
trJ
()
uJ
E

tr-
o
l r l  ,  ^ 4
=  l t .o
f,
t-
J
(L
=

fo7

t06

f03

l02

REC E IVER
SATURATION

LONGRUN
\o

- t20 - too -go -60 -40 -20 0
ATTENUATION ON TRANSMITTER (db)

(ATTENUATION OF ! I I  P IJT TO TWT AMPLIFIER)



72

by  1  ns .  A f t e r  a  t o ta l  o f  64  x  256  x  256  pu l ses ,

rep resen t i ng  64  scans  o f  t he  de lay  t lme  se t t i ng  t h ru

i t s  range  o f  256  os ,  t he  compu te r  rese t  t he  phase

se t t i ng  and  repea ted  the  above  cyc1e"  The  coun te r

read ings  f  o r  t he  va r  j - ous  de lay  se t t  i ngs  cons t i t u ted  the

raw da ta  fo r  t he  expe r imen t .

5 . 6 MI CROITAVE LENSES

In what  amounts  to  a  second exper i -ment ,  data  was

co l l ec ted  w i th  m ic rowave  lenses  moun ted  as  shown ,  i r  a

pos i t  ion  in t  ended to  f  ocus advanced rad j -a t  ion  .

-) 
T

Transml t  t  e r

Retarded rad i -a t  1on f  rom the t ransmi t t  ing  ant  enna wi l l  be

beamed  away  ( to  the  l e f t  i n  t he  d iag ram)  as  a  p lane  wave

by  the  nea rby  l ens ,  d i - ve rg ing  on l y  due  to  the  e f  f  ee ts  o f

d i f f r ac t l on .  Reca l l i ng  ou r  d i scuss ion  o f  t he  abso rbe r

theo ry  o f  r ad ia t i on  ( see  Chap te r  2 ,  F i gu res  3  and  4 ) ,

t h i s  l ens ,  i o  e f f ec t ,  i n c reases  t he  f r ac t i on  o f  t he  t r ans -

m i t t e r ' s  r e ta rded  rad ia t i on  wh i ch  f a I l s  w i t h i n  t he  cone  o f

T--
I

ce  i ve r

f
Re
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poss ib l y  i ncomp le te  even tua l  abso rp t i on .  The  advanced

rad ia t i on  i n  t h i s  cone  i s  i nc reased  i n  equa l  p ropo r t i on "

F ina11y ,  v iewed  f  o rward  i n  t ime ,  t h i s  ad .vanced  rad ia t i on

conve rg ing  f rom in f i n i t y  on to  the  t ransmi t t i ng  an tenna  w i l l

pass  t h ru  t he  rece i v i ng  an tenna ' s  l ens .

The lenses were made f  rom "Eccof  oam 625D! '  (  Emerson

and  Cuming ,  I nc .  ) ,  an  a r t i f i c i a l  d i e l ec t r i c  w i t h  d i e l ee t r i c

cons tan t ,  K  =  6 .  ITe  requ i re  tha t  p lane  waves  i nc iden t

f rom the  l e f t  ( see  F igu re  15 )  a r r i ve  i n  phase  a t  t he

o r i g i n :  n t  +  f  =  n ( t  +  f  r eosO)  +  r .  Th i s  g i ves  t he

equa t i on  f o r  t he  l ens  p ro f i l e :

( n  1 )  f
! t

n  cosO 1

where 11,  the index o f  re f  rac t  ion  o f  the lens mater i .a l  ,

is given by n = \ , f

f  i s  f i xed  by  the  va lues  o f  d  and  t ,  wh lch  a re  L2

inehes  and  1  i neh  respec t i ve l y "  f  i s  f ound  by  w r i t i ng  r

and  0  a t  po in t  P  i n  t e rms  o f  d ,  f ,  and  t  and  us ing  the

resu l t s  i n  t he  p ro f  i l e  equa t  i on  g i - ven  above .  Then ,

2 2 . 2
€  d -  4 (n '  1 ) t '
I

8 (n -1 ) t
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F igu re  15 .  De f i n i t i on  o f  p l ano -convex  l ens
p ro f  i l e  pa rame te rs .
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In  rec tangu la r coo rd ina tes  t he  p ro f i l e  equa t i on  i s

y=
{Cn*1 )x '  

2n f x  +  (n -1 ) f "

\T i th  n  =  a r ,  f  =  10 .69  inches  and

(  inches )
t 2

y = 
15*-  31 . ,16 x + 24O .25

[*t ]2

, r e  g round  us i -ng  th i s  equa t  i on .  I t  i s  a

I  g i ves  a  l ens  caus ing  no  abe r ra t i on  o f  non

lys .

r  o f  t he  l enses  was  tes ted  w i th  the  l enses

ted pos i t  ion  .

. ca l l y ,  t he  theo re t i ca l  power  ga in  o f  t he
/o '  \ 2

r rox ima te l y  t + - , |  Csee  F igu re  16 ) .  O  i s
\ v  /

e  d iame te r  o f  t he  an tenna ' s  e f f ec t i ve..,
. 4

a ,  A  =  #  ,  and .  t he  an tenna  sepa ra t i on ,  L ,'  +T l

.  0 '  j . s  g i ven  by  ( f  +  t ) 0 '  t o  d  so  t ha t

re

rd

'1

.n

' d

' i

)p

hr

e f

w

an

r

a i

at

t r

aB

t1

t f (

) S

"1

g
b

r t

re

l

o

a

, se

,1a

: i -a

.e

re

rOIII

i s

t t

n g

n

o

x

en

bo

ax

Th

e

Ge

S

a d

v 1 :

e

V

. e1

'per

ra-

r t h

, I ISO

1a t  r

c  e i '

.{,0

ny

pa

in

1

r

f r

b '

Th

hy

pa

in

1e

re

f € r

) y

=  61  db .(r)'=

,!A
fi



77

F igu re  16 .  De f i n i t i on  o f  pa rane te rs  fo r
ea l cu la t i on  o f  t he  t heo re t i ca l  ga in  o f  t he  l ens  sys tem.
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D i f  f  r ac t  j - on ,  however ,  l im i t s  t he  e f  f  ec t i veness  o f

the  l ens  sys tem"  The  rad ia t i on  cap tu red  by  the  t ransmi t t i ng

lens  w i l l  no t  a l l  be  beamed  d i rec t l y  t oward  the  rece i v ing

lens ,  bu t  w i l l  sp read  ou t  f rom the  ax i s  ove r  a  d i f f r ac t i on

ang le  g i ven  by  1  .22  +  =  A  .  t 2  rad i -an  .  The  rece i v ing  l ens
cL

sub tends  an  ang le  f rom the  t ransmi t t i ng  l ens  o f  on l y

(  lens separat ion )
=  0 .  034  rad ian ,  and  t he re fo re  cap tu res a

d b .

Fur the rmore ,  d i f f r ac t i on  l im i t s  t he  f rac t i on  o f  t h i s

cap tu red  rad ia t  i - on  wh ich  w i l l  f  i na11y  a r r i ve  w i th in  the

rece i v i ng  an tenna ' s  e f f ec t i ve  a rea ,  A .  The  f r ac t i on

captured by A is

d

f  rac t  ion  o f  the power  g iven b-  l -  0  '  034 12
Y LZm':rzJ 

= o'o2o = -L7

(L.22x\/r  + t ) l\ - - - /  \ r  
J

.iL' =  -L7  . 5  db .

The  61  db  geomet r i ca l  ga in ,  eo r rec ted  fo r  t he  t7  db

and  L7 .5  db  d i f f r ac t i on  l osses ,  g i ves  t he  expec ted  power

ga in  o f  t he  l ens  sys tem,  26 "5  db .

The ga in  was measured to  be 25.9  db.  The d iscrepancy

may  be  due  to  non - idea l  l ens  shape  o r  p lacemen t .



Chap te r  6

DATA COLLECTION AND RESULTS OF THE EXPERIMENT

6.1  DATA COLLECTION

The  rece i v ing  an tenna  was  p raced .  g .T  m f rom the

t ransmi t t i ng  an tenna .  The re fo re  i t  was  expec ted  tha t

any  ad ,vanced  s i -gna1  wou ld  be  rece i ved ,  2 (9  ' 7  * )  =  6b  ns
3  x  108  m /s

be fo re  t he  re ta rded  s i gna l .

The reee iver  was moni tored a t  regu lar  L2a usec

in te rva l s  wh i l e  t he  assoc j -a ted  t ransmi t te r  t r i gge r ings

were  de layed  by  va r ious  t imes  rang ing  up  to  ZS5  ns .  The

t ransmi t te r  t r i gge r ing  de lays  were  advanced  in  1  ns

increments  by  a  programmable  de lay- l ine  under  computer

eon t ro l  ( see  b lock  d iag ram,  chap te r  5 ,  F igu re  t z ) .

(The  de lay  se t t i ngs  fo r  t he  t ime  reg ion  o f  g rea tes t

i n te res t  were  ca l l b ra ted  w l th  a  100  ps /channe l  mu l t i -

channe l  ana lyze t " )  Thus  the  rece i ve r  was  mon i to red ,  a t

a  spec t rum o f  t imes ,  i nc lud ing  t imes  when  the  re ta rd .ed

s igna l  was  a t  i t s  an tenna  as  we l l  as  t imes  up  to  abou t

80
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19O ns  ea r l i e r .  Th i s  advanced  reg ion ,  i n  pa r t i cu la r  t he

t ime  reg i -on  a round  65  ns  be f  o re  the  re ta rded  s igna l  ,  was

examined  fo r  advanced  e f fec ts .

"Mon i to r i ng  the  rece i ve r "  f o r  a  g i ven  t ransmi t te r

t r i gge r ing  de lay  se t t i ng  was  pa r t  o f  a  sequence  o f

even ts  i n i t i a ted  by  the  sys tem t r i gge r  pu l se  f rom the

computer  (  see b lock d iagram,  Chapter  5 ,  F igure L2)  .

I n  t he  rece i ve r  sec t i on  o f  t he  appara tus  th i s  i nc luded

gat ing the ADC wi th  a  7  ns  pu1se.  The ADC then output

a  t ra in  o f  pu l ses  to  a  coun te r  (  see  b lock  d i -ag ram,

Chapter  5 ,  F igure L2) .  The number  o f  pu lses in  the

t ra in  was  d i rec t l y  p ropo r t i ona l  t o  t he  s igna l  amp l i t ude

ou t  o f  t he  rece i ve r  amp l i f i e r ,  i r t eg ra ted  ove r  t he  7  ns

ga-t ing t i-me .

W i thou t  chang ing  the  t ransmi t te r  t r i gge r  de lay  se t t i ng ,

the  sys tem was  t r i gge red  256  t imes  w i th  the  resu l t s

accumulated by the counter .  The counter  was then read

and c  leared by the eomputer  .  The read i -ng was s tored in

a  b in  i den t i f i ed  by  the  de lay -se t t i ng  t ime  and  was  a .

measure  o f  t he  s igna l  amp l i t ude  rece l ved  a t  a  pa r t i cu la r

t  ime re  la t  ive  to  the re tard .ed pu l  se  .

Th i s  p rocess  was  repea ted  fo r  each  o f  t he  256

t ransm i t t e r  t r i gge r i ng  de lay  se t t i ngs .
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Thus  a f te r  one  "sweep"  o f  a l l  t he  de lay  se t t i ngs  the

ADC has been gated 256 x  256 t imes and the computer  has

s to red  256  numbers ,  one  fo r  eaeh  de lay  se t t i ng .

The 256 numbers are i -ncrement ed by each sweep thru

the  de lay  se t t i ngs .  A f  t e r  64  sweeps  ,  ca11ed  one  " ru .n " ,

t he  phase  sh i f t e r  ( see  b lock  d iag ram,  Chap te r  5 ,  F igu re  1 'Z )

was changed by 1800 and another  run was d ,one.

6 .2 TREATMENT OF THE DATA

The resu l ts  o f  the two runs ( two sets  o f  256 numbers)

a re  sub t rac ted  i n  o rde r  t ha t  on l y  con t r i bu t i ons  to  the

amp l i t ude  due  to  m ic rowaves  o r i g ina t i ng  a f te r  t he  phase

sh i f t e r  su rv i ve  ( see  b lock  d iag ram,  Chap te r  s ,  F igu re  ] - z )

Th is  i s  because  the  1800  phase  sh i f t  r eve rses  the  s ign

of  the ampl i tude on the mj -crowave s igna ls  rece ived. .  Th is

procedure ,  though,  subt raets  away the systemat i -c  e f  f  ec ts

o f  o the r  sou rces  o f  ADC inpu t  such  as  m igh t  be  assoc ia ted ,

w i t h  t he  de lay - se t t i ng  e l ec t ron i cs .

rn  add i t ion to  the runq and run6+1g0o d.escr ibed,

above we car r  ied out  another  pa i - r  o f  runs ,  runq q+ooo )
and  run ,  ,( e+goo )  +  1g .o .  The  co r respond ing  e l emen ts  w i t h i n

th i s  pa i r  we re  a l so  sub t rae ted .

The  resu l t s  o f  t he  two  sub t rac t i ons  can  be  used  to

f i nd  t he  phase  (0 )  and  amp l i t ude  (A )  o f  t he  s l gna l .
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I f  w e  d e f l n e :

Ai  cos0 .  =  l runO] i  [ runo+  tgoo ] i (6 .1 )

and  A '  s ino t  =  [ run10+ooo) ] i  [ run (0+  g0o)  +  laoo ] i  (6 .2 )
l_

where  i  =  0 , . . . , 255 .

then

.  l -4 .  s in  6 .  I
and -  o .  =  tan*r  lT+# |  (see chapter  5 ,  F igure  13) .' 1  

L . * i v v v  
t i  

J

Graphica l ly ,  the ampl j - tudes take the form shown in

F igure L7 .

lYe ca l  l  the set  o f  f  our  runs a t  d i f  f  e rent  phases a

"  quadrature  set  "  .

Data  was recorded for  24 such four - run sets .  Eaeh

run requ i red about  1-3  min  51 second.s  for  comple t ion.

The to ta l  number  o f  ADc gat ings was 3  x  227 or  about
R

4 .O  x  10 " .

These  da ta  a re  i n teg ra ted  as  fo l l ows :  i n  each  o f

the  24  quadra tu re  se ts  the  two  sub t rac t i ons  a re  ea r r i ed

ou t  as  i nd i ca ted  above  (Equa t i ons  6 .1  and  6 .2 ) .

Ai  =  
{ ,o ,  cosor ) '+  (A i .  s in0 r ) '
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F igu re  t7  .  ske teh  show lng  fo rm o f  rece i ved
amp l i t ude  w i th  t ime .



85

,\.
..\ tI-

X l r J
\rr (g .

. , , . ( 9 . '

5s:
r- c9

sr  gZ
(U trJ ;

FL
t i,.r
26
LD>
Z4

66 i.rJ

:o

r()
rO
(v

A

.-
et ld

\L l"-
v 1

(93-p
o eeil
Jq_t

(J-  ryLd= e-
ll J rrJ
OLtr
ed

(9
o

r {
d

o
lrJ J
o<
E.Z
<(D

irJ (D
E

z,
o9
l d ( 9
L ) t d
ZE

3g
1-



86

The  24  resu l t i ng  d i f f e rence  se t s  wh i ch  a re  l abe led  A i  cosQ.

are summed in to  one set  and the 24 resu l t  ing  d i f fe rence

se ts  wh ich  a re  l abe led  A i  s inQ .  a re  summed in to  ano the r  se t .

From the 256 e lements  o f  each o f  these two sum sets  we

sub t rac t  t he  ave rage  o f  each  se t ' s  own  advanced  reg ion

delay  b in  contents  .  The t  i rne reg ion i  =  100 255 (  see

F igu re  t7 )  was  used  fo r  t h i s  pu rpose .  Th i s  sub tTac t i on

is  car r ied out  in  order  to  make the average no ise ampl i tude

ze ro  and  i n  o rde r  t o  reduce  the  e f fec t  o f  any  d r i f t  i n

the  o f f se t ,  t he  number  o f  pu l ses  pu t  ou t  by  the  ADc  fo r

ze ro  i n teg ra ted  s i gna l .  A f t e r  t he  o f f se t  sub t rac t i on

w i th in  each  o f  t he  two  se ts ,  t he  256  co r respond ing  pa i r s

o f  e lemen ts  i n  t he  two  se ts  a re  added  in  quadra tu re .

6 " 3 RESULTS OF THE EXPERIMENT

The  f i na l  resu l t i ng  se t  o f  256  numbers  aga in  has

the  fo rm shown  in  F igu re  L7 .  I n  t he  advanced  t ime  reg ion

no  peak  i s  seen  to  s tand  ou t  above  the  no i se .  The re fo re

we use the advanced t  ime reg j -on no ise leve 1 as an upper

l im i t  on  the  advanced  s igna l  I eve l .  Spee i f i ca l l y  we  use

tw ice  the  s tandard  dev ia t i on  o f  t he  100  ns  to  255  ns

de lay  b in  con ten ts .  Th i s  2o  cho ice  g i ves  a  eon f  i d .ence

leve1 o f  about  957o.  Our  upper  l  imi t  on the advanced

s igna l  power  i s  t o  be  exp ressed  as  a "  f rac t i on  o f  t he

re ta rded  s igna l  power  to  wh ich  i t  co r responds .
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The  re ta rded  peak ,  however ,  sa tu ra ted  ou r  rece i ve r .

