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ABSTRACT
i i i

The Role o f  Coherence E f f e c t s  
In th e  Measurement P rocess

by

A lla in e  YaSln 

Advisers P r o fe s s o r  Daniel M. G reenberger

In fo rm ation  m easures co rrespond ing  t o  th e  developm ent of a s y s te m 's  

wave and p a r t i c l e  p r o p e r t ie s  a re  d e r iv ed .  The form ulism  i s  ex tended  t o  th e  

sp in  */, o p e r a t o r s .  For both  c a se s  pure  s t a t e s  a r e  shown to  be th e  maximal 

In fo rm ation  s t a t e s .

Coherence which p lay s  a c r u c i a l  r o l e  In th e  in fo rm a t io n  m easu res ' 

d e f in i t io n  i s  a l s o  found to  be of paramount im portance  In th e  measurement 

p ro c e s s .  With th e  a id  o f  the  "haunted measurement" gedankenexperlm ent i t  

Is  shown t h a t  th e  Incoherence  In troduced  by th e  I n te r a c t io n  between th e  

measuring a p p a ra tu s  and th e  observed  system  can be removed th e reb y  

r e v e r s in g  th e  measurement p ro c e s s ,  o b l i t e r a t i n g  any t r a c e  o f  I t s  

o c c u rre n ce .  This Is  a d i r e c t  consequence o f  the  quantum m echanical 

c o r r e l a t i o n s  between th e  two sy s te m s .  Thus, such c o r r e l a t i o n s  p rev io u s ly  

thought to  be s ig n i f i c a n t  on ly  In th e  m icroscop ic  domain must be taken  in to  

a ccoun t  In t h e  m acroscopic  rea lm  f o r  a p roper  d e s c r ip t io n  o f  th e  measuring 

p ro c e s s .

Haunted measurement v e rs io n s  o f  W heele r 's  de layed  choice experim en t ,  

S c h ro d ln g e r 's  c a t  experim ent and th e  EPR paradox a re  a l s o  d isc u sse d .
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CHAPTER I 

IHTRODUCTIOH

A. The Im p ortance o f  th e  C om p lem en tar ity  P r in c ip le  t o  th e  
F o rm u la tio n  and I n t e r p r e t a t io n  o f  Quantum Theory

The I n t e r p r e t a t i o n  o f  quantum t h e o r y 's  m athem atica l  form alism  as put 

f o r t h  by N e lls  Bohr was based on th e  co m plem en tar i ty  p r in c ip le :

Any given a p p l i c a t io n  o f  c l a s s i c a l  concep ts  p re c lu d e s  th e  s im u ltan eo u s  

use o f  o th e r  c l a s s i c a l  concep ts  which In a d i f f e r e n t  connection  a re  e q u a l ly  

n e c e s sa ry  f o r  th e  e lu c id a t io n  o f  th e  phenomenon . 1

The com plem en ta r i ty  p r in c ip le  has I t s  m athem atica l  e x p re s s io n  In 

H eisenberg 's  Indete rm inacy  r e l a t i o n s 1

w ith  Ap th e  l a t i t u d e  In th e  momentum measurement and Aq th e  u n c e r t a in ty  In 

th e  c a n o n ic a l ly  con juga te  p o s i t io n  o b s e rv a b le .  AE and At a r e  s im i la r  

r an g es  f o r  t h e  energy  and th e  co rrespond ing  sp read  in  tim e. The con juga te  

v a r i a b le s  f o r  which th e s e  r e l a t i o n s  ho ld  a r e  a s s o c ia te d  w ith  th e  c l a s s i c a l

c o rp u s c u la r  and wave a r e  however e q u a l ly  In d isp e n sab le  f o r  a com ple te  

m icroscopic  d e s c r ip t io n .  The momentum and energy  exchanges between a tom ic 

sys tem s  a re  d e sc r ib ed  by th e  p a r t i c l e  p i c tu r e  I r r e s p e c t iv e  o f  sp a ce - t im e  

s p e c i f i c a t i o n s .  The m a t t e r  wave in d ic a te s  t h e  l o c a l i z a t i o n  o f  a tom ic

sys tem s  by y ie ld in g  th e  p r o b a b i l i ty  d i s t r i b u t io n  o f  th e  system  In space  and 

t im e. The Heisenberg  r e l a t i o n s  a r e  t h e r e f o r e  e s s e n t i a l  t o  e n su re  th e  

c o n s is ten c y  o f  quantum th e o ry  by a ss ig n in g  th e  l im i t s  w ith in  which th e  use

( 1 . 1 )

m u tu a lly  e x c lu s iv e  p a r t i c l e  and wave I d e a l i z a t i o n s .  Both concep ts



2

o f  c l a s s i c a l  concep ts  belonging  t o  th e  2 ex trem e  p ic tu r e s  may be app lied  

w ithou t c o n tra d ic t io n .*

E in s te in  could  no t ac ce p t  quantum t h e o r y 's  a p p a re n t  s t a t i s t i c a l  n a tu re  

and I t s  r e n u n c ia t io n  o f  c l a s s i c a l  c a u s a l i t y .  This led  to  an ongoing 

d ialogue  between he and Bohr l a s t i n g  a p p ro x im ate ly  28 y e a rs  during  which 

tim e E in s te in  o f f e r e d  a number o f  gedankenexperlm ents  to  h ig h l ig h t  what he 

cons ide red  to  be paradoxes In h e re n t  In th e  th e o ry ."  Although he did not 

succeed  in  proving th e  th e o ry  Incongruous, he managed to  c r y s t a l i z e  th e  

e p ls te m o lo g lc a l  problem s r a i s e d  by th e  t h e o r y 's  developm ent In ingenious 

fa sh io n .