Because  o f  t h i s  we  made  pe r iod i c  ca l i b ra t i on  runs  du r ing

which 30 db a t tenuat ion was added to  the t ransmi t ter

output  l  ine  (  see b  lock  d i -agram,  chapt  er  5  ,  F  igure  Lz)  ,

t he reby  a l l ev ia t i ng  rece i - ve r  sa tu ra t  j - on .  These  runs

cons i s ted  o f  8  sweeps  th ru  the  de lay  se t t i ngs  i ns tead  o f

the normal  64.  Retarded peak ampl i tudes were determined.

by  tak ing  the  ave rage  o f  e igh t  I  ns  de lay  b in  con ten ts

around the re tarded peak.  The re tarded peak ampl i tude

f ina l ly  used was the average resu l t  o f  a  number  o f  ca l ib ra-

t i - on  runs .  Be fo re  compar i son  w l th  the  advanced .  amp l i t ud .e ' s

upper  l imi t  th is  average re tarded ampl i tude was put  on

an  equa l  bas i s  by  sca l i ng  i t  up  by  a  fac to r  o f

["*t arded pe*tl
l ca l  ib ra t  j .o  n  |  =
lsca le -up  I
l-f act or 

J

24 quadrature
se t s  o f  da ta
1 quadrature
se t  f o r
cal ibrat  ion
dat  a

Then our  upper  l  imi t  on the ra t  io  o f

the re tarded power  wi th  which i t  i s

sweeps*
run

advanced power  to

assoc ia ted  i s  g i ven

^  ̂  sweepso+
run

=6OTZ

by

p-  
adv

T = =
P

r e l
(6 .  3 )

f  r  etarded peak
x  I  ca l  i b ra t  i on

\ sca le -up  f ac t

ret  ard.ed. peak \
ampl  i tude f rom I
ca I  i b ra t  i on  /

" " )

2ol \ f
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o  ,E  i s  t he  s tandard  d ,ev ia t i on  o f  t he  ave rage  o f  8  de lay

b in  con ten t s .  ( I n  pa r t i cu l a r ,  t he  g roup  o f  8  de lay  b i ns

wh ich  make  up  the  advaneed  s igna l  t ime- reg ion .  )

24 quadrature  sets  o f  data  were a lso accumulated

w i th  m ic rowave  lenses  moun ted  i n  a  pos i t i on  to  focus

advaneed  rad ia t  j - on  .  These  l enses  p rov ided  a  ga in  o f

25 .9  db .  I t  mus t  be  emphas i zed  t ha t  t h i s  l ens  sys tem ga in

was  measured  w l th  the  l enses  moun ted  i n  the  re ta rded

pos i t i on .  The  same ga in  i s  expec ted  when  the  l enses  a re

mounted to  focus advanced rad ia t ion ,  d l though th is  cannot

be measured empi r ica l ly  in  the absence o f  advanced rad j -a t ion.

Tab le  1  sunmar izes the data  and the i r  use in  Equat ion

6 .3 "  The  f i na l  resu l t  o f  ou r  expe r i -men t  i s  an  upper  l im i t

on the amount  o f  ad.vanced e lec t romagnet  ic  rad ia t  i -on

assoc ia ted  w i th  no rma l l y  obse rved  re ta rded  rad ia t i on .

Expressed as a  f  rac t  i -on o f  the power  o f  the

re t  arded t ransmi t t  ed s i -gna1 ,  we measured

(  advanced power  )  <  10-11 '  5  (  re tard .ed power  )

f o r  t he  l ens less  expe r imen ta l  con f i gu ra t i on ,  and

(  advanced power  )  <  10-14 '  o(  
te tarded power  )

f o r  t he  expe r imen t  w i th  l enses .

The microwave antennas were pos j - t  ioned so as to

max  j -m i - ze  the  poss ib l l  i t y  ,  w i th in  the  abso rbe r  t heo ry

o f  rad ia t  i on  ,  o f  de t  ec t  i ng  advanced  rad ia t  i on  :

ea r th -based  abso rbe r  d id  no t  i n te rcep t  t he  ex tended  l i ne
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eonnec t i ng  ou r  an tennas .  I t  w i l l  be  shown  i n  Chap te r  g

tha t  abso rp t  i on  by  the  ea r th ' s  a tmosphere  was  neg l i g ib le  .

Then,  w i th in  the wheeler -Feynman theory ,  our  pure ly

re ta rded  resu l t  i nd i ca tes  the re  i s  even tua l  abso rp t i on

e lsewhere .  Thus  i f  t he  abso rbe r  t heo ry  o f  rad ia t i on  i s

va l i d ,  t he  un i ve rse  mus t  be  a  comp le te  o r  ve ry  nea r l y

comp le te  abso rbe r  ( t ransmiss i . on  l ess  than  abou t  1  pa r t
' t . t

i n  10 - * )  o f  10  GHz  e lec t romagne t i c  rad , i a t i - on .

o  fo r  t he  advanced  s igna l  reg lon  i s  sma l l e r  t han  o

fo r  t he  en t i r e  advanced  reg ion .  I f  t h i s  we re  o f  s t a t i s t i caL

s ign i f i cance  i t  cou ld  be  i n te rp re ted .  as  a  "eoo l i ng "  o f

the reee iv ing antenna due to  ad.vaneed.  ac t ion on i ts  s id .e

f  ac ing  the  t ransmi t te r .  (  '  I nne r  f  ace '  ad ,vaneed  e f  f  ec t s

remove energy f rom the absorber  as  ment ioned a t  the end o f

sec t i on  2 .5 . )  r t  i s ,  howeve r ,  no t  o f  c rea r  s t a t i s t i ca l

s ign i f icance and fur ther  exami-nat i -on o f  the d .a ta  or

fur ther  exper imentat ion may be requ i red.  to  reso lve

th i s  po in t  "

The graphs in  F igures 18 and Lg d isp lay  the resu l ts  o f

the  f i na l  t r ea tmen t  o f  da ta  fo r  t he  "w i thou t  l enses "

and  "w i t h  l enses "  se r i es  o f  r uns ,  r espec t i ve l y .  Sca led -up

ca l i b ra t j - on  run  resu l t s  a re  shown  in  the  re ta rded ,  s igna l

t ime  reg i -on  where  the  rece i ve r  no rma l l y  sa tu ra ted .
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F igu re  18  "  Graph  o f  t he  resu l t s  o f  t he  l ens less
experiment "
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F igu re  19 .
us ing  l enses .

Graph  o f  t he  resu l t s  o f  t he  expe r imen t
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6 "4 STRUCTURE OF THE tOG GRAPTIS

I t  can  be  seen  i n  the  g raphs  tha t  t he  re ta rded  peak

has a  double  hump.  The mixer -preampl i f  ie r  has a"  band.pass

of  10 MHz to  200 MIrz  and theref  ore  an Ac response.  A

monopo la r  pu l se  emerges  as  b ipo la r .  Thus  the  t ra i l i ng

edge  o f  t he  re ta rded  pu l se  genera tes  a  m ixe r -p reamp l i f i e r

ou tpu t  pu l se  wh ich  appears  as  a  seeond  peak  a f te r  i t  i s

made pos i t  i ve  by  the prev ious ly  descr ibed quad, ra ture

ca l cu la t i ons .  The  two  peaks  a re  separa ted ,  by  abou t  t 2  r s ,

cons i s ten t  w i th  the  m ic rowave  s igna l  pu l se  w id th .

The wi th- lens graph shows a.  sma1l  peak on the lead, lng

edge o f  the re tarded peak.  Th is  peak is  o f  about  60 db

less  power  than  the  re ta rded  peak  and  i s  t he  resu l t  o f

m ic rowave  leakage  f rom see t i ons  o f  t he  t ransmi t te r

between the mj -crowave swi tch and the T\ [T  ampl i f i -e r

( see  b l ock  d i ag ram,  Chap te r  5 ,  F i gu re  L2 ) .

Th i s  l eakage  goes  d i rec t l y  t o  t he  rece i ve r  w i thou t

de lay  i n  t he  Twr  amp l i f i e r  and  thus  appears  s l i gh t l y

ea r l i e r  t han  the  fu l l  power  re ta rded  s igna l .  l t  was

reduced  in  the  runs  w i thou t  l enses  by  app rop r ia te  sh ie ld ing .

The va lues o f  T ,  the ra t io  o f  advanced to  re tard .ed.

s igna l  power  g i -ven in  Tab le  1 ,  can be roughly  determined.

d i ree t  } y  f rom the  g raphs  by  squar ing  the  es t  ima ted
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ra t i o  o f  re ta rded  peak  amp l i t ude  to  advanced  reg ion

amp 1i  tude .

Tab les  2  and  3  con ta in  the  amp l i t udes  and

ea l i b ra ted  de lay  se t t i ngs  wh ich  a re  p lo t ted  aga ins t

each  o the r  i n  F igu res  18  and  19 .
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Tab le  2 .  In teg ra ted  da ta  fo r
n o n - s a t u r a t e d  d a t a
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t he  "w i thou t  l eoses"  exper imen ta l  con f , i gu ra t ion .  (Sca led -up
appears  i n  pa ren theses .  )
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4 L 4

D ' !  e

a a  A
a L 2

t l  q

t 1  

2L7
t l  a

2L9
22A
, r 1

222
t r a

224
225
, ' A

227
223
229
230
23L
, a t

t o . l

o 4  d
4 J l

2 3 5
t a e

237
238
23?
, a *  J

6 2 L

242
243
n A  1

245
246
2 4 7
248
249
2 5 0
t q ' t

232
9 q a

. C A

o < e



T a b l e  3 .

De lay  Log  o f
Sett iag . {nPl l tude
i t r  as

In teg ra ted  Da ta  fo r  the  " ' ,V i th  Lenses"  Exper imen ta l  Con f igu ra t ion .  (Sca leC-up
n o n - s a t u r a t e d  d a t a  a p p e a r s  i n  p a r e n t h e s e s . )
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Delay  tog  o f  De lay  Log  o f
Sett lng Ampl i tude Sett  j . !g Anpl  l tnde
in  ns  i n  ns

Delay
Se t t i ng
1 n  n s

Log  o f
Annpl itude

0 . 0 0  8 . 1 1 0 2
1 "  0 1  8 . 0 9 9 5
2 . 2 2  8 . 0 8 5 5
3 .  3 0  8  . 0 7 6 2
4 . 4 3  I  " A 7 2 4
5  "  5 2  8 . 0 7 5 6
6 . 5 4  8 . 0 8 3 8
7  . 4 6  8 . 0 9 3 7
8 .  3 7  8 .  1 0 2 8
9 . 3 1  8 .  1 0 7 4

1 0 . 2 6  8 .  1 0 6 2
7 L . t 7  8 " 0 9 9 2
L 2 " 2 t  8 . 0 8 1 4
L 3 . 2 2  8 "  0 5 4 3
1 4 . 3 2  8 . 0 1 2 3
1 5 . 3 4  7  . 5 6 2 6
1 6 .  r 0  7 . 9 0 5 1
1 7 . 1 1  7  . 9 3 3 4
1 8 " 4 1  8 " C 1 1 4
1 9 . 5 0  8 . 0 8 5 4
2 0 . ' a 2  8 . 1 3 4 2
2 L . 5 7  8 . 2 0 6 1
2 2 . 6 4  3 . 2 4 4 9
2 3  " 5 4  3 . 2 7 2 7
2 4 . 5 5  3 . 2 9 7 8
2 5 . 1 6  8 .  3 2 0 6
2 6 .  + 5  8 .  3 4 1 4
2 7 . 3 6  8 . 3 6 1 8
2 8 . 3 9  8 . 3 9 0 5
2 9 " 3 8  8 " 4 2 2 0
3 0 .  4 8  8 .  + 5 8 8
3 1 . 4 9  8 . 4 8 6 8
3 1 .  3 4  8 . 4 4 3 1
3 2 . 1 0  8 . 4 7 7 3
3 3 . 6 1  8 .  5 0 2 7
3 4 .  7 3  8 , 5 0 6 8
3 3  " E 2  8 . 4 8 9 1
3 6 . 9 2  8 . 4 5 4 4
3 7  . 9 5  8 . 4 1 8 1
3 8 . 9 4  8 . 3 9 7 8
3 9 . 8 9  8 . 3 9 8 6
4 0 .  8 5  8 . 4 1 0 6
4 1 . 8 5  8 . 4 4 9 3
4 2 " 8 4  8  "  4 1 9 9
4 3 "  9 0  8 . 4 1 9 4
4 4 . 9 4  8 .  t I 3 2 8
4 6 . 0 0  I  " 4 5 7 1
4 6 . 9 7  8 "  4 6 9 6
4 7 . 5 3  8 . 4 5 9 7
4 8 .  5 8  8  . 4 2 0 6
4 9 . 8 5  8 . 3 i 4 2
5 0  "  9 4  8 .  3 5 6 1
5 2 "  0 1  8 .  3 6 4 1
5 3  "  0 7  8 .  3 8 8 5
5 4 . 1 5  8 . 4 2 L 9
5 5 . 1 3  8 . 4 6 2 4
5 6 .  1 3  8 . 5 0 4 2
5 7  "  0 9  8 .  5 4 1 5

, - -5& .07  8 .  5662
' c 9 . t Z  8 . 5 7 8 ?
5 0 . 0 8  8 .  5 7 4 8
6 1 . 0 9  8 . 3 5 4 7
6 2 . L 5  8 . 3 2 2 2
6 3 .  1 3  8 .  { 8 2 1

8  . 4 1 5 4
8 . 4 6 1 1
8 .  5 1 6 3
8 . 5 6 8 1
8 . 6 0 7 5
8 . 6 4 4 7
8 . 6 9 3 2
8  " 7 3 9 4
8 . 7 8 5 1
8 .  7 2 1 6
8  " 7 6 7 2
8 . 8 0 8 5
a  .3277
8  "  8271
I  "  ?980
8  " 7 3 2 7
8 . 7 3 8 2
8  "  8 2 1 1
8 . 9 0 1 6
8 . 9 6 3 8
9 . 0 2 8 1
9 .  1 1 2 0
9 .  1 8 8 5
9  "2478
9 . 2 6 3 0
s . 2 3 7 5
9 .  1 6 3 s
9 .  0 3 7 8
8  "  9483
8 . 9 6 ? 9
9 . 0 6 3 1
9 . 1 5 4 9
9 . 2 1 8 5
9 . 2 6 6 2

6 3 .  7 4
6 4 " 8 0
6 6 .  1 0
O I " L T

6 8  . 2 2
6 9 .  3 0
7 0 .  3 4
- t l  4 . ,
r I - 9 =

I 4 - J + .
' t2 

L' l

7 4  . 3 0
7 5 . 2 3
7 6 . 2 8
7 7 . 2 7
7 8  " 3 2
7 9 .  3 3
7 9 . 9 3
8CI .99
s 2 . 2 4
8 3 .  2 9
3 4 " 3 7
8 5 . 4 1
8 6 . 4 9
8 7  " 4 7
8 8 . 4 8
8 9  . 4 6
90 .  44
9 1 . 3 ?
s 2 " 4 6
9 3 . 4 8
94 . ' ?7
9 5 . 4 8
9 5 . 9 4
9 6 . 9 7
9 8 . 2 4
oo ?a

1 0 0 . 2 6
101.  3 : .
102 .  35
r03 "  38
104 .  39
to5 .  38
1 0 6 .  3 3
Lo? .  30
108 "  32
1 0 9 . 3 3
r10 .  39
1 1 1 . 3 9
111 .  90
L1'2.97
1.14.  19
LL1.27
1 1 4  ? 1

L L ? , 3 7
1 1 8 . 4 3
1 1 9 . 4 1
1 2 0 .  3 8
1 2 1 .  3 8
L 2 2 . 3 2
L23 .32
t 2 4 . 2 2
L26 .37
L 2 6 . 6 5
1 n . l  < ' f

8 . 4 8 5 1
I  .4282
8 . 3 3 4 2
8 . 2 1 8 0
I  "  0542
7 .  I  158
r . + l a l

6 . 9 4 1 5
5 . 8 2 5 4
6 .  0 8 1 4
6 .  1 8 5 3
6 .  1 8 8 9
6 .  1 . 1 5 3
6 . 0 7 2 9
5 .  9 5 ? 9
5 . 7 8 3 8
5 . 5 6 r " 9
3  "2942
4 . 9 2 4 L
4 . 3 1 3 7
3 .  { 4 6 0
A  1 a n 1

3 . 9 0 8 8
3 "  8466
e  . t 4  A  n
u .  a  r : 9

3 . 8 0 5 8
3 . 8 1 9 0
3 . 7 7 4 8
4 .  1 1 2 3
4 . 0 9 9 6
4 . 2 L 4 6
3 .  7 2 8 5
3 .  4 8 9 5
3 . 7 6 2 7
4 .  1 5 4 5
3 . 7 6 8 2
3 . 1 2 L 4
3 .  8 0 8 5
t  q q 1 1

3 . 9 3 5 0
4 . 0 7 1 2
3 .  8 0 5 3
3 .  6 6 8 3
4.  13: "4
3 .  9041
4 .  3 0 L 7
3 .  9795
3 "9022
4  "  1561
3 . 1 2 6 2
3 .  8 5 2 8
4 .  3 5 5 6
4 . 0 5 2 9
3 . 9 7 6 1
4 "  0658
3 .  6 5 1 0
3 . 7 3 6 7
3  "  6318
3 . 8 5 5 4
4 . 2 L 5 5
4  . 0 5 3 1
4 . 0 8 0 4
3 . 7 5 8 1
3 .  5 0 3 3

1 2 8 .  1 6
1 2 9 .  1 0
130
1 f  l

L32
1 e ?