B. P laou aa lon  o f  B ln a te ln * a  D ouble S i l t  G adankanaxparim ent

In an a t te m p t  t o  provide  a coun terexam ple  t o  th e  co m plem en tar i ty  

p r in c ip le  and th e re b y  d e m o n s t ra te  th e  In co n s is te n c y  o f  quantum m echanics, 

E in s te in  proposed a m o d if ic a t io n  o f  th e  double  s l i t  experim ent (Fig. 1.1).*»* 

The f i r s t  s c re e n  I s  f r e e  t o  move a long  th e  x a x is  and w i l l  r e c o i l  with each 

p h o to n 's  d e f l e c t i o n  tow ards  a p a r t i c u l a r  s l i t  In s c re e n  no. 2. Employing 

momentum c o n s e rv a t io n ,  E in s te in  endeavored to  prove one cou ld  de te rm ine  

th e  ph o to n 's  p a th  and s im u l ta n e o u s ly  p re s e rv e  th e  I n te r f e r e n c e  p a t t e r n .  

Bohr, In h is  h i s t o r i c  r e b u t t a l ,  c i t e d  th e  u n c e r t a in ty  p r in c ip le  t o  show a 

s u c c e s s fu l  t r a j e c t o r y  measurement n e c e s s i t a t e s  a s p e c i f i c a t i o n  o f  the  

s c r e e n 's  momentum w ith  an ac cu ra cy  which would cause  th e  I n te r f e r e n c e  

p a t t e r n  t o  be washed o u t .  He th u s  succeeded  In defending  th e  c o n s is te n c y  

o f  quantum mechanics.

In 1979 W.K. W ootters  and W.H. Zurek7 examined B ohr 's  d e fe n se  In d e t a i l  

and c o n c lu s iv e ly  confirm ed th e  p o s s ib i l i t y  o f  r e t a in i n g  an amazingly s t r o n g



i n t e r f e r e n c e  p a t t e r n  w hile  a s c e r ta in in g  knowledge o f  th e  p a r t i c l e ' s  p a th .  

They do t h i s  by u t i l i z i n g  Shannon's d e f in i t io n  o f  in form ation*  to  

q u a n t i t a t i v e l y  d e f in e  th e  wave and p a r t i c l e  knowledge a v a i l a b l e  t o  th e  

e x p e r im e n te r .  The a u th o r s ,  however, do not demand as  did E in s te in ,  a 100% 

r e l i a b l e  d e te rm in a t io n  o f  th e  p h o to n 's  r o u te ;  s in c e ,  f o r  t h i s  s i t u a t io n  

B ohr 's  a s s e r t i o n s  a r e  v a l id .

C. Review o f  M oottmra and Zurek A n a ly s is .

See Fig. 1 .1 . Upon Impact th e  photon and p l a t e  1 c o n s t i t u t e  a s in g le  

quantum m echanical sy s tem , inducing one to  s tu d y  th e  e f f e c t  o f  the  

measurement o f  th e  p l a t e  on th e  p h o to n 's  w avefunctlon  as  d isp layed  by th e  

i n t e r f e r e n c e  p a t t e r n .  P l a te  1 i s  denoted  by a harmonic o s c i l l a t o r  wave 

fu n c t io n  *(x) which i s  a minimum u n c e r ta in ty  r e p r e s e n t a t i o n .  The c o s t  of 

ob ta in in g  In fo rm a tion  abou t th e  p h o to n 's  momentum -  a s  evidenced in th e  

d is tu rb a n c e  o f  th e  p h o to n 's  phase -  i s  t h e r e f o r e  d im inished.

To f i r s t  approx im ation  th e  wave fu n c t io n s  f o r  th e  p h o to n 's  p ass ing  th rough  

s l i t s  A and B r e s p e c t i v e ly  a re :

( 1. 2 )

In momemtum space:

(1.3)



CÔ VcxnV
with

« < W  = v^ .1

k . = - n s / o

(1 .*»)

See Fig. 1.1 f o r  p a ra m e te r s '  d e f in i t io n .

Screen no. 1 's  f i n a l  momentum I s  e x p e r im e n ta l ly  a s c e r t a in e d .  I f  i t s

I n i t i a l  wavevector i s  kj then I t s  f i n a l  w avevector kf s a t i s f i e s  kf -  k* ± kQ 

In as much a s  th e  photons can on ly  im part  th e  momenta, * kQ - 1 ns/LX. The 

t o t a l  reco rd e d  d i s t r ib u t io n  D(kf) o f  th e  p l a t e ' s  wave numbers w i l l  be the  

sum of a l l  p a r t i a l  d i s t r ib u t io n s  Dkl (k f)  weighted by |+ (K i) |a:

The s c i n t i l l a t i o n s  a t  p l a t e  3 s ig n a l  th e  pho to n s '  passage  th rough  the  

a p e r t u r e s  In p l a t e  2. P la te  1 's  momentum and th e  p o s i t io n  o f  the  

s c i n t i l l a t i o n s  a r e  rec o rd e d  f o r  each e v e n t .  The I n te r f e r e n c e  p a t t e r n  i s  

acqu ired  by coun ting  a l l  photons land ing  w ith in  th e  I n t e r v a l  £ ♦ £+d£. The 

a u th o r s  c o n s t r u c te d  th e  d i s t r ib u t io n  fu n c t io n  D(kf) In a s im i la r  f a sh io n .

W ootters and Zurek, however, d e m o n s t ra te  th e  i n t e r f e r e n c e  p a t t e r n  

F(£) can a l s o  be r e a l i z e d  from a  weighted sum o f  th e  p a r t i a l  I n te r f e r e n c e  

p a t t e r n s .  The p a r t i a l  I n te r f e r e n c e  p a t t e r n  -  " th e  d i s t r i b u t io n  of 

s c i n t i l l a t i o n s  a r i s in g  on ly  from th o se  photons which have been a s s o c ia te d  

w ith  a d e f i n i t e  m easured momentum kf o f  p l a t e  1" -  i s  c e n t r a l  to

e s ta b l i s h in g  th e  s e l f  c o n s is ten c y  o f  th e  a u th o r s '  a n a ly s i s  and t h e i r

(1.5)



subsequen t  in fo rm a t io n  c a l c u l a t i o n .  In analogy  to  th e  double s l i t  

experim ent invo lv ing  two s l i t s  o f  unequal a r e a s ,  they  p o s tu l a t e  th e  p a r t i a l  

I n te r f e r e n c e  p a t t e r n  to  be

i ltVI+ 2PaV iPb\^  ws2 M ( - .7 ,

where P*(kf) , Pg(kf) a r e  th e  p r o b a b i l i t i e s  o f  th e  photon passing  through 

s l i t s  A and B r e s p e c t i v e ly ,  and a r e  defined  by th e  r a t i o  o f  the  2 

c o n t r ib u t io n s  t o  t h e  f i n a l  d i s t r i b u t io n  fu n c t io n  (see 1 . 6 ):

iu,v- P4IM/Pb(iO
=  g - o ?

in con junc t ion  w ith  t h e  req u irem en t

*1
Adding a l l  th e  p a r t i a l  I n te r f e r e n c e  p a t t e r n s ,  f ind

_  \  +  c o S 2 K 0 ^

Even a t  t h i s  po in t  in  th e  c a l c u l a t i o n  one i s  a b le  to  i l l u s t r a t e  th e  

s im u l ta n e o u s  m a n i f e s ta t io n  o f  th e  p h o to n 's  wave and p a r t i c l e  n a tu r e .  "Let 

99f (k f ) - - ^ - ,  t h a t  i s ,  ou t  o f  100  pho tons ,  we expec t  99 t o  t r a v e r s e  th e  more

l i k e l y  s l i t . 7 One would e x p ec t  th e  I n t e r f e r e n c e  p a t t e r n  t o  be d e s tro y e d  by 

a measurement o f  such accu racy ;  y e t  th e  p a t t e r n ' s  c o n t r a s t  i s  r a t h e r

(1 . 8 )

(1.9)
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s u b s t a n t i a l :

'/s ( 1 . 10)

Thus, d e s p i te  knowing th e  ph o to n 's  pa th  with 99} c e r t a i n t y ,  th e  p h o ton 's  

wave c h a r a c te r  i s  s t i l l  h igh ly  deve loped . We p rocu re  th e  same r e s u l t  f o r  

F ( 0  I f  we measure p l a t e  1 's  p o s i t io n  In s te a d  o f  I t s  momentum In o rd e r  to  

m onitor th e  p h o to n 's  t r a j e c t o r y ,  In d ic a t in g  th e  e qu iva lence  of th e  2 

p rocedu res  and t h e r e f o r e  th e  c o n s is te n c y  o f  the  a u t h o r ' s  rea son ing .

Note, th e  two l im i t in g  c a se s  o f  E in s te in 's  ve rs io n  o f  th e  double  s i l t  

experim ent do no t s u r p r i s e  us a t  a l l  (see  1.9):

As W ootters  and Zurek a s s e r t ,  " the  In te rm e d ia te  s i t u a t i o n ,  In which 

one o b ta in s  some In fo rm ation  about th e  p h o to n 's  p a th s  and s t i l l  r e t a i n s  an 

I n t e r f e r e n c e  p a t t e r n  having some degree  o f  c l a r i t y  a p p e a rs  pa radox ica l  

because . . . .  we l a c k  a good way o f  t a lk in g  about such a s i t u a t i o n  and we 

have no s im ple  r u l e  which t e l l s  us what to  e x p e c t ."  The a u th o rs  use 

in fo rm a t io n  th e o ry  t o  deve lop  a r u l e  which d e f in e s  th e  e x te n t  t o  which th e  

two com plem entary  a s p e c t s  o f  l i g h t  may be s im u l ta n e o u s ly  m an is fe s te d .

C.E. Shannon de f ined  th e  In fo rm a tion  measure In th e  fo l lo w in g  manner: I f  

i t ' s  p o s s ib le  f o r  a system  to  be In any o f  N s t a t e s ,  w ith  th e  p r o b a b i l i ty

when

1 ) t h e r e  i s  no d e te rm in a t io n  o f  th e  p h o to n 's  p a th ,  akQ -  0 and

th e  I n te r f e r e n c e  p a t t e r n  I s  p e r f e c t

2 ) each p h o to n 's  pa th  I s  r e s o lv e d  co m p le te d ly ,  ak0  -  •  and th e

I n te r f e r e n c e  p a t t e r n  I s  tho ro u g h ly  n u l l i f i e d
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Pk t o  be in  s t a t e  k, then  th e  amount o f  In fo rm ation  we lack  concern ing  the  

system  Is  th e  p o s i t iv e  number

To I n v e s t ig a t e  th e  t h e o r e t i c a l  l im i t  on th e  amount of e x t r a c t a b l e  

in fo rm a t io n ,  they  de te rm ined  th e  method o f  g e n e ra t in g  th e  p a r t i a l  

in t e r f e r e n c e  p a t t e r n  p e r ta in in g  t o  a p a r t i c u l a r  va lue  o f  th e  c o n t r a s t  such 

t h a t  th e  In fo rm a tion  r e g a rd in g  th e  pho tons ' p a th  i s  maximized. They 

d isco v e red ,  in  o r d e r  to  o b ta in  t h e  I n te r f e r e n c e  p a t t e r n

w ith  akQ ■ .M769 ( th e  va lue  used th roughou t  th e  work), one must s a c r i f i c e  a 

minimum of  7 1 .7 $  o f  t h e  a v a i l a b l e  in fo rm a t io n  r e g a rd in g  th e  photon p a th .