134
1 1 q

136
1 0 q

1 3 8
t J Y

140
1 4 1

L * 4

143
1 4 4
n  A 7
! = u

146
I':l I

148
149
150
r  c l

L52
r  < a

1 5 4
1 < t r

r a b
157
138
i59
160
l-o l-

L62
I O J

164
It 'c
.Loo
r o ,
1 6 8
r o v
1 7 0
1?1
L12
1 n. ,

l . / +
1 - tE

176
Li7
L78
Li9
180
1 8 1
182
1 8 3
194
1 8 5
186
187
188
i89
190
191

3 .  8 4 2 8
4 . 2 7 9 4
3  "  7394
4 . L 5 2 5
4  " 2 2 7 9
3 . 2 8 1 9
3  "9427
3 .  9 6 2 1
4 " 3042
3 . 4 7 1 2
3 .  9 3 0 3
J , O l . I l

4 .  1 4 0 5
3 . 9 7 2 4
4 . 1 4 9 3
4 .4029
4 .252 ] .
3 .  9602
4 .  r . 588
3 . 9 9 0 5
4 .  3 1 0 3
3  "  9351
3 .  7 6 5 9
3 "  9785
J  "  ( ' 0 6 r

3 .  1 L 1 1
4 . 4 6 5 7
3 "7236
3 .  9 5 2 2
4 . 3 1 9 7
4 .  1 3 6 1
.1 .2016
4 .  1 5 3 3
4 . 2 9 6 4
3 .  8 3 8 3
3 . 6 3 8 5
"  

o a a . l

3 .  3 0 9 8
3 .  8 3 0 5
4  " 2 5 1 2
4 . 0 8 9 7
3 .  8 3 9 5
3 . 7 6 9 5
4 . 0 6 4 2
3 . 9 3 3 0
4 . 2 5 9 9
3  .19L2
3 .  4 r .06
3 .  5 5 1 7
3 . 6 0 3 5
3 .  2 6 0 3
3 .  5 8 1 8
4 .  1 3 4 7
3 . 8 5 7 9
4 . 0 1 9 9
4 .  r - 3 ? 8
4 "  1 3 1 9
4 . 2 8 6 2
4 . 0 9 5 8
4 . 1 1 4 9
3 . 9 1 0 9
3 .  9 0 9 1
3 .  8 ? 0 0
4 .  1 0 8 ?

L92
1 9 3
194
1 q q

196
t97
198
199
200
2 0 1
202
243
204
205
206
207
208
209
210
2 1 1
) 1 D

213
214
t 1 <

2].6
a L t

. , 1 R

2L9
220
22L
t t a

223
224
225
226
227
9 D A
r . t o

230
o a l

232
2 3 3
?34
235
236
237
238
r e q

240
24t
242
?43
244
245
246
247
248
249
254
25t
252
t t ?

6 € , r
a J =
t < R

3 . 7 4 8 9
4 .  1 0 8 3
4 . 0 2 5 3
3 .  8 6 8 3
4 .  1 3 6 2
3 . 5 2 2 4
3 "  9061
4 . 0 1 1 8
4 . 0 8 7 8
3 . 2 5 8 5
3 .  3 5 0 3
4. L925
3 .  5 0 9 5
4 . 3 8 7 5
3 .  7 + 8 1
4 . 2 0 9 5
3 .  8 6 1 7
1 o.n!.,l

3 .  { 6 0 2
3 .  7 8 0 8
3 .  9493
4 .  3 2 0 2
1  t 1 ' 7 ?

3 . 9 8 2 4
3 . 7 7 6 t
e  q ' l a 1

4 .  2 r . 5 8
4 .  L724
3 .  5 0 8 ?
3  "  9 1 8 5
3 . 3 5 1 6
4 .  i 8 0 9
3 .  9 1 2 5
4 . 2 7 i 5
3 .  6 2 1 8
4 .  2 1 9 6
3 .  7 6 7 3
3 .  5 6 2 3
4  "  i 3 5 3
4 . 2 2 L 9
4 . 2 t 9 L
, l  .  0591
a  a o o q

3 .  3 8 5 8
4 , 2 3 3 7
3 . 6 8 9 1
4 .  1732
3  "  7488
3  "  3069
e r?ne. l

3 . 7 3 8 2
4 . 0 8 8 8
3 .e225
3 . 7 2 8 4
e  a ? o e

3  "  5259
4 .  1 6 g 0
J  

"  
' . t L J -

3 . 8 6 9 2
3 . 6 1 1 2
4 .  11 i ,6
4 .  0 9 5 9
4 .  0 3 4 5
3 .  0 1 e 5

(  9 . 2 3 7 1 )
( 9 . 1 r . 7 3 )
( E . 9 2 0 9 )
(  8 .  6 5 8 8  )
(  8  . 2 7 7 0  )

( . 8 . 2 7 3 4
( 8 . 3 4 1 7
( 8 . 3 7 8 7

L_

( 9 .  3 1 1 8
(  9 .  3 4 8 e
( 9 . 3 7 8 3
( 9 . 3 8 6 6
( 9 . 3 6 4 4
( 9 .  3 1 0 6
( 9 . 2 2 8 3



Chapter  7

THE NOISE CALCULATION

7 . L INTRODUCTION

In  ou r  measuremen t  o f  t he  upper  l im i t  on  r ,  t he  ra t i o

of  advaneed to  re tarded s igna l  power ,  w€ saw no s igna l

above the no ise leve l  in  the t ime b ins  where an advaneed

s igna l  wou ld  be  expec ted .  Th i s  he ld  t rue  even  a f te r

i n teg ra t i on  o f  da ta .  The  measured  no i se  i n  t he  advaneed

t ime reg ion thus const i tu tes  our  upper  l imi t  on any

advanced  s igna l  t he re  "

Our  i n ten t  i on  i n  t he  ca l cu la t i - ons  wh ich  f  o l l ow  i s  t o

compare  th l s  measured  no i se  i n  t he  advanced  reg ion  w i th

the  no i se  we  wou ld  expec t  t o  see  the re  f rom theo re t i ca l

cons ide ra t i ons .  Fo r  eonven ience  we  w i l l  make  the  compar i son

us ing  equ iva len t  no i se  tempera tu res .

7 .2 THE THEORETICAL NOISE TEMPERATURE

There  a re  fou r  p r i nc ip le  sou rces  o f  no i se  i n  t he

rece i ve r  sys tem:  t he  rece i v j , ng  an tenna  e l emen t ,  t he

rece i v i ng  t r ansm iss ion  1 i ne ,  t he  m ixe r -p reamp l i f i e r ,

99
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and  the  amp l i f i e r .  These  a re  shown  schemat i ca l l y  i n

F igu re  20 .  The  m ixe r -p reamp l i f l e r  i s  t he  mos t  s ign i f i ean t

no i se  sou rce  due  to  i t s  l ead ing  pos i t i on  i n  t he

ampl i f  icat  j -on sequence .

One  can  ass ign  a  no i se  tempera tu re  to  the  who le

system,  T^  t . r  wh ich var ious system e lements  cont r ibute .- r -  '  - s y s t e m ,  v v

Each  e lemen t  wh ich  adds  no i se  to  the  sys tem can  be  t rea ted

equ iva len t l y  as  add ing  to  the  no i se  tempera tu re  o f  t he  f i r s t

e lemen t  o f  t he  sys tem,  i n  ou r  case  the  rece i v ing  an tenna .

The system no ise temperature  o f  an N-component  cascade

i s  g i ven  by  (Sko ln i k ,  L97O,  page  2 -3O ,  Equa t i on  35 )

N r F

T =-system r*. t  P (7'1)
i = 1  L

where

T^  i s  t he  an tenna  no i se  tempera tu re ,  rep resen t i ng  thea

ava i l ab le  no l se  power  a t  t he  an tenna  te rm ina l s ;

m  i ^  +Te( i )  i s  t he  "e f f ec t i ve  i npu t  no i - se  t empera tu re "  o f

cascade  e lemen t  e ( i ) :  i t  i s  t he  no i se  t empera tu re

one  wou ld  have  t o  p rov ide  a t  e ( i ) ' s  i npu t

t e rm ina l s ,  &ssum j -ng  e ( i )  gene ra tes  no  no i se

in te rna l l y ,  i n  o rde r  t o  y i e l d  a t  e ( i ) ' s  ou tpu t

te rm ina l s  the  no i - se  power  wh ich  i s  ac tua l l y

ava i l ab le  the re  i n  t he  absenee  o f  i npu t  no i se .
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F igu re  20 .  The  e f fee t i ve  i npu t  no i se  tempera tu re
o f  each  e lemen t  o f  t he  rece j - ve r  sys tem.
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Th is  "ac tua l1y  ava i l ab le "  no i se  power  i s  t ha t

which would  resu l t  f rom the e i rcurnstance o f  the

no i se - f r ee  t e rm ina t i on  o f  e ( i ) ' s  i npu t  t e rm ina l s

wi th  the same impedance these termina ls  see when

in  the  caseade .

G- .  is  the ava i lab le  ga in  o f  the syst  em up to  e lementl-

e ( i ) ' s  i npu t  t e rm ina l s .  (Thus  G t  i s  a lways  1 "  )

The  e f fec t i ve  i npu t  no i se  tempera tu re  o f  each  e lemen t ,

.n  i  n  order  to  be cons idered as a  cont r ibut ion to  the^ e ( i ) '  r r r

system input  temperature  has been d iv ided in  our  formula

by G.  ,  the power  ampl i f iea t ion which the no ise would'  
L '

exper ience on i ts  way f rom the system input  to  the input

o f  e l emen t  e ( i ) .

The T va lues for  the four  e lements  in  F igure 20 are

each  ea l cu la ted  i n  a "  d i f f e ren t  way .  The  ca l cu la t i ons

fo l  l ow  "

7"3  ANTENNA NOISE

There are  many sources o f  antenna no ise inc lud ing

ga lac t  i c  no i se ,  sun  no i - se ,  a tmosphere  no i se ,  t he  2  .  ZoX

cosmic  b lackbody rad ia t  j -on ,  and no ise  f  rom the ground.

Group ing  a l l  bu t  t he  l as t  o f  t hese  under  the  l abe l

" sky  no  j - s€ ,  "  we  can  wr i t e  f  o r  a  l oss less  an tenna  (  Sko ln i - k ,

I 97O,  peg€  2 -3L ,  Equa t i on  37 ) :
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/  

\  / n _ _ - _ , _ ! \r" = r"ry (*F/ %ou + rground (W) %""*

where  n  .  i - s  t he  to ta l  so r  j - d  ang le  o f  , '  i ,  seen  by  the1

an tenna  and .  q  i s  t he  an tenna ' s  ga in  ave raged ,  ove r  C I i .

Our  antenna is  a  hor izonta l  ha l f  wave length  d ipo le

see ing approx imate ly  equal  so l id  ang les  o f  sky  and ground. .

A l though such a  d ipo le  has a  ga in  o f  z .  L4 d ,b  (  Thomas ,  \g r2  ,

page  254 )  o r  L .64  db  ( Jacksoo ,  Lg6z ,  Equa t i ons  g . s7 ,  9 .61 )

in  the f  orward d i rec t  ion  ,  i t  i s  less  to  the s id ,es  so that

t  he average gain over the zn st  erad, ians is 1 .  Then ,

T" = *Tsty + +Tg"ound'

T  the  e f fec t i ve  no i se  tempera tu re  o f  t he  g round ,*g round ' ' i

w111 be equal  to  the actua l  ground temperature  i f  the

ea r th  i s  pe r f  ec t l y  abso rp t i ve  (b lackbod .y  )  .  I { i t h  t h i s

approx imat ion we take Tground.  =  2goor .  T"ky  has been

tabu la ted  f o r  t yp i ca l  cond i t i ons  (Sko ln i k ,  l g7o ,  page  z -32 ,

F igure L4) .  T"ky  a t  10 GHz,  averaged over  e"ky ,  is

approx imat  e ly  14oK.  Thus T,  ry  1b2oic .

7  ,4  RECEIV ING L INE NOISE

The thermal  no j -se power  ava11able  a t  the output  o f  a

pass i ve  e l emen t  i nc reases  asymp to t i ca l l y  (Sko ln i k ,  L |TO ,
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page  2 -32 ,  Equa t i on  38 )  w i t h  i nc reas ing  l oss  f ac to r s .

The e f fec t ive  input  no i -se temperature  o f  a  pass ive e lement

i s  g i ven  by  ( sko ln i k ,  LgTo ,  page  z -Bz ,  Equa t i on  40 )

T t  =  T (L  1 ) .  when  app l i ed  to  ou r  reee iv ing  an tenna

t ransmj-ss ion l i -ne ,  T  represents  the thermal  t  emperature

o f  t he  l i ne  and  L  t he  l i ne '  s  l oss  f ac to r ,  de f i ned  i n

te rms  o f  i t s  CW s igna l  t ransmiss ion  cha rac te r i s t i cs  as

T.  =  s igna]  power  in  =  -1
s lgna l  power  ou t  G

Our  rece i v ing  an tenna ' s  t ransmj -ss ion  l i ne  was  the

an tenna  s t ruc tu re  i t se l f -0 .46  m o f  0 .  141  i nch  OD "SMAi l

s i ze  sem i r i g i d  so r i d  d i e l ec t r i c  coax ,  BG .4ozu .  r t s

a t t enua t l on  a t  10  GHz  i s  r a ted .  ( omn i  spec t ra ,  r nc . ,  t g , g

cata log ,  " i l I i c rowave coax ia l  conneetors  ,  "  pages lg2-  1g3 )

a t  40  db /100  f t .  so  t ha t  ou r  r ece l v i ng  1 i . ne  l oss  f ac to r ,

L ,  i s  0 .60  db  o r  1 .15 .  I t s  ga in  i s  G  =  +  =  O .g? .  Tak j - ng
IJ

T =  290o f  we  have  fo r  t he  e f fec t i ve  i npu t  no i se  tempera tu re

o f  t he  reee i v i ng  l i ne

Tr  ry  29ooK (1 . i "s -1)

Tt f Aqo:r-

7 .5  MIXER-PREAMPLIFIER NOISE

The  e f fec t i ve  i npu t  no i se  tempera tu re  o f  t he  m j -xe r -

p reamp l i f j - e r ,  T * ,  i s  r e l a ted  t o  i t s  no i se  f i gu re  (o r  f ac to r ) ,

Fn  ,  by  (  sko ln  l k  ,  L97o  ,  page  2 -83  ,  Equa t  i on  4L  o r  page  z -T  L  ,
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Figure 45)

T *  =  To (F r ,  1 ) ,

where  T^  i s  de f i ned .  t o  be  2g0oK.o

Our mixer-prearnpl  i f  ier  ,  4D RHG DM1- \2 /10HH, has a 25 db

ga in  and  a  no i se  f i gu re  o f  11  db  as  spec i f i ed  by  the

manu fac tu re r .  I t s  e f fec t i ve  i npu t  no i se  tempera tu re  i s

t  hen

T* fo 3361oK

7 "6  A} IPLIFIER }TOISE

The  amp l i f l e r ' s  con t r i bu t i on  t o  t he  sys tem no i se  i s

sma11  by  v i r t ue  o f  i t s  pos i t i on  a t  t he  end  o f  t he

ampl i f  icat  ion sequence .  YIe w111 make a rough est imat e of

the  no i se  tempera tu re  o f  t he  amp l i f i e r ,  a  Le  Croy  Mode l  1 .B4 ,

based  on  an  osc i l l oscope  measuremen t  o f  i t s  no i se  vo l tage

and on an assumed bandwidth  "  The ampl i f ie r  main ta ins  an

RMS no ise vo l tage o f  approx imate ly  4  mv across a"  50 ohm

1oad. Assuming a bandwid,th great er than 50 MHz and, us ing

the  re l a t i on

v2
P_- . : ^ ^  =  no l se  =  kTBG,no] -se H

g ives  an  upper  es t ima te  on  the  no l se  tempera tu re  o f
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--2
V

, n  no l -se^m EBf

o o

=  (4  x  1o - ' ) o
r <  ^ a  < n - 2 3 -  ' -  -  n  A

( 50 ) (1 .38  x  10  - " ) ( 5  
x  10 ' ) ( 10= )

T  t u  46 .4oooK .m

Tab1e 4 summar izes the above resu l ts  in  terms appropr ia te

f  or use j -n Equat ion 7 .  L .

Us ing  t hese  resu l t s  i n  Equa t i on  7 .1  g i ves  ou r

est i -mat e f  or the syst em t  emperature :

rsystem = rs2or + + + # + +a,lgoox

?
Tsys tem t  4 .2  x  1o r  oK .

7 .7 THE OBSERVED NOISE TEMPERATURE

Th is  theo re t l ca l  no i se  tempera tu re  i s  t o  be  compared

w i th  the  rece i ve r  no i se  obse rved  be fo re  the  a r r l va l  o f

the  re ta rded  m ic rowave  pu l se .  Th i s  no i se ,  wh ich  was

reco rded  as  ana log  to  d ig i t a l  conve r te r  ou tpu t  coun ts ,

i s  t o  be  exp ressed  as  a  no i se  tempera tu re  fo r  compar i son .
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Table  4 .  Power  Gain  and Noi "se Temperature  o f  Each
Recei-ver El  ement .

e ( i )
el  ement

Te ( i )
no ise

t emperature

G
power gain

G{
gain up to input
o f  e lement  e (  i  )

rece i v ing
ant enna

T" fo lseor 0db 0db=1

r ece ]-v r-ng
t ransmiss ion-
l i ne

Tt ry 44oK - 0 .60  db 0db=1

mixer -
p reamp l i f i e r

T*  fo  3 ,3G1-oK 25 db *0 .60  db  =  0 "87

amp 1i f  i  er T *  t u  46 ,400oK 40 db 24 .4  db  =  275
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ITe wi l l  use the data  o f  two runs taken f rom a typ ica l

4- run quadrature  set .  (These are  the two t4  minute  runs

which are  combined to  form one o f  the two phase components ,

9oo apart  ,  to be add.ed in quad,rature. )  These data were

taken in approximat e1y 28 mi-nut es start  ing at  about 3 :  45 AM

on  t7  Sep tember  L978 .  The  s tandard  dev ia t i on  o f  t he

con ten ts  o f  t he  t ime-de1ay  b ins  i n  t he  advanced  t ime

reg ion  a f te r  i n teg ra t j -on  o f  t t r e  da ta  ga the red  du r ing  the

28  m inu tes  i s

oad . v . ,  l  phase  
=  1605 '

componen t ,  i n teg ra ted

(Th is  va lue  o f  s  i s  t yp i ca l  o f  bo th  the  "w i th  l enses "

and  the  "w i thou t  l enses "  da ta .  )  The  s tandard  dev ia t i on

o f  a  s ing le  coun te r  read ing  i s  re la ted  to  th i s  s tandard

dev ia t i on  o f  t he  i n teg ra ted  coun te r  read ings  by

oad.v .  
,  1  phase

component , i-nt egrat ed

oadv .  
,  s i ng l

l ro .  o f
I  sweeps
I  o f  the
I  aeray
[_s et t in

L4 min . l
quad.  I
el ement I
run I

J

no .  o f
quad .
el  ement
runs
phas e
eomponent
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These s ing le  eounts  have what  appears  to  be a  gauss ian

d is t r i - bu t  i on  .  oadv .  
,  s i ng le  i s  re la t  ed  to  the  no i se

vo l tage  on  the  i npu t  o f  t he  ana log  to  d ig i t a l  conve r te r .

(  IVhen t  he ADC input is t  ermi.nat ed the st  andard. d.eviat  lon

o f  i t s  ou tpu t  i s  l ess  than  1  coun t ,  t hus  i den t i f y i ng  the

ADc input  not  the ADc gate  pu lse as  the main  source o f

ADC ou tpu t  no i se .  )  Th i s  re la t i onsh ip  was  expe r imen ta l l y

found  to  be

Ther ef  or e

oad ,v . , s i ng le  =

whe re  G  i s  t he  t o ta lo

B ,  t he  ADC bandw id th .

(  1 count )

1605  coun ts =  8 .9  coun ts .

ga in  o f  t he  sys tem th ru  the  ADC,  and

The  s igna l  passes  f rom the

o r  2 "4  r r ,V /coun t  f o r  t he  7  ns  ADC ga te  w id th  wh ich  was

used  du r ing  da ta  accumu la t i on .

The  no i se  t empera tu re  i s  g i ven  by  (Sko ln i k ,  L97O,

pa.ge 2-3O ,  Equat ion 34 )

t
V-

m n'nq
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amp l i f  i e r  t h ru  a  l i - nea r  ga te  o f  vo l t age  ga in  0 .85  and  t hen

in to  the  ADC.  Thus  we  have  (  see  Tab le  4 )  :

G^  =  (64 .4  db ) (0 .85 )2  =  63 .0  db  =  1 .99  x  106 "o

The  7  ns  ADC ga t i ng  pu l se  w id th  i s  i t s  i n teg ra t i on  t ime

so  tha t  B  1= 
fr  

= L43 MHz. Then we est i .mate the observed

no i se  t empera tu re  as  f o l l ows :

- - 2  t A  
r )

V:  (  8 . I  coun t s  x  2 .4  mV /  coun t  ) '
T=n='n mB-n 'o  ( so ) (1 "38  x  10 -oo ) ( t - 43  x  1oo ) (1 .99  x  10o )

T  t o  2 .3  x  103  0K
n v

Th is  i s  t he  same o rde r  o f  magn i tude  as  ou r  t heo re t i ca l
e

es t ima te  f o r  t he  sys tem tempera tu re ,  4 .2  x  10 "  "K .  We

shou ld  no te  tha t  t he re  i s  some unce r ta in t y  i n  t he

2 .4  r l ^V /  coun t  ADC pa ramete r  and  tha t  t he  25  db  m ixe r -

p reamp l i f i e r  ga in  used  i n  ou r  ea l cu la t i on  i s  t he

manu fac tu re r ' s  spec i f i ed  nom ina l  va lue .  A  dev ia t i on  as

sma1 l  as  2 .5  db  i n  t he  ac tua l  ga in  o f  ou r  un i t  wou ld

comp le te l y  accoun t  f o r  t he  above  d i f f e rence .



Chapter  8

PHASE DRIFT DUE TO VARIATIONS IN TEMPERATURE

8.1 INTRODUCTION

Dr i f t s  i n  t he  phase  o f  t he  re ta rd .ed  m ic rowave  s igna l

re la t i ve  to  the  re fe rence  s igna l  a re  caused  by  tempera tu re

d r i f t s  w i th in  the  expe r imen ta l  appara tus .  Cor respond ing

d r l f t s  i n  t he  phase  o f  t he  advanced  s j -gna l  ,  i f  l a rge  enough

dur ing  the  to ta l  da ta  ga the r ing  t ime ,  wou ld  cance l  a l l  o r

pa r t  o f  any  such  i n teg ra ted  s igna l  amp l i t ude .  Th i s  i s  t he

case because the s i .gna l  we in t  egra t  e  is  a  mixer  outFut  ,

t he  p roduc t  o f  t he  rece j - ved  s igna l  and .  a  re f  e rence  s igna l  .

Phase  d r i f t s  be tween  these  two  s igna ls  can  a f fec t  t he

magn i tude  and  even  the  s ign  o f  t he  p roduc t .  I n  cons j -de ra -

t i on  o f  t hese  d r i f t s  t he re  i s  an  op t imum cho ice  fo r  wh ich

o f  t he  ava i l ab le  da ta  t o  i n t eg ra te .

In  the  ca l cu la t i ons  wh ich  fo l l ow  we  make  a  theo re t i ea l

upper  es t ima te  on  the  ra t i o  o f  t he  advanced  phase  d r i f t  t o

the  re ta rd ,ed  phase  d r i f  t  .  Then  we  ca l cu la t  e  the  theo re t  i ca l

l osses  1n  i n teg ra ted  re ta rded  s i gna l  and  i n  i n t eg ra ted

advaneed  s igna l  due  to  phase  d r i f t s  o f  t he  co r respond ing

LL2
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amp l i t udes .  F ina11y ,  t he  re ta rd .ed  phase  d . r i - f t ,  ex t rac ted

f rom the  da ta ,  i s  used  w i th  the  resu l t s  o f  t he  f i r s t  two

ca lcu la t l ons  to  es t ima te  the  advanced  phase  d r i f t  and .  t he

losses in retarded and advanc ed power .  The opt j -mum cho ice

o f  da ta  to  i n teg ra te  then  fo l l ows  mechan ica l l y  f rom the

t rade-of f  between the benef i ts  o f  max imum data  usage and

the  undes i rab le  reduc t i -on  i n  t he  ra t i o  o f  i n teg ra ted

retarded power  to  in tegrated advanced power  caused,  by  the

assoc ia ted  phase  d r i f t s .

8.2 RETARDED AND ADVAI{CED PHASE DRIFTS

The schemat ic  d iagram of  the exper imenta l  apparatus

in  F igure 2L is  in tended to  show the pr inc ip le  microwave

pa ths  to  be  cons ide red  i n  a .  ca l cu la t i on  o f  phase  d r i f t s .

A t  t he  o r i g i n ,  0 ,  we  t ake  t he  s l gna l  amp l i t ude  so  t o  be

- i o t
D = go

Then at the mixer

Sref = e- i  
(  r^r  t  -kt l3 -kGLG-k4L4 )

sret = e- i 
( c' 'rt -ktLt-kALA =k2Lz)

sadv = e- i ( r r r t -k tLt+kALA-k zLz)
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Figure 2L.  Microwave paths per t inent  to  phase dr i f ts .
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where  the  subsc r ip t s  p rov ide  re fe renee  as  fo l l ows :

A

G

Lr2 r3 ,4

re f

re t

adv

A i r  pa th .

Rectangular X-band waveguid.e,  RG-52-U.

SMA s i ze  semi - f l ex ib le  wavegu ide .

Re fe rence .

Re ta rded .

Advaneed.

The s lgns immedia te ly  precec l i -ng:  each wavenumber ,  k ,  are

negat ive  to  ind icate  waves moving away f rom the or ig in  or

pos i t i ve  t o  i nd i . ca te  t he  oppos l t e .

The t  i -me average o f  the re tarded s igna l  out  o f  the

mixer  is

S = ( Re Sr". XEe-E;;;)

=

but  w i th  c0 cor responding to  f  =  Lo.24 GHz,  w€ have even

for  shor t  t  ime in t  erva ls

i l t= f f i=obecausee]m=o.- r e t  - r e f  - r e t  - r e f  v

A1so ,

re=S S *" r e t  * r e f  - r e t  * r e f
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and

S  * S  = . Q  * . e* re t  * r e f  " r e t  " r e f

beeause  these  a re  no t  f unc t i ons  o f  t ime .  The re fo re ,

= *  Re(Sre t  S" . f * )

= + Re e- i (kr l r -kela-k2l2+k3l3+kclc*k4l4)

So tha t  the  phase o f  the  re ta rd .ed .  s igna l  i s

Oret = -kt l t  -kela -kZLZ *kSLg *kCLC *k+L+

and ,  s, imi l  ar 1y ,

oadv = -kt l t  nkalA *kzLz nkglg nkGLG nk+L+.

l {ow s ince La and LC

te rms  rep resen t i ng  these  ma in  con t r i bu to rs  to  the

tempera tu re  i nduced  phase  d r i f t  so  tha t

0re t= -ke la+kc lc

0adv=*kAta+kcLC.

s = +[ (sret  s** f* )  + (sr" t  s"" r* )* ]



) . =
G

where in  the TE'O mode t r .  =  2a. Then

kc=k

kc=ry{

In  a"  rec tangular  waveguide

w id th  a  and  b  respec t i ve l y ,

o f  e ross -sec t i ona l  l eng th  and

k^  i s  a  f  unc t  i on  o f  a  "tf,

118

(8 .1 )

Lc  (8 .2 )

t he  phase  i s  t hen  ca l cu la ted

1(t T

I n  a i r

ka

Thus we have d = 0 (  L ,  & ,  f  )  as  f o l l ows  :

=  2n f
e

Ore t  ( L ,a , f )

adv

= F 3-EI Le ,  2n f'r
c

The temperature  dependence o f

as  f o l l ows :
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d d' re t r
advr =[r

L i=A,  G

*rl-Ju"l ,*J r

,- [r cl'\l drr 
LEJ l) aT

,]

t
2n,

+ T( *btogle=[i

D Oret
adv

- ' l f .

dL.  I  l  D0rqt
1 l  I  a o v

TF-l  - ia"
t l

JL

Ia  0ret
I adv

L-ELi

( crol,. )

=  t "  2 .4  des /  oc  F  1 .2  deg /  oc ]  +  [+1 .6  deg /  oc ]

+  [ t  0 .84  dee /  oc  1 .5b  des /  oc ]

+  2 .Og  deg rees /  oC  and  +  2 .81  deg rees /  oC ,

where o  ̂  and o-  
"  - ,_  are  the coef  f  i c  j -ents  o f  thermal  expans ion

G  O l . O g

o f  t he  b rass  wavegu ide  and  o f  t he  bu i l d ing  on  wh ich  the

an tennas  were  moun ted ,  respec t i ve l y .

The  fo l l ow ing  pa ramete rs  used  i n  the  above  ca l cu la t i on

were obt  a i -ned f  rom d i rec t  measur  ement  :

Lc  =  L4 '2

Le  =  9 .7

a  =  2 .30

f  =  IO .24

+t,Ft.,o"J

+ + ['++t

m

m

cm

GHz
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f rom tab les  or  equ ipment  spec i f iea t ions:

oG= !7 .s  x  to '6 /  oc

ob td .g  =  to - ' /oc

$+ = -7o. kuz/ oc

f rom ca lcu la t ions us ing the above parameters :

I  =  c / f  =  2 .92  cm

"  
IC  =  3 .78  cm ( see  Equa t i on  8 .1 ) .

t rYhen measured d i rec t ly  w i th  a  s lo t ted wavegui -de sect ion

and  un tuned  p robe  lC  was  3 .76  cm.

The resu l t  o f  our  ca lcu la t ion is  that  the phase dr i f t

o f  the advanced s lgna l  ean be taken to  be

2  . 81=  
2 -56  

=  1 .35  t imes  the

measured phase dr i f t  o f  the re tarded s i -gna l  .

As expected,  the re tarded phase dr i f t  fo l lows a

d iu rna l  pa t te rn ,  t he  l a rges t  changes  occu r r i ng  w i th  the

changes in  the exposure o f  the equ ipment  to  sun l ight  in

the  morn ing  and  even ing .  I t  i s  t he re fo re  poss ib le  tha t

temperature  dr i f ts  are  not  un j - for rn  throughout  the system
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as assumed i "n  our  ca lcu la t  ion  ,  and that  the advanced to

re t  arded phase dr i f  t  ra t  i -o  ,  K  ,  i s  la rger  than prev ious ly

i nd i ca ted .  Tab le  5  summar i zes  the  resu l t s  o f  t he  ca l cu la -

t i on  and  shows  some o the r  poss ib le  d r i f t  r a t i o  va lues .  I n

subsequen t  ca l cu la t i ons  we  w i l l  use  K  =  3 .40 .  t he  wo rs t
/ d,6 \ //ao \

case varue of \-#/f+fl
I

8. 3 LOSSES IN INTEGRATED RETARDED AND ADVANCED POWER DUE

TO PHASE DRIFTS

Due  to  the  tempera tu re  caused  d r i f t s  i n  i t s  pa ramete rs ,

the phase 0  ,  g i .ven in  Equat  ion (8  .  z  )  can be t reat  ed.  as  a

f  unct  ion o f  t  ime .

We take S to  represent  the mixer  output  in tegrated.

ove r  a  to ta l  runn ing  t ime  T  ( i nc lud ing  any  number  o f

quadrature  sets  )  and Ao to  represent  the unmixed,  s igna l

ampl i tude o f  any component  o f  a  quadrature  set  mul t ip l ied

by the number  o f  components  per  quad. ra ture  set  and by the

number  o f  quadrature  sets  taken dur ing the t ime T.

fn  the  absence  o f  phase  d r i f t s  f rom one  quadra tu re  se t

run to  another  we expect  that  S = *Ao.  ?he fac tor  o f  b

re f lec ts  the nature  o f  the quadrature  data  gather ing process

whereby the t ransmi . t t  e r  '  s  s igna l  wave was set  to  spend.

equa l  t ime  i n  essen t i a l l y  two  phase  re l a t l onsh ips ,  g0o

apa r t ,  w i t h  t he  m ixe r ' s  r e fe rence  i npu t .
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Tab le  5 .  Resu l t s  o f  Phase  Dr i f  t  Ca lcu la t  i . ons .

Pha-qe change caused
by an increase j -n
temperature  and the
assoc ia ted .  .  .

d6'  re t---r
(  deg rees  /o  c )

d6' aov

T
(  deg rees  /o  c )

/ . ,  \
{ *eaav)
l - ,

\  dT /== ( uqret\

\---ffi/

expansi-on of
waveguide
(L^  and  a )

\J

Lc

a

+  2 .4O

+  1 .60

+  2 .4O

+  1 .60

decrease in
f requency o f
microwave source
(  and  the re fo re
a long waveguide
and. air  paths )

G

A

1.  55

+  0 .84

<  F e

I .  D D

0 .  84

expans ion o f
t he  a i r  pa th
(bu i l d i ng )

1 .20 + L.zA

a l l  t h ree
e f f  ec t  s +  2 .Og + 2 .  81 1 .  35

wavegui-de
expans ion and
f r  equency
dec rease  on l v

+ 3"29 +  1 .61 o"49

waveguide
expans ion and
a i r  pa th
expans ion  onLy

+ 2 .  80 +  5 .2O L .86

f requency
dec rease  on l y 0 .  71 2 .39 3 .  40

r r + f r  i n  t h i s
column indi-
ca tes  t ha t
re t  arded
s igna l  peaks
arr ive  sooner
re l a t i ve  t o
re ta rded  re -
ference peaks

r+  ' r  i n  t h i s
ro lumn ind i -
:a t  es  ad-
ranced peaks
urr ive sooner
:e1a t  i ve  t o
:e t  arded
:e f  e rence
leaks
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Wi th  t he  p resence  o f  phase  d r i f t s ,  howeve r ,  S  i s  l ess

than +A^ and is  g i -ven by the quadrature  equat  ion :o

where  the  f i r s t  s i n  fac to r  i n  each  l n teg rand rep resen ts  the

t  ransm j - t  t  e r  '  s  s  igna l  as  rece ived in  each o f  i t  s  two bas ic

quadra tu re  run  phase  se t t i ngs ,  and  the  second  s in  fae to r

rep resen ts  t he  re fe rence  s i gna l ,  a l so  as  rece i ved  by  t he

mixer  "  Upon expans ion we have

s2 = A 2  [ t  
rT  

r )s in l r , i t  +  12D : ^o 
Li  ls in(cut)s in[rrr t  

+ O(t) ]  ot l

+ a zl-lf l^o 
lTt  

s in(c^r t  + eoo)  s in[or t  + O(t ) ]  l ' ,L{ J

-  r -  r r  12
52 = oo'  

t+/sincrrt  
(s incrrt  coso + sino eoscrrt)  d* l

J

+ oo'[+ [ '""scrrt  (  sincrrt coso + sino cosort ) u, 

-1 
' .