How much p a r t i c l e  in fo rm a t io n  does one f o r f e i t  when one pe rfo rm s  

E in s te in ' s  experim en t?  According to  equa tion  (1.8)

The average  in fo rm a t io n  we la c k  p e r  photon using (1.11) and (1.6) i s

+  £ -< * < * < -  k .v

( 1 . 12 )

and

M = fd k f In PA(l0 •+ f ^ ) l n ^ ( K t ) ]
« •

(1.13)

W ootters  and Zurek e v a lu a te  t h i s  i n t e g r a l  n u m e r ic a l ly  and f in d  H -72 .8S ,
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in d ic a t in g  72.8 % o f  th e  u sa b le  in fo rm a t io n  i s  d i s s ip a te d .  This i s  only  

s l i g h t l y  g r e a t e r  th an  th e  minimum v a lu e ,  7 1 .7 1 ,  a s s o c ia te d  with t h i s  

in t e r f e r e n c e  p a t t e r n .  The E in s te in  experim ent c o n seq u e n t ly  r e n d e r s  a lm o s t  

a s  much in fo rm a t io n  as  one cou ld  p o ss ib ly  s e c u re  -  1 -  72 .81  -  27.2% 

compared t o  1 -  71 .7S  -  2 8 . 3 1 .

D. R e fo r m u la tio n  o f  th e  Problem

The prev ious  com puta tions  a r e  somewhat Involved  due t o  th e  a d a p ta t io n  

o f  an in fo rm a t io n  measure de r ived  f o r  a c l a s s i c a l  p r o b a b i l i s t i c  th e o ry  -  

which quantum th e o ry  i s  n o t .  In C hapter  I I I  a gedankenexperim ent 

in c o rp o ra t in g  th e  n e u tro n  i n t e r f e r o m e te r  w i l l  be employed to  d e r iv e  

p a r t i c l e  and wave In fo rm a tion  m easu res ,  and i t  w i l l  be shown, aga in ,  t h a t  

we can s im u l ta n e o u s ly  a c c e s s  In fo rm a tion  p e r t a in in g  t o  th e s e  2 c l a s s i c a l l y  

m u tu a l ly  e x c lu s iv e  p i c t u r e s . *»10

Using d e n s i ty  m a tr ix  tec h n iq u es  to  encompass th e  p a r t i a l l y  c o h e re n t  

c a se ,  we v e r i f y  F ano 's  r e f e r r a l  t o  pure s t a t e s  a s  s t a t e s  o f  "maximum 

knowledge" . 11

The sp in  1/2 o p e r a to r s  a r e  a l s o  s tu d ie d  and th e  p o l a r i z a t io n  v e c to r  i s  

shown to  be th e  " n a tu r a l "  in fo rm a t io n  m easure f o r  th e s e  com plem entary  

q u a n t i t i e s .  F i r s t ,  how ever, th e  a p p a ra tu s  w i l l  be In tro d u ced  in  Chapter I I .

B. The H eaaurem ent P r o o ea s  In Quantum T heory

The quantum t h e o r e t i c a l  d e s c r ip t io n  r e q u i r e s  a p a r t i t i o n in g  o f  th e  

u n iv e rse  i n to  two p a r t s ,  one c o n s is t in g  o f  th e  obse rved  sy s te m , and th e  

o th e r  t h e  o b s e rv e r .  The th e o ry  then  d e s c r ib e s  e v e n ts  which occur  in  the



observed  s e c t o r  (so long as t h e r e  a re  no I n te r a c t io n s  w ith  th e  observ ing  

p o r t io n ) ,  w ith S c h ro d ln g e r 's  eq u a tio n . As soon a s  an I n te r a c t io n  -  t h a t  Is  

measurement -  ensues  one must app ly  a n o th e r  method (method 2 given below) 

t o  p ro p e r ly  deno te  th e  f i n a l  sys tem . Since t h i s  r e q u i s i t e  p a r t i t i o n  

p rocedure  Is  not a p r io r i  e v id e n t ,  th e  I n a b i l i t y  to  In c o rp o ra te  th e  

measurement p rocess  w ith in  th e  g e n e ra l  tim e e v o lu t io n  p r e s c r ip t io n  lends  

an ad-hoc q u a l i ty  to  th e  th e o ry .  The measurem ent d e s c r ip t io n  I s  unique due 

t o  I t s  a p p a re n t  no n -cau sa l  and I r r e v e r s i b l e  a s p e c t s .  In h is  t r e a t i s e .  Von 

Neumann1* r ig o r o u s ly  fo rm u la te d  quantum th e o r y 's  m athem atica l  foundations  

and lu c id ly  h ig h l ig h te d  t h i s  " p e c u l ia r  d u a l i ty . "  R e c a p i tu la t in g  th e  

p e r t i n e n t  c o n c lu s io n s :  I f  a  system  Is  in  a s t a t e  w ith  t h e  H am iltonian H 

a t  t im e t - 0 ,  i t s  tim e developm ent i s  given by S c h ro d ln g e r 's  eq u a tio n

provided  H i s  t im e independen t.  S im i la r ly ,  a m ix tu re  p0  (see  Appendix A)

(1. 1*0

$ ( t )  th u s  s a t i s f y i n g

(1.15)

L j W j i f c x f c i  (1.16)

I s  t ra n s fo rm e d  t o  p ( t)

(1.17)

Z t Wj t y o l
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C all  t h i s  t r a n fo rm a t io n  method 1 .

On th e  o th e r  hand, i f  a measurement o f  a q u a n t i ty  A p o ssess in g  a 

d i s c r e t e  sp ec tru m , d i s t i n c t  e igenva lues  and e ig e n fu n c t io n s  <>*,... Is

perform ed on th e  a fo rem en tioned  sys tem , a n o n -ca u sa l  change t r a n s p i r e s  

from which any s t a t e  ^  can r e s u l t  w ith  th e  p r o b a b i l i ty  | (* i ,* 0 ) | *. That 

I s ,  a m ix ture

Is  g e n e ra te d .

A nalogously , a system  whose I n i t i a l  s t a t e  I s  given by th e  s t a t i s t i c a l  

o p e ra to r  p0  s u f f e r s  a change o f  s t a t e  t o  p ' .