- t- i  r

I  f  0  var  ies  s1ow1y wi t  h  t  ime

s2 = tA^z [C ""=O'>'  
+ ( f f  '  2 l

L  
Q)  +  ( s l nQ '  

J  
,

where  the  i nd iea ted  t ime  ave rages  cove r  t he  i n te rva l

0  t o  T .
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Repr  esent  ing

0 ( t )  =  0o  +AQo( t )

s2 = tAo2

I f  A0^ ( t )  i s  i den t i ca l l y' o '

IVe  the re fo re  de f i ne  th i s

Re ta rded  Power  Fae to r .

t he  phase  d r i f t  w i th  t ime

leads  to

+ (

A S

0  the  fac to r  i n  b racke ts

fac to r  t o  be  t he  Phase

The Phase Dr i f t  Advanced

i s  1 .

Dr  i f t

Power

Fac to r  i s  t hen

(Advanced.  Power  Factor )  =  ( s in IKAO.( t ) ]

(Re ta rded  Power  Fac to r ) . f,n 1'
tEqJ

) ' + (

where  K  1s  the  ra t i o  o f  advanced  phase  d r i f t  t o  re ta rded

phase  d r i f  t .

The  f i na l  resu l t  o f  ou r  expe r imen t ,  t he  ra t i o  o f  t he

cor responding measured powers  in  the advanced and

retarded reg ions,  is  dependent  on the above power  faetors

and on n ,  the number  o f  quadrature  sets  we choose to

i n teg ra te :

measured no ise power
in  advance@r  = -^power  measured s igna l  power
in  re ta rded  t ime  reg ion
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where  S t  i s  t he  t yp i ca l  one -quadra tu re -se t  re ta rded  s i -gna l

amp l i t ude .  The  amp l i t ude  g l ven  i n  the  f i na l  pa ren theses

has  the  sanne  f  o rm as  those  d . i scussed  i n  See t ion  5 .  3  because

n  i s  d i r ec t l y  p ropo r t i ona l  t o  t he  i n teg ra t i ng  t ime .

I t  f o l l ows  t ha t

r cE ( Bgt arde4 Power laclor )^power  n " (Advaneed  Power  Fac to r ) (8 .3 )

Thus  we  can  ach ieve  sma l l e r  va lues  o f  r  by  us ing  l a rge r

va lues  o f  n .  Do ing  so ,  however ,  requ i res  us ing  quadra tu re

se ts  w i th  l a rge r  60o ,  l ead ing  to  a  dec reased  advanced  power

fac to r  and  the re fo re  a  tendency  to  i nc rease  r  ( t he  Re ta rded

Power  Fac to r  rema ins  c lose  to  1 ) .  Thus  we  seek  the  va lue

of  n  whieh mi .n  imizes r  .

8.4 CONSIDERATION OF THE PHASE DATA AND DETERMINATION OF

THE OPTII\{AL C}IOICE OF DATA TO INTEGRATE

Reta rded  phase  da ta  f rom the  "w i th  l enses "  expe r imen ta l

conf  igura t  i -on were cons ldered f  i rs t  .  Assuming a  dr i f  t  ra t  io

f ac to r  K  =  3 .40 ,  w€  ca l cu la ted  as  a  f unc t i on  o f  n  t he

re tarded and advanced power  loss  faetors  and the term

(Equa t i on  8 .3 )  t o  wh i ch  
"po * . "  

i s  p ropo r t i ona l .  I n  ou r

ca l cu la t i ons  we  took  the  ze ro  o f  phase  to  be  m idway  be tween

the  phases  o f  two  re l a t i ve l y  phase -s tab le  n i gh t t ime

pe r i ods  o f  da ta  co l l ec t l on  ( see  F igu res  22  and  23 ) .
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F igu re  22 .  Phase  (o f  77  ns  de lay  b i n )  ve rsus
s ta r t i ng  t ime  o f  r un .  W i th  l enses .
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F igu re  23 .  Phase  (o f  69  ns  de lay  b in )  ve rsus
s ta r t i ng  t ime  o f  run .  W i thou t  l enses .
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The  resu l t s ,  g i ven  i n  Tab le  6  f o r  t he  "w i t h  l enses "

ar rangement ,  show that  i t  i s  opt imal  to  use 24 o f  the 84

ava i l ab le  quadra tu re  se ts  o f  da ta .

The power  fac tor  quot ient  cor responding to  n  =  24 is

857o (  see Table  6  )  ind i  ca t ing that  the phase dr i f  ts  requ j - re

us to  make an undes i red cor rec t  i -ona l  increase o f  O .  7  db

in  ou r  f i na l  ea l cu la ted  va lue  o f  r .

l [e  used th is  857o f igure  as  the min i -mum to lerab le

power  fae to r  quo t i en t  on  the  "w i thou t  l enses "  da ta .  As  a

resu l t  24  o f  t hose  38  quadra tu re  se ts  were  i n teg ra ted . .

I f  we  use  ou r  mos t  I i ke l y  va lue  o f  K ,  1 .3S  ( see

Tab le  5  )  ,  on  the  same 24  d ,a ta  se ts ,  i ns tead  o f  t he  wors t

case  va lue ,  3  .4O,  the  power  fac to r  quo t  i en t  i s  gB  .  B% w i th

o r  w l thou t  l enses .  Th i s ,  t oge the r  w i th  the  sma l l ness  o f

t he  wo rs t  case  co r rec t i on  i t se l f  ,  o . 7  db ,  l eads  us  t o

fo rego  phase  d r i f t  co r rec t i on  o f  ou r  f i na l  va lue  o f  r .

6 . b TIIE EXTRACTION OF PHASE INFORMATION FROM THE DATA

The  s ing le  re ta rded  phase  va lue  o f  t he  m ic rowave

pulse ass igned to  each quadrature  set  and used in  the

above  ca l cu la t i ons  was  de te rm ined  f rom the  da ta  i n  t he

quadra tu re  se ts  themse lves .  IYe  w i l l  desc r ibe  he re  how

th i s  was  accomp l i shed .

Du r i ng  da ta  co l l ec t i on
r'\

90"  apa r t ,  r ve re  used  on  the

two  bas i c  phase  se t t i ngs ,

t r ansm i t t e r '  s  s i gna l  l i ne .
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(*

Table 6 .  Resul ts  iVb ich Ind icate  the Choice of  Data to  Min imize r .

(*:  oj.ni-uj.zes r)

A 0 ^ ,
DrI f t
from
r r 0 o r l

(  deg )

a ,
oumber
of  quad"
se t s  w i t h
pbase
oo  *  60o

< O

(  s i nA0n  )  f
(  cosA0o  )  a

Retarded
Power
Factor

sfi(m'6;T 2 + c-6m6;T 2,

Advaoced
Power
Factor

a €1 3 . 4 0

Advanced
Power
Factor
Retarded.
Power
F actor
rr 4A3 "

Betarded
Power
Factor-
Advanced

n- Power
Factor

t (  c  3 . 4 0

1

2

3
4t

5

b

7

I

10

L2

13

L4
t 1

2 5

30

36

40

41

42

4 3

e 2

1

2

6

9

L4
1 q

t7

20
t l

22

2 3

24

2 5

26

2 8

29

30

31

32
c t

34

0

0

0

o
o
o

00000

99992

99860

99702

99545

99494

99378

99107

99002

98854

98679

s8492

98065

97518

96L75

9 5 3 1 8

94344

93444

s2608

91829

90623

0

o
0

0

0
n

o
o
iJ

0

0

0

0

o

1

0

0

0

o
0

0

0

o

o
o
0

0

0

0

0
n

0

0

o

00000

99986

99746

99458

99L72

99079

98869

98377

98188

97s20

9?603

97266

96501

95s24

93140

9X633

89933

88364

86912

85561

83S13

1.  00000

0 .  9 9 9 1 2

o.  98400

0 . 9 6 5 9 8

0 .  9 4 8 3 1

0.  94260

0 .  9 2 9 8 6

0.  90049

0 .  8 8 9 3 9

0 .  8 ? 3 9 4

0 .  8 5 5 9 3

0 .  8 3 ? 1 0

0 .  7 9 7 0 8

0 .  7 4 8 5 1

0 "  63912

o  " 5 7 7 9 2
o "  5150?

0 "  45880

0 . 4 0 8 3 6

0 "  36309

0.  3x20s

1.  0000

o .  9 9 9 2

0 . 9 8 5 4

o .  9 6 8 9

0 . 9 5 2 6

0 . 9 4 1 4

0 . 9 3 5 7

0 . 9 0 8 6

0 .  8 9 8 4

0 .  8 8 4 1

0 .  8 6 ? 4

0 . 8 4 9 9

0 .  8 1 2 8

4 . 7 6 7 6

0 . 6 6 4 5

0 . 6 0 6 3

0 .  5 4 5 9

0 . 4 9 1 0

0 . 4 4 1 0

0 .  3 9 5 4

0 .  3 4 4 3

t .  0 0 0 0

o .  5 0 0 4

o .  1 6 9 1

0 .  1 1 4 7

0 . 0 7 4 9 8

0 .  0 7 0 3 7

0 .  0 6 2 8 ?

0 .  c 5 5 0 3

0 . 0 5 3 0 1

0 . 0 5 1 4 1

0 .  0 5 0 1 3

0 . 0 4 9 0 2 *

0 .  0 4 9 2 1

o .  0 5 0 1 0

o . 0 5 3 7 4

0 .  0 5 6 8 8

0 . 0 6 1 0 6

0 . 0 6 5 7 0

0 .  0 7 0 8 6

0 . 0 1 6 4 4

0 .  0 8 5 4 1
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us ing  A i=  '  t tO i  t o  rep resen t  one  se t  o f  da ta  and  A .  co "0 i_

fo r  t he  o the r  y ie lds  the  quadra tu re  se t  ' s  256  va lues  o f
_ t  A i "  ' t tO i

0 i  =  tan E l " "34;  ,  one for  each o f  the 256 t ime re la-

t i onsh ips  (p rog rammab le  de lay  se t t i ngs )  ne tween  m ic rowave

pu lse  t ransmiss ion  and  rece i ve r  mon i to r i ng .

rn  the advanced t j -me reg ion the 0 i  appear  random

over  the  oo  3600  range ,  ave rag ing  LSoo  as  expec ted . .  rn

the  t ime  reg ion  o f  t he  re ta rded  peak  the  va lues  o f  t he

numerator  and denominator  on the argument  o f  the above
1.  - r

t an  a re  each  non l i -nea r l y  res t r i e ted  acco rd ing  to  the i r

ampl  j - tudes because o f  rece iver  satura t ion.  Thus the 0 i

1n  the  sa tu ra ted  reg ion  a re  un re l i ab le  measures  o f  t he

phase  o f  t he  re ta rded  m ic rowave  pu1se .

lTe chose to  determj -ne our  phase f rom the lead ing

edge  o f  t he  re ta rded  peak  a t  an  amp l i t ude  we l l  be low

sa tu ra t i on  bu t  we l l  above  the  no i se  amp l i t ude .  Fo r  t he

"w l th  l enses "  quadra tu re  se ts  th i s  was  the  7T  ns  de lay

se t t i ng .  Fo r  t he  "w i thou t  l enses "  runs  i t  was  the  69  ns

se t t i ng .

F igu res  22  and  23  d i sp lay  the  d r i f t i ng  o f  t he  phases

o f  t hese  de lay  se t t i ngs  as  a  f unc t i on  o f  t ime .



Chapter  I

THE ATUIOSPHERIC TRAJECTORY AI{D

ATTE"NUATION OF THE UII CROWAVE S I GNAL

9 .1 TIIE TRAJECTORY AND ATMOSPIIERIC

IIIICROWAVE S ICII\TAL PROJECTED FROM

ATTENUATION OF A

A MOUNTAIN TOP

The t ra j  ec tory  o f  our  microwave beam in  the

a tmosphere  i s  t o  be  ca leu la ted  fo r  two  pu rposes .  F i r s t ,

t o  ve r i f y  t ha t  t he  pa th  o f  t he  m ic rowave  s igna l  i s  f ree

o f  encoun te rs  w i th  l oca l  (ea r th  based . )  abso rbe r  and , ,

second ,  t o  es t ima te  the  to ta l  a t t enua t j -on  o f  t he  s igna l

by  the  a tmosphere .

such  a  beam,  a l t hough  p ro j ec ted  ho r i zon ta l l y ,  w i r l

dev ia te  downward f  rom a s t ra ight  l  ine  path  due to  the

decrease in  the a tmospher ic  index o f  re f  r  aet j -on wi th

l nc reas ing  a l t i t ude .

fn  the  ca l cu la t i ons  wh ich  fo1 low  we  de te rm ine  i n

po lar  coord inat  es  the index o f  re f  rac t  i -on as  a  f  unct  1on

o f  he igh t  and  t he  d i f f e ren t i a l  equa t i on  sa t i s f i ed  by  t he

beam 's  t r a j ec to r y .  A f t e r  conve rs i on  t o  r ec tagu la r

133
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coord ina tes  th i s  equa t i on  i s  so l ved  numer i ca l l y "  Then  the

absorpt  1on o f  microwaves by the a tmosphere as a  funct  ion

o f  he igh t  i s  es t ima ted  and  i n teg ra ted .  a long  the  ca l cu la ted

t ra j ec to r y  t o  f i nd  t he  t o ta l  abso rp t i on .

9.2 THE INDEX OF REFRACTION AS A FUNCTION OF POSITION

IN THE ATI\{OSPHERE

For  pu rposes  o f  ca l cu la t i - ng  the  i nd .ex  o f  re f rac t i on  o f

a i r  we  use  a  s imp le  mode l  o f  t he  a tmosphere :  an  i dea l  gas

a t  cons tan t  t empera tu re ,  273  K ,  i n  a  cons tan t  g rav i t a t i ona l

f i e rd .  we  w r i t e  t he  i dea l  gas  equa t i on ,  pv  =  nRT ,  &s

PV = mKT,  where K is  gJ-ven by K = nR/m.  For  a i r

K  =  (1  mo le ) (8 .314  . {  no le .oK )  =  ZgT  J' '  
Kg'TE

Then  t he  dens i t y  p  =  m /V  =  p l (KT ) ,  whe re  p  i s  a  f unc t i on

o f  h ,  t he  he igh t  above  the  su r face  o f  t he  ea r th .

Cons ide ra t i on  o f  t he  i nc remen t  i n  p ressu re  w i th  he igh t  i n

a  co lumn o f  a i r  o f  c ross*sec t i on  A  l eads  to

= froo dh

dP =- g -dm
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so  tha t

d P E:- = -e-rlh
P KT*^^

and

p(h )  -  eo" -h lhs  ,

where hs ,  the "  scal  e height  "  of  the atmosphere i -s

h_= Kr  =  (287 J /5s- ; :$ ) (273oK)  =  7e80 m.*s-  
s  9 .8  N/kg

The  i ndex  o f  r e f r ac t i on ,  r ,  o f  d r y  a i r  i s  r e l a ted  t o  i t s

dens i t y  p  by  (Ba t t an ,  L973 ,  F&S€  18 ) :

n  =  1  +  K1g "

Then

n (h )  =  l -  +  . ^ * -h l hs-o -  '

whe re  (Ba t t an ,  L973 ,  page  19 ,  Equa t i on  3 .11 )

t o  =  K lpo  f u  . 00030 .

In  rec tangu la r  eoo rd ina tes  w i th  o r i g in  a t  t he  su r face  o f

the  ea r th  th i s  i s

FcT
n ( x , y )  =  1 +  , o  e  

^ l s t ' x o  +  ( Y + B ) 2  R )
(e .1)
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9.3

The path  o f  a  l igh t  beam in

speed  i s  a  func t i on  o f  pos i t i on

p r i nc i p l e :  t he  t r a j  ec to r y  w i l l

t ime .

I n

o f  t he  g

THE TRAJECTORY OF THE MICBOWAVE BEAM THRU THE

ATMOSPHERE

t ra3ec to ry  ob ta ins

tha t  6T  =  0 .

medium in  which i ts

g i ven  by  Fe rma t ' s

the  pa th  o f  ex t rema l

a

i s

be

the genera l  c

enera l  coord i -

P

r =.[
D' 1

,r
Jp̂1

= (
J
Pt

ase  t he  speed ,  v ,  i s  a  f unc t i on

na tes  x  and  y  so  tha t

2
ds
v

Pz

@ax
v(x ,y )

Pz
f ( y , y , * ) dx

,ffi-y-,
v (x ,  y )

where

and

The  des i red

requ i r  ement

V

gs
=dx

f rom impos ing the
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is  ex t remal  w111 be det  erm j -ned and then app l  ied to  our

pa r t i cu la r  i n teg rand ,  f .  We  requ i re

Gene ra l  cond , j - t i ons  und .e r  wh i ch  j ' f  ( y ,V ,X )  dx

J  P t

P.,
f 4

d I  f  (y , i , * )dx = o
J  P t

where 6 is def ined j rnpl  ie j - t  Iy

Then

i"
i"

But

by 6w dx .

=O

dx  =  0 .

Dw
Ex

F 6v + tr,v] dx

F6v+tr*(6vl

F(r)l*= [(r) ft]

(f)

a f  d  , 6  \
^ .6 ; (oy )+
d y

( dy )

Therefore

Fz
Jn' =0

(6vrl:: ( 6y )dx  =  0 .
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S ince  y  i s  f  i xed  a t  t he  endpo i -n t s  (  6y  )  i s  ze ro  the re  and

the  f i r s t  t e rm  van i shes .  ( 6y )  i s  o the rw i se  a rb i t r&Ty ,

reduc ing  the  second  te rm to

d  a f  a f  A
E5t 5t=u,

the Eu l  er -Lagrange equat  ion .  From th i -s  ,  another  f  o rm of

the  Eu le r -Lag range  equa t ion ,  more  use fu l  f o r  ou r  pu rposes ,

can  be  de r i ved .  t r t u l t i p l y i ng  th ru  by  t  and  us ing  the  fac t

t  ha t

l eads  to

But

-g- [o gtl= q. -U + ri d ar
.  dx f  a f j  dx at '  r  d tEY,

r ' 1
gl_i !_{ l  g iaf  gaf  =n
dx L '  ayJ dx at  dx E rJ 'o

d f  a f  dy  ,  a f  d j '  a f- - - € = G + . &

dx  3y  dx  ay  dx  Dx

so  tha t
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a n d  f i n a l l v

af
5;

af l
5FJ

d
a; =  O ,

a  fo rm o f  t he  Eu le r -Lag range  equa t ion  pa r t i cu la r l y  use fu l

when  f  i s  no t  a  func t i on  o f  x .  I n  po la r  coo rd j -na tes  ou r

i n teg rand ,  f ,  w i l l  no t  be  a  f unc t i on  o f  0  s i nce  t he  i ndex

o f  re f rac t i on  o f  t he  a tmosphere  and  the re fo re  the  ve loc i t y

o f  microwaves there in  is  independent  o f  0  (  see F igure 24a)  .

f n  po la r  coo rd ina tes

D- ( 1

f z rlsT= l^ ?
JP: '

p

fz v@
l" f

"  ^ ' L

Fz r= L= #ci;€ -1

I)
72
I  f ( r , i ,o )d .0 ,

JPr

wl re re f  =d r  f  =  - i .  v  W i th f  i nd .ependen tm ancr=f f i

o f  0  the  Eu le r -Lag range  equa t ion  j -n  po la r  coo rd ina tes ,

gt  +( f  iA l l=o,reducesto
ao  do  \ !  4  

a i '

=  c1 '

The  cons tan t  . 1  can  be  de te rm ined  f rom the  i n i t i a l  cond j - t i on
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F igu re  24 "  De f in i t l on  o f  pa ramete rs  fo r  va r i ous
ca l cu la t  i ons .



EARTH

L4L

(o)

(b)

v

o
h;

v

o

TRAJ ECTORY

(c)

EARTH



].42

"1 = 
tt r

and our equat ion

of hor izontal

t he  ea r th  )  f o r

p ro j  ec t  i on

wh ich  r

(  t  angen t  i a l

=  0 .  Thus

to  the  su r face  o f

r .
1q

r .
1q

af l
- t =

aiJ i

af I
5FJ = 

"1t'r
oecomes

so lv ing  fo r

v ( r )

i  y ie lds

^. o
T

d r

) =

But

Ther  e for  e

r = "{r#+l 1
\ 1  /

t _ ( " i )  
n ( r )Vfrf - 
ry

dr
re (e .2)
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is  the  d i f f e ren t i a l  equa t j . on  fo r  t he  t ra jec to ry  o f  a

m ic rowave  beam ho r i zon ta l l y  p ro iec ted  f rom an  a l t i t ude  h i ,

whe re  r . :  =  p  r -  h . .  I l ence fo r t h  n ( r . )  w i l l  be  w r i t t en-  
i  

' " ea r th  
l -  

/ s r  \ " r  L '  r r  \  -  
J -

as  n . .
t-

I n  o rde r  t o  mos t  eas i l y  f i nd  t he  t r a j ec to r y ' s  t o ta l

dev la t i on  f rom the  ho r : , zon t l L ,  40 ,  and  to  mos t  eas i r y

in te rp re t  t he  so lu t i on ,  w€  rewr i t e  the  d i f f e ren t i a l

equat j -on in  rec tangular  coord j .nates and then t rans la te  the

o r ig in  f rom the  cen te r  o f  t he  ea r th  to  the  moun ta in  top .

IY i t h  r e fe rence  t o  F igu re  24a ,  r ,  o ,  and  d r / d0  can

be  wr i t t en  i n  t e rms  o f  x ,  y ,  and  dy /dx  as  fo r l ows :

r  =  ( *2  +  vz)*

o  =  tan- t ( *  /v )

dr
d0

3r  ,  E r
*dx + #dy
d x  d v  

-

A ri 1/:t
**dx + {*dyd x  d v

= ( *2*y

where  y  =  dy /dx .

Us ing  t h i s  i n  Equa t i on  (9 .2 )  f eads  t o

dv
d.x

where  the  s ign

so lu t j - on  y  =  
" i

F",]',
o f  t he  square

in  the  case  n

x

root  was chosen

=  n . .
1

t o  y i e l d  t he
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TransLat ion o f  the or ig in  f rom

ear th  to  0  a t  the mounta in  top

Figure 24 b)  is  accornp l ished by

0  I  a t  t he  een te r  o f  t he

o f  a l t i t ude  h .  .  ( see
l _ '

t he  subs t i t u t i on

x+x

y+y+ R +  h .
l_

so  tha t  ou r  f i na l  d i f f e ren t i a l  equa t i on  fo r  t he  t ra jec to ry

o f a m j. crowave b earn hor j.zontal ly pro j ect ed in t he

atmosphere f  rom an a1t  i tude h*  ,  in  rec tangular  coord, inat  es
l - '

wi th  o r i g i n  a t  0 ,  i s

.ry=
dx

whe re  f r om equa t i on  (9 .1 )

[o- 1z 2
L+, R+hi )J x-

1
E*

C S

r
.]

n (x , y )  =  1  +  ro

The equat ion was so lved numer ica l ly  w i th  a  computer

prograrn  based on a  four th  order  Runge-Kut ta  in tegrat ion

used  on  a  recu rs i ve  bas i s .  An  x -ax l s  i nc remen ta l  s teo

s i ze  o f  10  me te rs  was  used  y ie ld ing  the  co r respond . ing

y  coo rd ina tes  o f  t he  t r a j ec to r y .
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The  fo l l ow ing  pa ramete rs  were  used :

e  =  . 0OO3Oo

h  =7980m
S

R =  6 ,  371 ,  000  m

h. = L29O m
l-

n,  =  n (  0 ,  0  )  =  1 .  00025522  .
l-

The program gave the to ta l  dev ia t ion o f  the microwave

beam f rom the  ho r l zon ta l  ( see  F lgu re  24c )  due  to  the

ea r th ' s  a tmosphe re  as  A0  =  O .57  deg rees .  Compar i son  w i t h

the  sea  l eve1  va lue  o f  0 .53  deg rees  as  g i ven  by  T r i cke r

(1970,  page 16 )  ind ieates that  our  model  prov i .des an

upper  bound on the microwave bending.

Never the less ,  because  o f  t he  cu rva tu re  o f  t he  ea r th ,

th i s  bend ing  i s  no t  g rea t  enough  to  d i rec t  t he  s igna l

ln to  any ear th  based absorber  "  As an example,  10O km away

f rom the  t ransmi t te r  t he  beam i s  on l y  158  m be low  the

hor i zon ta l  x -ax i s .

9"4 ABSORPTION OF TTIE MICROTTAVE SIGNAL BY THE AT}{OSPHERE

One-way a t tenuat ion by the ionosphere for  " Iow

e leva t i on "  ang les  o f  p ro jec t j - on  and  h igh  f requene ies

Cf  Z  100 MTIz)  is  g iven by (  Sko ln ik  ,  L97A ,  page 2-59)

L=4 db
2 f -
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wi th  f  in  Nf tTz,  and A a t  most  1 .3  x  104.  For  f  =  10 GHz,

L =  7  x  10-5 db,  ind i  ca t ing that  absorpt ion by  the

j -onosphere  i s  i ns ign i f  i can t .

Atmospher ic  absorpt ion a t  LO.24 GHz is  pr imar i ly  due

t o absorpt j -on by oxygen and wat er-vapor :

ABSa tm=O" tOr+O" t * rO

Each  o f  t hese  two  te rms ,  usua l l y  exp ressed  i n  db /km,

deerease  exponen t ia l l y  w i th  he igh t ,  each  w i th  i t s  own

sca le  he igh t .  The  sca le  he igh t  f o r  oxygen  in  the

a tmosphe re  i s  (Sko ln i k ,  L97O,  page  24 -16 ) :

h : T o
" s (OZ)  ,

where T^  is  the sur face a i r  te rnperature  in  oK and.  o  iso

the  a tmospher i c  t empera tu re  l apse  ra te  w i th  he igh t  i n

uX /km.  Us ing  To  =  2g3  oK  and  o  =  6 .2  o f  
/ t *  y i e l r l s  h  .  =- v  " s ( O Z )

5"7  knn .  h  r -  f oun 'd .  (Sko ln i k ,  L97O,  page  24 -19 )  t o  bet s (H ro )  t "

l ess  than  h  i  n  sp i te  o f  t heo re t i ca l  a rgumen ts  to  the"s (  O) 
* ' r

con t ra r y  (Feynman ,  1963 ,  page  4O-2 ) .  So  as  t o  make  an

upper  es t ima te  on  the  to ta l  a tmospher i c  a t tenua t i on  we

w i l l  t ake  h  + r7  be  h^ r . ,  \ .  Then^ ' s (HZO)  - -  - - s (OZ)

ABSatm =  ABSatm(h=o)  * -h /hs (oz ) ,
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where

ABSatm(h=O)  =  O" tO ,  (h=O)  +  O" t " rO  (h=0)

The  f i r s t  t e rm  on  t he  r i gh t  i s  due  p r i ne ipa l l y  t o  oxygen ' s

abso rp t i on  l i nes  cen te red  a round  0 .5  cm.  The  second  te rm

ar i ses  f  r om wa te r ' s  1 .  35  cnn  l i ne  and  f  r om i t s  h i ghe r

abso rp t i on  bands .  Each  o f  t hese  two  te rms  can  be  ca l cu la ted

as  f o l l ows  (Sko ln i k  ,  7g7O,  Sec t i on  24 -8 ) :

ABS^ (  h=0 )
"2

r
o.  34 |  a t r

1 r -xo f3 + (Av L) '
LN

ABS'. .., ( h=0 )n2 ' -

Luz

(  z+f  yz + (nv)2

3.5  x  10- too(Avr )

x2- t*r '+ cn"rrz

] +

+
1

( 7 r ,$tt. ,^.kf
0 .05p^ (Av , )' o '  +

F

At2
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where

po  =  the  abso lu te  humid i t y  a t  h=0  i n  gm/m3

),  = the wavel engt h in cm

and

Ar i  =  abso rp t i on  l i ne -w id th  fac to rs .

Tak ing

p^  =  7 .75  gm/ *3 ,' o

T = zg3oi<

and.

P  =  1013 .25  mb

we  have  (Sko ln i k ,  L97O,  Page  24 -L4 ,  Tab les  3  and  4 )

A t1  =  0 .  018

Luz  =  0 ' 05O

At3  =  0 ' 094

A t4  =  0 ' 094 "

The  resu l t i ng  abso rp t i on  ra tes  a re

o"t ' ,  (  h=0 )  -  0.  00718 db/km

n" t * r ' (h=O)  -  0 .00626  db /km

so that

ABSatm( h=O ) = 0 .  013 db /km ,

a  resu l t  eons i s ten t  w i th  measuremen t  e l sewhere  (Sko ln i k ,

1970 ,  pag€  24 -L8 ,  F i gu re  8 ) .  Thus  t he  abso rp t i on  o f
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to.24 GHz microwave rad ia t ion by  a tmospher ic  oxygen

and  wa te r  vapo r  as  a  f unc t i on  o f  a l t i t ude  above  t he  ea r t h ' s

sur faee is  g iven by

ABs^** (h )  =  1 "  3  x  1o-5  e -h  /57oom db /m.a Im-  '

r n teg ra t i ng  th i s  abso rp t j -on  fac to r  numer i ca l l y  a long

the  beam t ra jec to ry  g i " ves  the  to ta l  a t t enua t i on  d ,ue  to

the  a tmosphere :

f

J
aj  ec

This  is  Lo .7o great  er  than would  be the case f  or  a

s t ra i g l t t  1 i - ne  t r aTec to r y  ( ao  =  0 ) .

ABSr t * (h )  d1  =  2 .7  db .

t  o ry

Tot al  At t  enuat i "on =

Tr



Chapt er 10

REVIEW

lYe have descr ibed an experiment in which a search f  or

an advanced component  in  e lec t romagnet j -c  rad. ia t ion resu l ted

in  es tab l i shmen t  o f  an  upper  l im i t  on  the  re la t i ve  power

o f  such  a  componen t .

In  Chapter  1  we saw the s t rongest  theoret ica l  argument

fo r  t he  ex l s tence  o f  such  backwards - in - t ime  f i e lds ,  t he

t ime-symmet ry  o f  Maxwe l l ' s  equa t i ons ,  come in to  con f l i c t

w i th  the i r  absence  i n  no rmar  expe r ience .  rn  chap te r  z ,

ITheeler and Feynman '  s t  j -me-symmetr ic absorber theory of

r ad ia t i on  was  seen  t o  p rov ide  se l f - cons i s ten t  so lu t i ons  i n

acco rd  w i th  th i s  no rma l  expe r ience .  Wh i l e  succeed ing  a t

t h i s  i n  t he  case  o f  comp le te  abso rp t i on  o f  r ad ia t i on ,

the i r  t heo ry  reopened  the  poss ib i l i t y  o f  ad .vanced .  ac t i v i t y

in t  he case o f  i "ncomp l  et  e absorpt ion .

Our  exper iment  looked d  j - reet  1y  f  o r  the ad.vanced,  f  ie lds

p red i c ted  by  Maxwe l l ' s  equa t i ons  bu t  d id  so  i n  such  a  wav

as  to  op t  j -m ize  the  poss ib i l i t y  o f  t he i r  measuremen t  w i th in

r.5 0



Wheeler -Feynman theory  "  Th is  invo lved p lacement  o f

and  de tec to r  ( p i c t u red  i n  chap te r  2 )  such  t ha t  t he

connec t i ng  them,  i f  ex tended  in  e i t he r  d . i r ec t i on

151

sourc  e

I  i ne

encount  ers

no 1oca1 (  ear th-based)  absorber  .

Because  o f  t h i s  t he  absence  o f  an  ad ,vanced .  s igna l  i n

ou r  measuremen ts  has  cosmo log i ca l  lmp l i ca t i ons  w l th in  the

abso rbe r  t heo ry  o f  rad ia t i on  as  exp la lned  i n  Chap te r  1 :

hav ing avo ided loca l  absorpt  i -on,  our  f  ie lds  must  have been

headed  fo r  f u tu re  abso rp t i on  e l sewhere .  Th i s  fu tu re

abso rp t i -on  occu rs  w i - th in  ce r ta in  cosmo log i ca l  mode ls  wh ich

a re  a l so  desc r lbed  i n  Chap te r  1 .

In  Chapter  3  we presented an argument  due to  Wheeler

and  Feynman  tha t  advanced  e f fec ts  do  no t  l ead  to  l og i ca l

paradoxes.  The argument  is  based on the assumpt ion that

in  nature  e f  f  eet  s  v .ary  in  a  cont  inuous way wi th  causes .

Sys tems  des igned  to  be  d i scon t i nuous  may  requ i re  fu r the r

ana lys i s .

Our  cho i -ce o f  10 GHz mierowave rad ia t lon was seen to

have  ce r ta in  advan tages  ove r  o the r  f requenc ies .  These

i -nc lude convenient  det  ec t  ion  wi thout  t  he need to  b lock

the  beam pa th  w i th  abso rb ing  ma te r ia l ,  and  sma l1  abso rp t i on

by  gases  i n  space .

The  absence  o f  an  advanced  s igna l  l e f t  no i se  as  the

l im i t i ng  fac to r  i n  ou r  measuremen t .  Va r lous  s teps  were

taken  to  m i -n im ize  the  e f  f  ec t  s  o f  no i se  .  The  phase
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sens i t i ve  rece i v i ng  sys tem,  bu i l t  a round  a  m ixe r ,  gave  a

h igh  s i gna l  t o  no i se  ra t i o  as  dese r i bed  i n  Chap te r  S "  The

sources  o f  no i se  a re  ana lyzed  quan t i t a t i ve l y  i n  Chap te r  T "

In  Chapter  5  we descr ibed what  we eons idered.  to  be a

second exper lment .  Here two microwave lenses were mounted.

to  focus  the  advanced  rad ia t j . on  and  the reby  i nc rease  the

s t reng th  o f  any  advanced  s igna l  p resen t  .  The i r  ga in ,

measured  w i th  the  l enses  i n  t he  re ta rd .ed .  pos i t  i on ,  was

25  . g  db .

Our  t ransmi t te r  em l t t ed  7  ns  bu rs t s  o f  4  W m ic rowave

rad i .a t  ion  .  The rece iver  ,  g  .7  m away ,  would  be expect  ed,

to  see  any  assoc ia ted  advanced  rad ia t i on  abou t  65  ns

be fo re  t he  re ta rded ,  &s  i s  exp la i ned  i n  chap te r  6 ,  Da ta

was  co l l ec ted  ove r  a  pe r iod  o f  abou t  one  day .  Dur ing  th i s

per iod the rece iver  was moni tored,  about  LA7 t imes in  the

t ime reg ion which preeedes the ar r iva l  o f  the re tarded.

microwave s i "gna l  by  about  65 ns .  Other  t  imes reg ions were

a l so  mon i t o red  f o r  compar i son .

fn  Chap te r  6  we  d i scussed  the  ana lys i s  o f  t he  da ta

and repor t  ed the resu l t -an upper  l  imi t  on the power  o f  an

advanced  m ic rowave  s igna l ,  exp ressed  as  a  f rac t i on  o f  t he

power  o f  t he  assoc ia ted  re ta rded .  m ic rowave  s igna l :

P
aov

D'  r e t
10 -11 .  5 (  l ens less  expe r imen t  )
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Padv  
,  . , r  ^ -14 .  O  /

%
6  .  3  )  f o r  advanced  rad la t  i on  and
ca l cu la ted  i n )  .