Equations (1.18) and (1.19) exem plify  method 2. The two p rocedu res  a re  

fu n d am e n ta l ly  d i f f e r e n t .  Method 1 I s  c a u sa l  s in ce  I f  we know th e  s t a t e  a t  

some tim e t , ,  we can p r e d ic t  I t  a b s o lu t e ly  f o r  t im e  t 2. On th e  o th e r  hand, 

method 2 Is  n o n -c a u s a l .  The I n i t i a l  s t a t e  I s  mapped In to  any one o f  the  

o r thono rm al s t a t e s  with a correspond ing  p r o b a b i l i t y .  Our a b i l i t y  to  

p r e d ic t  th e  evo lved  s t a t e  I s  s u b se q u e n t ly  reduced . Fu r the rm ore  I t  can be 

shown th e  t r a n s i t i o n  +0 +p In p r in c ip le  cannot be achieved  by a u n i ta ry  

t r a n s fo r m a t io n .  The p roo f  I s  s im ple  and Invo lves  t h e  in v a r ia n c e  o f  the  

t r a c e  w ith  r e s p e c t  t o  u n i ta r y  t r a n s f o r m a t io n s .  The p ro c e s s  ty p ify e d  by 

to*P  t h e r e f o r e  cannot be execu ted  by method 1 which I s  a u n i ta ry  

o p e ra t io n .

(1.18)

(1.19)
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Von Neumann a l s o  d e m o n s tra te s  th e  p ro c e s s e s '  thermodynamic 

d i s s i m i l a r i t i e s .  By a s s o c ia t in g  a gaseous ensem ble with th e  p ro p e r ly  

norm alized  s t a t i s t i c a l  m ix tu re  p he d e r iv e s  th e  e n se m b le 's  en tropy  t o  be

S -  -  Nk T r p l n p 

N -  number o f  sy s tem s  c o n s t i t u t i n g  th e  ensem ble

K -  Boltzmann c o n s ta n t  (1.20)

As Is  d isc u sse d  In th e  Appendix, p 's  e ig e n v a lu e s  wt l i e  w ith in  th e  range 

OSwjSI. The m ix tu re 's  e n tro p y  Is  t h e r e f o r e  20. For a pure  s t a t e ,  S -0 . A 

system  In a pure  s t a t e  evo lv ing  via method 1 e x h ib i t s  no en tro p y  change 

w hile  method 2 Induces an en tro p y  In c re a s e .  According t o  th e  second law 

o f  therm odynam ics, method 1 I s  r e v e r s i b l e  and method 2 I s  n o t .

In p r in c ip le  method 1 d e s c r ib e s  a m ic ro sy s te m 's  e v o lu t io n  proceeding 

from any and a l l  m icroscop ic  I n te r a c t io n s  w hile  th e  measurement p rocess  

d e p ic t s  the  s y s te m 's  t r a n s fo r m a t io n  a f t e r  a m acroscopic in te r v e n t io n  and 

m a n i f e s ta t io n  of I t s  p r o p e r t i e s .  There Is  no a p r io r i  rea so n  f o r  method 

2 ' s  p resence  in  quantum mechanics a s  a unique e v o lu t io n a ry  mechanism; a f t e r  

a l l ,  a macrosystem  In th e o ry  i s  s im ply  th e  l a r g e  number l im i t  o f  many 

m ic ro sys tem s . I f  we can c h a r a c te r i z e  th e  m icrosys tem s u t i l i z i n g  a bas ic  

( tim e) developm ent schem e, t h e  same scheme (perhaps with some I n t e r n a l l y  

c o n s i s t e n t  a l t e r a t i o n s )  shou ld  be a p p l i c a b le  In p r in c ip le  on a m acroscopic  

s c a l e .

In an e f f o r t  t o  f u r t h e r  I n v e s t ig a t e  method 2 ' s  p e c u l i a r  n a tu r e  we w i l l  

examine I t s  I r r e v e r s i b i l i t y  f e a t u r e  In d e t a i l  via th e  e x p lo i t a t io n  o f  a 

gedankenexperim ent, th e  "haunted  m easu rem en t."1* E s s e n t i a l l y ,  a n e u tro n  

t r a v e r s i n g  th e  n e u tro n  I n te r f e r o m e te r  w i l l  I n t e r a c t  w ith  a m acroscopic



s t r u c t u r e  f o r  a p a th  d e te rm in a t io n  m easurem ent. I t  w i l l  appear the  

s y s te m 's  coherence  i s  d es tro y e d  because  th e  i n t e r f e r e n c e  p a t t e r n  (which 

would r e s u l t  i f  no measurement was perform ed) i s  o b l i t e r a t e d .  This i s  in  

acco rd  with method 2 ' s  p re d ic t io n  (1.18) whereby th e  r e s u l t i n g  system  can 

a t  most e x h ib i t  p a r t i a l  coherence  (here  i t  i s  t o t a l l y  in c o h e re n t ) .  In 

c o n t r a d ic t io n  t o  t h i s  conc lu s ion  th e  e x is te n c e  of th e  s y s te m 's  " l a t e n t  

coherence" w i l l  be d e m o n s tra ted ,  p e rm i t t in g  th e  m easu rem en t 's  r e v e r s a l  and 

consequent r e in t r o d u c t io n  o f  th e  i n t e r f e r e n c e  p a t t e r n .  The in te r f e r e n c e  

p a t t e r n  i s  an i l l u s t r a t i o n  o f  th e  s y s te m 's  " o v e r t  coherence ."  The 

su b je c t iv e  c h a r a c te r  o f  coherence  i s  t h e r e f o r e  made e v id e n t ,  s in c e  th e  

i n t e r a c t io n  with th e  m acroscopic  system  was not enough to  remove a l l  

coherence .  The r e l a t i o n s h ip  between s im u ltan eo u s  knowledge of a s y s te m 's  

com plementary p r o p e r t i e s  and o v e r t  coherence  developed in  C hapter I I I  w i l l  

be used to  p o s tu l a t e  th e  connection  between in fo rm a t io n  ob ta ined  via th e  

measurement p rocedure  and th e  two ty p e s  o f  coherence .