S t r i c t l y  speak ing  t hese  11m i t s  app l y  t o  "ou te r  f ace "

advanced  e f f ee t s ,  as  d i scussed  i n  Sec t i on  2 .6 .  Sueh

advanced  e f fec ts  depos i t  ene rgy  i n to  the  abso rbe r  (  i n  t h i s

case ,  ou r  r ece l v i ng  an tenna )  i n  a  way  wh i ch  i s  l oca l I y

i nd i s t i ngu i shab le  f r om the  abso rp t i on  o f  r e ta rded  rad ia t i on .

The  va l i d i t y  o f  ou r  r esu l t s  as  l im i1 "s  on  "  i nne r  f  ace "

advanced  e f fee ts  i s  l ess  c lea r  because  ou r  appara tus  was

des igned  to  de tec t  s igna l  power  above  no i se  power  i n  t he

advanced  s i gna l  t ime  reg ion :  " i nne r  f ace "  advanced  e f f ec t s

r  ernove energy f  rom t  he absorber  as  not  ed a t  the ends o f

Sec t  i ons  2 .5  and  6  .  3 .  f n  Sec t  i on  2 .6  we  no ted ,  'w i t h  a

s t rong caveat  ,  t l , ra t  the Par t r ige exper iment  may have been

pa r t i cu l a r l y  sens i t i ve  t o  such  " i nne r  f ace "  advanced

e f f ec t s .

I n  Chap te r  8  we  t ook  no te  o f  t he  e f f ec t  o f  d r i f t s  i n

t he  phase  o f  t he  m ic rowaves  du r i ng  da ta  co l l ec t i on .  These

phase  d r i f t s  a re  assoc ia ted  w i t h  t empe ra tu re  d r i f t s  i n  t he

appara tus .  Such  d r i f t s  i n  t he  phase  o f  a  m j - c rowave  s igna l

whose  amp l i t ude  i s  be ing  i n teg ra ted  (a  p rope r t y  o f  ou r

m ixe r -based  de tec t i on  sys tem desc r i bed  i n  Sec t j - on  5 .3 ) ,

i f  l a rge  enough  ,  a re  ha rmfu l  because  they  can  change  the
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s i . gn  o f  t he  s i gna l  be ing  i n teg ra ted .  r f  t h i s  happen ,s ,

s i gna l  i n t eg ra ted  be fo re  t he  phase  d r i f t  w i l l  be  t o ta l l y

o r  pa r t i a l l y  cance l l ed  by  s i gna l  added - i n  a f t e r  t he  phase

d r i f t .  f n  ou r  ana l ys i s ,  de ta i l ed  i n  Chap te r  8 ,  we

recons t ruc ted  f rom the  da ta  the  phase  o f  t he  s igna l  as  i t

d r i f t ed  du r ing  i n teg ra t i on .  Th i s  enab led  us  to  op t j -m ize

the  cho ice  o f  d .a ta  to  be  i nc luded  i n  the  f  i na l  i n teg ra t  i on .

Thus  i n  ou r  ana lys i s  we  used  da ta  w i th  phase  cons tan t  w i th in

l im i t s .  Op t ima l  l im i t s  a l l owed  use  o f  two - th i r ds  o f  t he

to ta l  da ta .

F ina11y ,  as  desc r i bed  i n  Chap te r  9 ,  t he  t r a j ec to r y

of  our  mj -crowave beam in  the a tmosphere was ca lcu la t  ed.

The  resu l t ,  con f i rmed  by  op t i ca l  s i gh t i ng ,  showed  tha t

the  a tmospher i - c  re f  rac t  i on  was  too  sma l1  to  d i rec t  t he

s igna l  i n to  ea r th -based  abso rbe r "  A tmospher l c  a t tenua t i on

a long  t he  t r a j ec to r y  o f  t he  s i gna l  was  a l so  ca l cu la ted

and  found  to  be  sma1 l  a t  ou r  f requency .
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Appendix  A

SOME CALCULATIONS IN THE

ABSORBER THEORY OF RADIATION

A.1 INTRODUCTION

l fe  have per formed some ca lcu la t ions in  the absorber

theo ry  o f  rad ia t i on  us ing  as  a "  sou ree  an  osc i l l a t i ng  cha rge

sheet  (  a  cur rent  sheet  )  o f  in f in i t  e  ex tent  .  These ca lcu la-

t i ons  we re  mo t i va ted  by  a  des i r e  t o  i l l u s t r a te  t he

essen t i a l  f ea tu res  o f  t he  theo ry  i n  a  s imp le  one -

d imens iona l  mode l -  and  to  poss ib l y  ga in  i ns igh t  i n to  the

spa t i a l  d i s t r i bu t i on  o f  advanced  e f f ec t s  i n  t he  case  o f

i ncomp le te  abso rp t i on .  Add i t i ona l l y ,  w€  wan t  t o  exp lo re

any  i n f l uence  by  the  pa r t i cu la r  na tu re  o f  t he  abso rb ing

ma te r i a l  on  t he  na tu re  o f  t he  resu l t i ng  se l f - cons i s ten t

so lu t  ions .

Assumlng  re ta rded  and  advanced  f i e lds  to  be  emi t ted

in  equa l  amp l i t ude  by  the  sou rce  as  we l l  as  by  respond ing

charges  i n  t he  abso rbe r ,  we  sough t  t he  ne t  f i e l ds  eve rywhere

fo r  two  abso rbe r  con f i gu ra t  i ons  .  See  F igu re  A -1 .

]-57
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Figure A-1.  Absorber  p lacement  for  two
ca lcu la t  i ons  .
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F i r s t ,  w i t h  t he  sou rce  shee t  p l aced  i n  t he  z  =  0

p lane ,  abso rb ing  ma te r ia l  f i l l ed  the  space  be tween  z  =  -a

and  z  =  a  (F i gu re  A -4 ) .  Second ,  w i t h  t he  ose i l l a t i ng  eha rge

sheet  aga i -n  a t  z  =  0  ,  absorb ing mat  er ia l  was p laced,  to  one

s ide ,  f i l l i ng  the  space  be tween  z  =  ^  and  z  =  b  (F igu re  A -6 ) .

The absorber  in  our  ca lcu la t  ions is  char  ac ter i -zed by a

conduc t i v i t y  o ;  i t  has  no  d ie lec t r i c  o r  magne t ie  p rope r t i es

d i f f e ren t  f r om f r ee  space :  e  =  1 ,  U  =  1 .

A.2 FIETDS FROM AN OSCITLATING SHEET OF CHARGE

A vector  pot  ent  ia l  ,  t r ( i  ,  t  )  ,  was d,er ived f  or  the current

sheet  and used to  ca lcu la te  the  f ie lds .  Reca l l  f rom

chapter  1  tha t  the  components  o f  f r " . t  ( * , t )  a re  g lven by
adv

+
a ?

4 , ,  ( X t
lJ

re t
adv

,  R '
I

c
+ \  1
t s )  

c

+ +
x  x t

f fl,!l; ,t', s(t,
J J RI
t r

t ) d "3x ' d t ' ,

wtrere

+
R r  =

For  ou r  cu r ren t  shee t  3 ( i , t )  =  i  a i r r l t + { ( z ) ,  whe re  j o  i ss , O _

t he  cu r ren t /un i t  l eng th  measured  ac ross  any  l eng th  pa ra l1e l

t o  t he  x -ax i s  and  i n  t he  z  =  0  p l ane  (See  F igu re  A -2 ) .
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Figure A-2.  Ass ignment  o f  var iab les  in  the
in teg ra t i on  to  f i nd  the  vee to r  po ten t i a l  o f  an
ose i l l a t i ng  shee t  o f  cha rge .  Cha rge  i s  i n  t he  x - y  p l ane .
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The on ly  non-zero component  o f  A is

.  i -cu t '
Jo "+

A ( x " t )
v
re t
adv

6( t ' t ) dx ' dy ' d t '

shee t  i s  i n f i n i t e  t he  resu l t  w i l l  be  i ndependen t

and  the  ca l cu la t i on  can  be  s imp l i f i ed  by  p lac ing

unde r  t he  f i e l d  po in t  P .  See  F igu re  A -3 .
B r

f unc t i on  i s  ze ro  un less  t '  =  t  F  T .  The

=* f {
t  X , Y

,  R t

cR r

S ince  t he

o f xandy

the  o r i g in

The  de l ta

resu l t  i s

wh ich  l eads  to  the  f i e lds

re t
adv

a n d

f i""t (*,t) = r qd 
"iro(t 

+ + g
adv

-+
E

+
B

2 n t
T  - o

= *
e

*icrr(t  I  +) g

2 n t
/  ^  \  " O
r c . ,reT c

adv

. ior(t [ +) *,

where

{  
+  1 ,

t  -  1,
z

z
c
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F igu re  A -3 .
in tegra l  as  made

S imp l i f i ca t j - on  o f  t he
poss j -b le  by  symmetry .

vec to r  po ten t i a l
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P= R'2

to,orz)
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The  d i rec t i on  o f  t he  ene rgy  f l ow  i s  t he  d i rec t i on  o f
+ " >

(E  x  B ) .  Fo r  t he  above  two  equa t ions ,  t hen ,  re ta rded  rad . j -a -

t  ion  car r  ies  energy away f  rom the source and advanced rad ia-

t i on  ca r r i es  ene rgy  toward  the  sou rce .  I n  t he  p resence  o f

absorber  the re tarded or  advanced nature  o f  the net  rad i -a-

t i on  p resen t  w i l l  depend  in  pa r t  on  f i e lds  f rom s t imu la ted

charges in the absorber .  I lence we must cons ider in det ai l

the nature  and p lacement  o f  the absorb ing mater ia l  .

A" 3 SYMMETRIC ABSORBER PLACEMENT

Fi rs t  we wi l l  cons ider  the symmetr ic  absorber  con-

f i gu ra t i on  men t ioned  above  and  i l l us t ra ted  i n  F igu re  A -4 .

E (z ) ,  t he  ne t  e l ec t r i c  f i e1d ,  i s  g i ven  by

E(z )  =  *E i  G )  +  *E i  ( z )

ret  adv

( re ta rded  response  o f  abso rbe r  cha rges )

+ (  advanced response o f  absorber  charges )  ,

where  +8 .  (z )  and  +8 ,  (z )  a re
1 1

re t  adv

emanat ing f rom the cur rent  sheet

(A "  1 )

t he  i n i t i a l  f i e l ds

source.  These are

where  k  =  2 t
t  and  a r  =  ck .E .  ( z \  =  +

l_

re t
adv

" i (c r r t  
+  i .  l " l l

2 n t" o
c
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Figure A-4.  Symmetr ic  p lacement  o f  absorber  mater ia l
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Re ta rded  and  advanced  con t r i bu t i ons  t o  E (z ) ,  t he  f i e l d

at  z ,  each come f rom induced cur rents  in  three absorber

reg j - ons :  ( - a ,0 ) ,  (O ,z ) ,  and  ( z ,a ) "  See  F igu re  A -b .  Thus

moving re tarded wave f rom

moving re tarded wave f rom

moving re tarded wave f rom

from I
absorberJ

[ con t r i bu t i on  t o  E (z )

[ re ta rded  response  o f

r= 
[ r ish tward
r

"  L" ightwardr
+  |  l e f twa rd

L

from I
absorberl

and

fcon t r ibu t  i on  to  E(z )

fadvanced response of

r
= 

[ r . t t *ard
I* Ll ef tward
r

+ l r iEhtward
t.

( -a ,  o  ) ]

(0,rt
( " , ^ \  ,

(-a,ot
(o, r ) ]

(  
" ,  " ) ]

moving

moving

moving

advanced

advanced

advanced

wave from

wave from

wave from

Then ,

E (z )  -  *E .  ( z )
1

re t
l ( z '  ) e - i k ( z - z ' ) dz '

l i  (z '  ) " -  ik  (z-z '  )  d ,  '

l -o++l f -+
t l
f  z '= -a

a

+ I  -1. : (z ' )e
J  c u
z ' = %

z

+l'
Jz '=o

, . r , ]+  i k  ( z - z '
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Figure A-5.  rnduced cur rent  sheets  such as dz
con t r i bu te  t o  E (z ) ,  t he  f i e l d  a t  z .
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*E i  G)  +

adv
rv,=-**{ i  

( z '  ) e+  
i k  ( z - z '  )  d r '

) . * r ' k ( z - z ' ) d= ,

1 + f;tan ka

z
r

+l+
Jz '=o + i(z'

{ i ( z '  ) " - i k  
( z -z '  )  dz '

we set  I  (z  )  -  oB(z)  and assume a so lu t  j -on o f  the f  o rm

E(z)  -  (ae-Y lz  |  +  Be+Y l " l  > . ic r i t  ,  l ' l  :  a  '

The resu l t  can be wr i - t ten as  a  homogeneous equat ion

w i th  te rms  in  
" - \ '  

,  e+yz ,  e - i kz ,  and .  e+ i kz .  I f  t h i s

equa t l on  i s  t o  ho ld  f o r  a l l  z ,  t hen  t he  coe f f i c i en t s  o f

each o f  these terms must  van ish separate ly .  Th is  y ie ld .s

va lues  o f  T  ,  A ,  and  B  as  fo l l ows  :

Y =  t  Y ' ,  where  y ' ,  "*  "  indi  eat ing
the  roo t  w i th
Rey '  >  0 ;

2va
g l

1

a

+l +
J z ' = z l

{t an kaG
{t an ka

' v j o  
i k

1  +  
"2Y^

)

4n iok

+ 
{ tan ka
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+ 
'n lo

c
i kB=

1 +  .2T^

Thus we have f  ound,  E(z)  =  (  Ae-Y I

l " l  S  a "  We  no te  t ha t  B  =  Or *_ ,

E (z )  ^ . _  ^ "  |  ;  t he  cho i ce  o f  s i gn
Y=_J

We can  f i nd  E (z )  f o r  l = l

t he  pa ra1 le1  componen ts  o f  E  and

z  =  +  a .  The  resu l t  i s

z l  +Be+Y  l "  I  l . i cu t  f  o r

so  t ha t  E (z )  y= *y  ,  
=

i n  y '  i s  un impo r tan t .

a  f rom the  con t i nu i t y  o f

H across the boundary  a t

€

{t "n 
ka

+ 
{ tan ka

E(z ) -

' " ' ]  'x 
[u'*.,

ze\a
( cos  ka  +  

*  s i n ka )  +  . 2 \ * (  
" os

ka t  s in  ka)

( z )  +  *E i

adv
l " l  :  a.

t he  f i r s t  b racke ts  can  be  v lewe

phase sh i f  t  f  ac tor  whi -ch,  as  .d

For  la rge a  i t  i s  propor t iona l  t

ded  and  advanced  f i e lds  have  the

r€ ,  t he re  i s  no  ne t  ene rgy  f l ow

e  abso rbe r .  Th i s  i s  an  exDec ted
r t

,  ,  =  l E ( z \ lr " y '  |  - ' / l y =  - , . r '.  
L  J '  

I

The quant i ty

att  enuat i -on

approaches 1

S i -nce  the  re

coe f f i c i en t s

space  beyond

Again  [ tc " l iL' 
'J

i n

and

ta r

he

th

Y=

dasan

+  0 ,

o  a -Y " .

same

into  empty

resu l - t .
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a l l

These  resu l t s  f o r

the  case  o f  eomp le te
2n t

z  i s  E (z )  =  "o
c
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l " l  s  a and l " l

absorpt  ion (a  ->  co )  t  he so lu t  1on f  or

+ e-Y 
'  l , l  

" i t t .  
s ince o

Y t

Rey  '  >  0 ,  we  mus t  have  Imy '  >  0 .

in  the d iagram.Th is root

c

i s

, 2K wnere

i l l u s t r a ted

4nok
y  ' w i - t h  R e  t  ;  0

-y2

, ,
y '  w i t h  R e y ' < 0

fmY'  ,  0  cor responds to  a .  wave movlng away f rom the charge

shee t ,  a "  cha rac te r i s t i c  o f  a  re ta rded  wave .  Th i s  i s  t he

same so 1ut ion one would get f  rom the purely retard.ed

theo ry .  Thus  the  abso rbe r  t heo ry  o f  rad ia t i on ,  i r  t he

c i r cums tance  o f  comp le te  abso rp t i on ,  rep roduces  the  resu l t

o f  t he  pu re l y  re ta rded  theo ry  as  i s  expec ted . .
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I lowever  in  th is  absorber  conf  igura t  ion (a  +  co )  the

abso rbe r  t heo ry  o f  rad ia t i on  was  equa l l y  expec ted  to  l ead

to  a  ma themat i ca l l y  va l i d  pu re l y  advanced  so lu t i on ,  a  so lu -

t  ion which l theel  er and Feynman throw out on thermodynami-c

g rounds  ( ra the r  t han  on  g rounds  o f  causa l i t y  v io la t i on ,  BS

in  eonven t iona l  re ta rded  theo ry )  .  Then ,  how i s  i t  we
D r ' i

were  l ed  t o  j us t  one  so lu t i . on  ,  E (z )  =  +  *  e -Y ' l ' l " i a r tc  Y '
a  so lu t l on  w i th  re ta rded  cha rac te r i s t i cs?  Ev iden t l y  ou r

cho i ce  o f  o

Pos i t i ve  res i s t i v i t y  cha rac te r i zes  a  the rmodynamic  p rocess

where  ene rgy  1s  d i ss ipa ted  i n  t ime .