These co n c lu s io n s  w i l l  be a p p l ie d  t o  th e  de layed  choice experim en t, 

th e  EPR paradox and t o  th e  S c h ro d ln g e r 's  Cat experim en t.
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CHAPTER II  

THE NEUTRON INTERFEROMETER

In t h i s  c h a p te r  th e  n e u tro n  i n te r f e r o m e te r  i s  f e a tu r e d  and i t s  unique 

p r o p e r t i e s  h ig h l ig h te d .

k .  E a r ly  D evelopm ent

P r io r  to  1965 I n t e r f e r o m e t r y  based on the  c o h e re n t  s p l i t t i n g  o f  the  

in c id e n t  w ave's  am p litude  was l im i te d  t o  e le c t ro m a g n e t ic  waves in th e  

r ad io fre q u e n cy  t o  u l t r a v i o l e t  range and was accom plished with beam 

s p l i t t e r s .  Using s i g n i f i c a n t l y  d i f f e r e n t  tech n iq u es  and p r in c ip le s ,  U lr ich  

Bonse and Michael H a r t 1 in 1965 succeeded  in dev is ing  an I n te r f e r o m e te r  

c a p ab le  of c o h e re n t ly  d iv id ing  and recombining x - ra y s .  The Bragg 

r e f l e c t i o n  c a p a b i l i t y  o f  a v i r t u a l l y  f l a w l e s s  s i l i c o n  c r y s t a l  was employed 

t o  p a r t i t i o n  th e  1A° w aveleng th  waves which th en  t r a v e r s e d  p a th s  s p a t i a l l y  

s e p a r a te d  by a d i s ta n c e  o f  ap p ro x im ate ly  1 cm b e fo re  merging v ia  a d d i t io n a l  

Bragg r e f l e c t i o n s .  The p a ir  d iscovered  they  could  produce o s c i l l a t i o n s  in  

th e  o u tp u t  beam by va ry ing  th e  o p t i c a l  p a th le n g th  o f  1 o f  the  beams; 

hence, t h e  beam 's r e l a t i v e  phasing was e x p e r im e n ta l ly  a c c e s s ib l e .

In 197  ̂ a t  th e  A u s tr ian  Atomic I n s t i t u t e  in  Vienna, Helmut Rauch, 

Wolfgang Trelm er and Bonse* conducted  th e  f i r s t  i n t e r f e r o m e t r y  experim ent 

w ith  th e rm a l  n e u t ro n s .
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B. D e s c r ip t io n  and O p era tion

The a p p a ra tu s  i s  dep ic ted  in  Fig. 2 .1. Since i t s  in ce p t io n  many 

v a r i a n t s ,  f o r  example 2 e a rned  d e v ic e s ,  have been proposed and f a b r i c a te d ;  

however, th ro u g h o u t  t h i s  work th e  d isc u ss io n s  w i l l  be confined to  th e  

d isc u ss io n s  t o  th e  a rrangem en t in d ic a te d  in  Fig. 2.1 and t o  i d e a l iz a t io n s  

t h e r e o f .

The 3 s l a b s ,  each p e rp e n d ic u la r  t o  a s e t  of s t r o n g ly  r e f l e c t i n g  

p la n e s ,  a r e  machined from a s in g le  n e a r ly  p e r f e c t  s i l i c o n  c r y s t a l .  The 

c r y s t a l  i s  g e n e r a l l y  from 5 cm to  10 cm in le n g th  w ith  th e  d i s ta n c e

between th e  e a rs -w h lc h  a r e  equa l to  w ith in  1 um-, a few c e n t i m e t e r s . '

In Fig. 2.2 a schem a tic  diagram o f  th e  I n te r f e r o m e te r  i s  given. The 

c o l l im a te d ,  nom ina lly  monochromatic n e u tro n  beam p e n e t r a t e s  th e  in s t ru m e n t  

a t  A and i s  Laue s c a t t e r e d  (a form o f  Bragg s c a t t e r i n g  where th e  r e f l e c t e d  

and In c id e n t  wave t r a v e r s e  th e  c r y s t a l ) ,  th e re b y  producing beams I and I I .  

The d e t a i l s  o f  th e  n e u t r o n - c r y s t a l  i n t e r a c t io n  w i l l  no t be e la b o r a te d  upon 

s ince  i t  i s  no t  p e r t i n e n t  to  our a n a ly s i s .  There a r e ,  however, e x te n s iv e

acco u n ts  in  th e  l i t e r a t u r e * -7. In th e  reg io n s  B and C Laue s c a t t e r i n g  again

o c c u rs ,  causing  th e  2 Innerm ost beams t o  c o n s t r u c t iv e ly  o v e r la p  a t  D. The 

beams G and 0 e n te r in g  th e  c o u n te r s  a re  th e  r e s u l t s  o f  a f u r t h e r  

r e f l e c t i o n  a t  D of th e  c o h e re n t ly  I n t e r f e r in g  beams I and II .

I f  an experim ent i s  perform ed which Induces a phase s h i f t  B in  beam II 

r e l a t i v e  t o  beam I ,  t h e  i n t e n s i t i e s  appear ing  in d e t e c t o r s  C2 and C3 w i l l  

be o f  the  form

(2 . 1)
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where a and T a r e  c o n s ta n t s  which depend upon th e  in c id e n t  f lu x ,  th e  

c r y s t a l  s t r u c t u r e  and th e  n e u tro n -n u c le u s  s c a t t e r i n g  le n g th  o f  s i l ic o n .*  

The i n t e n s i t i e s  th u s  a l t e r n a t e  between th e  c o u n te r s  C2 and C3 as  a fu n c t io n  

of 0. The n o n - in t e r f e r i n g  beam I '  s e rv in g  a s  a r e f e r e n c e  i s  m onitored by 

th e  c o u n te r  Cl.

T y p ic a l ly  th e  incoming n e u tro n s  p o sses s  an energy on th e  o rd e r  of 10_a 

eV and a w aveleng th  a p p ro x im ate ly  equa l  to  1A°. For an i n te r f e r o m e te r  10 

cm long , each beam w i l l  undergo 10* o s c i l l a t i o n s .  The m onochrom atlc lty  

r e q u i re d  t o  m ain ta in  coherence  i s  produced by th e  Laue s c a t t e r i n g  p rocess  

and n o t  by e x t r a - c r y s t a l  c o l l lm a t lo n  o f  th e  in c id e n t  beam. In f a c t ,  th e

e n te r in g  p a r t i c l e s  have a f r a c t i o n a l  sp read  in  wavelength* ^  - . 0 1 .

The Bragg a n g le  6 i s  c h a r a c t e r i s t i c a l l y  20°-30° . Along th e  

I n t e r f e r o m e t e r ' s  a x i s ,  a ty p ic a l  n e u t r o n 's  momentum Kz i s  given by

From th e  u n c e r t a in ty  p r in c ip le  wave p a c k e ts  with a coherence  le n g th  -  6z 

where

can t h e o r e t i c a l l y  be de f ined  by th e  i n t e r f e r o m e te r . ' '  C. Shu ll*  in  1968 and

(2 .2 )

The f r a c t i o n a l  s p re a d  in  Kz i s  t h e r e f o r e

(2.3)

Sz  —  .03  c*\tn (2.U)



more r e c e n t l y  K aiser e t .a l .* *  have ob ta ined  ex p e r im en ta l  r e s u l t s  sup p o rt in g  

t h i s  in fe r e n c e .

The f lu x  o u tp u t  of the  r e s e a rc h  r e a c t o r s  u t i l i z e d  fo r  th e s e  

experim en ts  a r e  such t h a t  1 n e u tro n  t r a v e r s e s  th e  a p p a ra tu s  per second, 

minimizing th e  p o s s ib i l i t y  o f  I n te r a c t io n  between p a r t i c l e s . "
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CHAPTER I I I

A COHTIHUOUS FORMULATION OP THE COMPLEMENTARITY PRINCIPLE

Here we p r e s e n t  a model f o r  th e  I n te r f e r o m e te r  from which th e  

I n te r n a l  s t r u c t u r e  o f  the  c o m p lem en ta r i ty  p r in c ip le  f o r  th e  c a n o n ic a l ly  

con juga te  k inem atic  v a r i a b le s  and th e  sp in  1 / 2  o b s e rv a b le s  Is  deve loped .

A. F o r m u la r lx a tlo n  o f  th e  C om p lem en tar ity  P r in c ip le  f o r  th e  P o s it io n  

and Momentum O p era to rs

1. The I d e a l i s e d  A pparatus

Fig. 3.1 d e p ic t s  th e  I n te r f e r o m e te r  model c e n t r a l  to  th e  d isc u ss io n .  

The h a l f - s l l v e r e d  m ir ro r s  M and M' each b i s e c t s  t h e  Incoming wave and 

Im p ar ts  a w/ 2 phase s h i f t  t o  th e  r e f l e c t e d  w aves .*•* Ml and M2 a r e  

s p e c u l a r l y  r e f l e c t i n g  m ir ro r s .  The 2 subbeams c o n s t i t u t i n g  th e  d e v ia ted  

beam, u n l ik e  th o se  composing th e  fo rw ard  beam a re  th u s  180°  ou t o f  phase. 

The coun ting  r a t e  o f  t h e  l in e  o f  d e t e c t o r s  l o c a te d  a t  th e  o u tp u t  Is  a 

measure o f  th e  r e l a t i v e  phase e x is t in g  between th e  two beams. By 

in s e r t i n g  an aluminum wedge (E) and vary ing  x which a l t e r s  beam I ' s  o p t ic a l  

p a th  l e n g th ,  th e  dependence o f  th e  beams' r e l a t i v e  phasing on th e  d i s ta n c e  

x i s  a c q u ire d .  See Fig. 3*2. The e f f e c t s  o f  th e  phase s h i f t i n g  a b so rb e r  

p o s i t io n ed  a t  F ' (Fig. 3.1) I s  e a s i l y  probed a s  a fu n c t io n  o f  th e  wedge's 

p o s i t io n .  No dev ice  I s  s i t u a t e d  a t  F du r ing  t h i s  p o r t io n  o f  t h e  t r e a tm e n t .  

For convenience th e  a n a ly s i s  w i l l  be confined  t o  th e  fo rw ard  d is tu rb a n c e .



20

2 The C oh eren t Cam*

Our a b i l i t y  to  m an ipu la te  th e  i n t e r f e r e n c e  p a t t e r n  a f f o r d s  a deg ree  of 

p r e d i c t a b i l i t y ,  t h a t  i s ,  In fo rm a t io n  re g a rd in g  th e  n e u t r o n s '  wave p r o p e r t ie s  

which w i l l  be In c o rp o ra te d  in to  an a n a l y t i c a l l y  s im p le  and i n t u i t i v e l y  

s a t i s f y i n g  wave in fo rm a t io n  m easure. See Fig. 3 .1. We can r e p r e s e n t  the  

incoming beam by a p lan e  wave p ro p ag a t in g  in  th e  x -z  p la n e .

Our argument does no t depend on th e  v a r i a b le  z . I t  w i l l  su b seq u e n t ly  be 

su p p re s se d .  The d is tu rb a n c e  a t  t h e  fo rw ard  c o u n te r  a r r a y  i s  c h a ra c te r iz e d  

by

where A and B a r e  th e  a m p li tu d e s  o f  beams I and n  r e s p e c t i v e ly .