Thus in  th is  model  o f  an absorber  we expeet  a

so1u t i onw i t hadvancedcha rac te r i s t i c swhen6<

o

in  the  d iag ram:  Im

Imy '  <  O  g i ves

advanced  f  i e1d ,

c
an J-ncoming wave ,  a  charact  er is t  ic

as  expec ted .

y 'w i t h  Rey ' 0
t
t

I
I
I
t
t
I

0r

y '  w i t h  Rey '  >0

of  an
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We have seen,  then,  that  in  our  mod,e l  o f  an absorber

the  e lec t romagne t i c  a r row  o f  t ime  fo l l ows  the  s ign  o f

the conduct  iv i ty  o f  the absorber  (  the thermod.ynamic  ar row

o f  t ime ) .

A. 4 ENERGY FLOI'I

Energy f low was ca lcu la ted in  the case a  ->  co

in f i n i t e l y  t h i ck  abso rb ing  med ium.  r n  t h i s  ease
2n  j  ^  4 . t z  2n  - t

A =-  = -o  +  and .  B  =  0  so  tha t  E (z )  - - ' " ' o  i k  -Y '
C  Y  

v  u u  L u a v  r r \ 4 )  : - - - A -  
T t  

e

we ca l  cu la t  e  the power  per  un j - t  a rea o f  eur rent

i n  t h ree  d i f f e ren t  ways ,  a l l  w i th  the  same resu l t  :

t o ta l  j ou le  hea t i ng  th roughou t  t he  abso rb ing  med ium;

the  ene rgy  f l ow  th ru  a  c ross -sec t i ona l  a rea  a t  t he  cu r ren t

shee t  (Poyn t i ng  vee to r ) ;  and  the  ra te  a t  wh ich  work  mus t  be

done  aga ins t  t he  rad ia t i on  reac t i on  fo rce .

z l  i r r r t  "' e

sheet

t he



L77

The  jou le  hea t i ng  i s

The t ime-average power

a  un i t  a rea  i s

-
But  (ReE)z  =  *nn*  so  tha t

z  d i rec t i on  f rom

f * +
P = l l . i  de

J
vo1

fe= 
J 

oE-
vo l

emi-t t  ed in

f*-F t -=  l cE-  dz
r a J

z !=_  a

f
P I

+  =  o l  EE*  dz .
J

z=O

d  t .

t he  +

f€
t_= , o|e,"s)Za".

z=O

The  resu l t  i s

F
l3'
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The energy f low is  g iven by

+
average is  S =

(1975 ,  Equat  j .on

->
I r \^ '  )  z=O '

B? Be( f i  x  H*)  z=o.  Aceord ing

7  . 75 )  ,

3=&(fix

t oThe t ime

Jackson

.>
H=

where

Since a  p lane wave

(Mar i on  ,  L965 ,  page

= *tan-t ,#,

i 6 ^  *' n  x  t ,

medium is t ransverse

F + (#,']*"

Ex

in  a  eonduct lng

143 ) ,
 - +
nxE=

We have  e  =  1 ,  u  ; r t ,  
and  k  =  G 8 ,  the re fo re

g  =  
|  r  +  ,4no l2  l "  

" i  
On i  where  a  =  t tan  Th is

I  
t kc ' I

leads  f "  a  va lue  J t  3  wh ich  represents  the  energy  f low in

on ly  one d i rec t i -on .  Energy  f lows in  bo th  d" i rec t ions

(+z  and -z ) .  The resu l t  i . s



]-79

, , n j o  / ;
+ 

['+ c#r']r
4c 

F 
+ cff"]*

+ 
f ii,ffi#.""), "]

3r=o G)

wi th  an  equa l  power  f l ow ing  i n  t he  - ;  d i rec t i on .

fn  the lVheeler -Feynman formula t ion f ie lds  o f  rad ia t ion

reae t i on  wh ieh  ac t  on  a  g i ven  pa r t i c l e  a r i se  on l y  f rom o the r

pa r t i c res .  Thus ,  i r  t he  s teady  s ta te  s i t ua t i on ,  w€  l e t

T""RR at  a  charge
charges (  on

P on the charge sheet
the  shee t  and  i n  the

due  to  a l l
abso rbe r ) .

) ,

f i e l d
o the r

r
l l+E.
i l -  t -

l \  adv
L

Enn =

P,  due  t o
a l l  o the r
charges on
sour c e
sheet

+ [sa-ne f or ret arded]

Bu t  P  i s  i n f i n i t es ima l  ,  So  t he  f i e l d  a t  p  i s  t he  f i e l d

anywhere  on  the  z  =  0  p lane .
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(A .2 )

+ 
f ii=ffir:;,.")=,]

t /  \
l /+n. \
l l -  1  |
l \  adv fa t  z=O
L '  '  due to

charges
source

Thus

H :  =-RR,

ret  
" "4"a ]

*E"*t  ,  ==o]

[ , r .e i (^) t ) ( r*"-r ]

1 .F + ctffr 1r

F+c#, 1r

p lane
a l l

on
sheet

fo r

* -Y ' [  
" i . t l  

z=o

iol t

I
lz

+ 
[="*"

' "=o]  +=  

[ * ,

The power required

f  i e l d  i s

Th"en

,n  j  
o

c

wh ich  l eads  to

( joe lo t )Enn .

re t

2wJ  
o  i k

et t

P

A
ta.

= *Re

ik
Y t  

v

t o  ove reome th i s  rad ia t i on  reac t i on

t=
A

F

A
la

t E 2
n  T n J o

2e ,  &s  be fo re .
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For  smal l  o ,  +  =  A ; -  ,  a  resur t  independent  o f  o .

rh is  
" *o" . " ; ; ; s -ab"3rnr roo"  

w i th in  the  charge sheet

i t se l f :  the  power  requ i red  to  move charges  th rough the

f  ie lds  (E . ,  (  z=0 )  )  o f  o ther  charges  on  the  sheet  .  Th is- 1

resu l t  can  be  ob ta ined  f rom Equa t ion  4 .2  by  us i -ng

.The1

,r
dependence  o f  ene rgy  f l ow  may  be  assoc i -a ted  w i th  the  l a rge

ref  lec t  iv i ty  o f  a  med j -um char  ac ter ized by la rge o  .  In  f  aet  ,

i t  can  be  shown  (  Jackso r ,  L975 ,  p rob lem 7  .4 )  t ha t  f o r

l a rge  o  t he  f r ac t i ona l  t r ansm iss ion ,  T ,  i n t o  a  conduc t i ng

medium (  and theref  ore  absorpt  ion by  the medj -um) is  g iven by

,1a rge

A"  5 ASYMMETR I C ABSORBER PLACEMENT

Fina l l -y ,  we cons ider  the asymmetr ic  absorber

con f i gu ra t i on  men t i "oned ,  ea r l i e r  and  i l l us t ra te .  i n

F lgu re  A -6 .

E . ( z=O)  as  E'  
For r"" ; :  o,  however,  + = +cnJf,zl. f \

I l Ie use t  he same procedure (  Equat ion A .  1 )  as in

f i r s t  examp le  t o  f i nd  E (z )  w i t h i n  t he  abso rbe r :

our

2kc
f io
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Figure 4-6 .  Ind"ueed.  cur rent  sheet  d ,z  cont r ibutes
to  t he  f i e l d  a t  z  "
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I  ( 2 ,  )  e - i k (  z - z  '  )  d ,  ,.  , [  r '  2n+ +l I  et t
LJz '=a

) . * i k ( z  
- z ' ) . =  

]

E (z )= *E i  Q )

re t

+ i(z'
z

b
f+l

I
J

A

fb
+ I  "2nl c

J z t  = z

-  2 r  J "  ru t *  
[ *

f nz
+*Ei Q)+41 ++j(2,)e+ik(z-z ' )dz,

adv  l Jz '  =a

Aga in ,  we  se t  l ( z )  =  oE (z )  and  E (z )  -  (Ae -yz

a  :  z :  b .  Th i s  l eads  t o  y  =  +  T , ,  whe re  y '

r r+  r t  ind i -cat  ing the root  w i th  Re y  '

-YA(k  
cos  ka -ys i n  ka )+k  cos  k  ( a+A) *ys i n  Ka+A

Be+Y ' )  
" i o  

t  
,

.  I { n i ok  . 2? t  
c  d '

. {e-yAn(1+e 
-2vA)"o,  

ka-(1-e-2v^,  
€#)s j .n  

-^ ]

r
Y*" -2v L 

L""tto cos ka+y s in ka) +kcos k(a+Alrys in k(a+A

d

+2r

an

B=

A

1 e

ts
I

Y

:

c

where  A  =  (b -a )



Thus we have

a

dis t r  ibu t  ion
t - I
l E ( z )  |
L -  

r  - ,J  y=-y  '  '

I f  A  i s

E (z )  =  2n jo i
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f  ound .  E (z )  =  (  ae -yz  +  B"+Y"  )  * i ' t  f  o r

I fe  note ,  as  1n the case o f  symmetr  j -c  absorber

,  that B = or*- ,  so that 
[ r ,  "  r ]  ,= *y ,  =

large and Rey

icrlt

i n k a+A) -k cos k a+A ) tY 
(  ̂ -a)  + s ln  ka+k  cos  ka :Y(b-z

. ,  
[ " .

2 ,2
I ; A  

" {  - K
^ r e  -  t J J . t tz \K {

Thj .s  is  sma1l  except  w i th in  the sk in  d .epth  o f  the inner  an6

ou te r f aces ,  a t z  =a  andz  =b respec t i ve l y .  The

ampl i tudes a t  these faces seem to  vary  t r igonometr ica l ly

wl th  the number  o f  f ree-space wavelengths (modulo  1)

separat ing the faces f rom the source sheet  and f rom each

o the r .  Near  the  abso rbe r ' s  i nne r  and  ou te r  f aces  the

express j -on f  or  E(z  )  is  dorn inat  ed respect  ive ly  by  i t  s  t  e rms

in .  iat t  -yz 
and, 

"  
iat t+Yz 

,  out go ing and incoming waves .

A l though these waves move in  d j - rec t  ions respect  ive ly

assoc ia ted wi th  re tarded and advanced rad ia t ion the i r  s teady

sta te  nature  does not  a1 low the i r  immedia te  ident i f i  ca t ion

as  such .

ITe are ,  however ,  io  a  pos i t  ion  to  ca lcu la te  the

d is t r i bu t i on  o f  s teady  s ta te  e f fec ts  on  the  ou te r  and .
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inne r  f aces  o f  t he  abso rbe r .  As  i n  Sec t i on  2 .6  we  a re

in te res ted  i n  t he  ene rgy .  The  d i s t r i bu t i on  o f  e f fec ts

w i th in  the  abso rbe r ,  i n  t e rms  o f  ene rgy ,  i s  p ropo r t i ona l

t o  E (z )E* ( z ) ,  a  :  z  :  b .  I n  ou r  case ,  t ha t  o f  l a rge  A ,

E( i lE* (z )  =  (2n ios in  kR)2
x

/
(  f  in2kb+s in 'o (b-R!  e -2(Rev)  

(z -a )

\ -  

-  ^  

-  

A / n  \  / r  . \

+ [s inz ta  +  s in2L(a+B!  * -2 (Rev)  (b -z )  
|  ,

/

rvhere kR = tan-1 ff iwith s =[,#,'+ t]* so that

t ha t  t he

a  and  z  =  b .

o f  t o ta l

2 , F , F [ -
yy* = ok" and Re Y = k 

{=t '  
.  r t  can be seen

sk in  depth  is  the same at  the two faces ,  z  =

Then ,  ou te r  f ace  e f fec ts  rep resen t  &  f rac t i on

j-nner and out er f  ace ef  f  ects given by

€*  s t  eady
s ta te

+* st  eady
s ta te

s in2ka  +  s in2k (  a+R)

s in2ka  +  s inzk (  a+R)  + sin2k(  a+A )  + s i -n 'u(a+A-R)

Th is  exp ress ion  fo r  f

F igu re  A -6 ,  w i th  l a rge

when kA = nr 2ka and

n  and  m .

app l i es  to  the

A ,  and  i n  t he

when kA = mr

absorber geometry of

s teady  s ta te .  f  =  +

+ kR,  fo r  in tegra l
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The curves in  F igures A-7 and A-8 d isp lay  f  as  a .

f  unct  ion o f  kA f  or  f  i "ve  va lues o f  ka  .  o  is  4  in  F igure A-7

and 50 in  F igure A-8.  f  has a  per iod o f  n  rad, ians in  ka and

in  kA .

Thus j -ns t  ead o f  the range o f  so lu t  ions (  as  d iscussed

in  sec t i on  2 "6 )  d i f f e r l ng  i n  spa t i a l  d i s t r i bu t i on  o f

e f  f  ec t s ,  ou r  spec i f  i c  abso rbe r  mode l  l eads  to  a  d .e f  i n i t e

d i s t r i bu t i on  o f  e f f ee t s  f o r  each  spec i f i c  geome t r y .
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F igu re  A -7 .  F rac t i on ,  f ,  o f  ou te r  f ace  e f fee t  ve rsus
absorber  th ickness,  ka 0rA is  the number  o f  rad ians
correspondlng to  the number  o f  f ree-space wavelengths in
the  th i ckness ,  modu lo  f i  r ad ians ) ,  f o r  l a rge  abso rbe r
th ickness.  Curves are  shown for  f ive  source sheet -absorber
sepa ra t i ons .  s  =  4 .
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F igu re  A -8 .  F rac t i on ,  f ,  o f  ou te r  f ace  e f f ee t
versus absorber  th ickness,  kA (kA is  the number  o f
rad ians cor responding to  the number  o f  f ree-space
wavelengths in  the th ickness,  modulo  f i  rad ians )  ,  fo r
la rge absorber  th ickness.  Curves are  shown for  f ive
source sheet  -absorber  separat  ions .  c !  =  50 .
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Appendix B

A NOTB IN THE ABSORBER THEORY OF RADIATION

fn  the  case  o f  comp le te  abso rp t i on  we  saw ( i n  Chap te r  2 )

t ha t  t he  " f u11  re ta rded "  se l f - cons i s ten t  so lu t i on  i s  com-

posed  o f  equa l  pa r t s  o f  re ta rded  rad ia t i on  f rom "sou rce "

cha rges  and  advanced  rad ia t i on  f rom "abso rbe r "  cha rges .

Th is  fu11  re ta rded  so lu t i on  i s  sa id .  t o  co r respond  to

exper ience  because  the  e lec t romagne t i c  ac t i v i t y  a t  t he

"sou ree"  occu rs  be fo re  the  e lec t romagne t i c  ac t i v i t y  a t  t he

"absorber .  "  Wheeler  and Feynman ru le  out  the mathemat ica l ly

equa l l y  va l i d  f u l I  advanced  so lu t i on  on  the  bas i s  o f  i t s

sma l l  s ta t i s t i ca l  mechan ica l  p robab i l i t y .  Thus  we  a re

le f t  w i th  re ta rded  rad ia t i on  as  the  mechan ism by  wh ich

"  sources t '  lose energy to  "  absorbers  .  "

I4 ie  note  that  in  a  g iven system thermodynamics spec i f ies

the  d i rec t i on  i n  wh ich  the  e lec t romagne t i c  ene rgy  f1ows .

I [ e  need  no t ,  however ,  &1 low  the rmodynamics  to  d i c ta te

whe the r  we  desc r ibe  tha t  rad ia t i on  as  re ta rded  o r  advanced , .

L92



1-9 3

I t  i s  conven t i ona l  t o  des igna te  the  re la t i ve l y  ho t

ob jec t  as  " sou rce "  and  the  re la t i ve l y  coo l  ob jec t  as

"  absorber  .  "  Retarded rad ia t  i -on then f  lows f  rom "  source"

t  o  t t  absorber  .  "

I {owever  ,  there  is  no e l  ec t rodynamic  bas is  f  o r  these

des igna t i ons .  ITe  cou ld  equa l l y  ca l l  t he  coo l  ob j  ec t

the  " sou rce "  and  the  ho t  ob j  ec t  t he  "abso rbe r "  and

descr ibe the same f low of  energy in  terms of  ad,vanced.

rad ia t i on .  ( I I e re  s ta t i s t i ca l  mechan ics  wou ld  ru le  ou t

re ta rded  rad ia t i on  f r om the  ( coo l )  " sou rce " .  )

From th is  v iewpoin t  i t  i s  probably  most  convenient  to

descr ibe normal ly  observed rad ia t ion as  an equal ly  re . tarded

and advanced e l  ec t romagnet  j -c  in t  erac t  ion between charges in

wh ich  ene rgy  f l ows  f rom ho t  t o  co1d .  (A  more  p rec i se

def  in i t  j -on o f  re la t  ive ly  hot  and co ld  ob j  ec ts  might  come

wi th  use  o f  t he  concep t  o f  "b r i gh tness  tempera tu re .  "  The

br igh tRess  tempera tu re  o f  an  ob jec t  i s  t he  tempera tu re  a

b lackbody must  have in  order  to  match,  a t  the f requency

o f  i n t e res t ,  t he  power  r ad ia ted  by  t he  ob jec t .  )