The I n t e r f e r e n c e  p a t t e r n ' s  c o n s t r a s t  w i l l  be u t i l i z e d  t o  d e t a i l  th e  

n e u t r o n s '  wave f e a t u r e s  as  w e l l  a s  to  provide th e  measure o f  wave 

knowledge. The c o n t r a s t  i s  given by

(3.1)

A,B r e a l ;  B < A

(3.3)



The p r o b a b i l i ty  th e  n e u tro n  t r a v e r s e s  th e  In s tru m en t  v ia  beam I Is

(3.*)

I f  by " p a r t i c l e  knowledge" we mean th e  a b i l i t y  to  p r o b a b i l i s t i c a l l y  

p red e te rm in e  p a r t i c l e  p a th ,  when

we have no knowledge r e g a rd in g  th e  n e u t r o n 's  t r a j e c t o r y .  C o n s i s te n t ly ,

from Eq. (3 .3 ) ,  th e  c o n t r a s t  I s  a maximum. Define

t o  be t h e  m easure of p a r t i c l e  knowledge. The amount by which Pj exceeds 

P j j  de te rm in es  th e  accu racy  o f  our p re d ic t io n s  r eg a rd in g  th e  outcome o f  a 

measurem ent; t h a t  I s ,  t h e  d i f f e r e n c e  gauges th e  deg ree  t o  which our 

p re d ic t iv e  c a p a b i l i t y  exceeds t h a t  o f  o rd in a ry  chance .

P a ram e te r iz in g  th e  am p li tu d e s ,

with

(3.5)

(3.6)

(3.7)

Our con tinuous  form o f  th e  co m p lem en ta r i ty  p r in c ip le  s a t i s f y

(3.8)
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s in c e

?- cos 2If (3.9a)

C -- Sin v t  (3-9b)
For example: i f  th e  a b s o rb e r  i s  such t h a t  i t  ab so rb s  991 o f  th e  impinging 

beam one can a s s e r t  a l l  th e  p a r t i c l e s  in  th e  fo rw ard  beam w i l l  a r r i v e  via 

p a th  I ,  and be c o r r e c t  99% o f  t h e  tim e. The c o n t r a s t  w i l l  be d i s c e r n ib le  

a t  2 0 1  in d ic a t in g  th e  s im u ltan eo u s  p r e s e r v a t io n  o f  wave in fo rm a t io n .

We o b ta in  m arkedly  s im i la r  r e s u l t s  w ith  Shannon 's  in fo rm a t io n  m easure. 

S e t t i n g

Z ' P ,  p „ * K - p ,
(3.10)

and s u b s t i t u t i n g  Cq. (3 .10) i n to  Eq. (1.11) g ives  t h e  la c k  o f  in fo rm a tion  

re g a rd in g  th e  p a r t i c l e  p a th .  H i s  a maximum fo r

HOA) - H, (3.11)

The r a t i o  H(p)/nc  provides  th e  r e l a t i v e  amount o f  unknown in fo rm a tion  

concern ing  th e  s y s te m 's  c o rp u s c u la r  developm ent.

In  Fig. 3.3 t h e  in fo rm a t io n  t h e o r e t i c a l  measure H(p)/n0  i s  compared to

C*.

3 . The D e n s ity  M atrix  R e p r e s e n ta t io n

We had from 3.2 f o r  th e  e x i t in g  p a r t i c l e s '  wave fu n c t io n
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H>-- A e " *  -  B e ' V KK 
V =  AY, ^ B e " ^ ( 3 . 1 2 )

The d e n s i ty  o p e ra to r  (see  Appendix) f o r  th e  system  Is

(3.13b)

Expanding p in te rm s  of the  b a s is  s t a t e s  |<ij> 1-1.2 fu rn ish e d  in Eq. ( 3 . 1 2 ) 

d e te rm in es  th e  d e n s i ty  m atr ix  [p ]s

The p rev ious  in fo rm a t io n  m easures a r e  r e a d i ly  r e c o n s t r u c te d  in  te rm s  

o f th e  e le m en ts  of [ p ] :

In g e n e ra l ,  one would say  th e  system  I s  a co h e ren t  s u p e rp o s i t io n  of 

th e  b a s is  s t a t e s  | because  th e  o f f  d iagonal te rm s  a re  nonzero . In 

p a r t i c u l a r ,  a pure  s t a t e  i s  c o m p le te ly  c o h e re n t . 1 From Eq. (3.15) i t  i s  

e v id e n t  t h e  o f f -d ia g o n a l  te rm s  co n ta in  v a lu a b le  in fo rm a t io n  r e g a rd in g  th e  

sy s te m ’s  com plementary p i c tu r e .  Hence we have managed t o  i n t e r p r e t  th e  

in fo rm a t io n  in c o rp o ra te d  In th e  o f f -d ia g o n a l  e le m en ts  of th e  d e n s i ty  

m atr ix .

(3.15a)

and

(3.15b)



G e n e r a lis a t io n  t o  th>  P a r t ia l ly  C oh erent Caae

Suppose Incoherence  I s  Induced In th e  recombined beam by th e  

perform ance o f  a measurement which d e te rm in es  a b s o lu t e ly  th e  n e u t ro n s '  

p a th .  In Fig. 3.1 r e p l a c e  M2 with a m ir ro r  m2 which can s l i d e  f r e e l y  (when 

unhinged) a long  th e  x a x is .  m2 ' s  mass i s  such t h a t  i f  i t  i s  unhinged, the  

neu tron  can upon c o l l i s i o n  produce a m easurab le  change in  m2 ' s  p o s i t io n .  

Assume N' ou t of a t o t a l  o f N n e u tro n s  lea v e  th e  I n te r f e r o m e te r  under 

th e s e  c o n d it io n s ,  via pa th  1, Nc by way o f  pa th  2. The o th e r  N-N'-Na 

n e u tro n s  lea v e  th e  device when m2 i s  he ld  s t a t i o n a r y ;  t h a t  i s ,  no 

t r a j e c t o r y  m easurement i s  conducted . What a r e  th e  p a r t i c l e  and In fo rm ation  

m easures fo r  t h i s  system ?

p fo r  th e  outgo ing  beam i s  (see  Appendix) given by

? = i o i U x u i + 1 b l vkx t bI+ U t y v j  <3,6a,
where

I j  -  -jj- -  f r a c t i o n  o f  p a r t i c l e s  in  1 p o r t io n (3 . 16b)

o f  th e  beam

and

(3 . 16c)

(3 . ! 6 d)
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“ iKx
v t f t f  u a r r \  11

( 3 . 16e)
Using |# j>  t - 1 ,2  a s  th e  b a s is  s t a t e s :

e n -
Q,o*Ia
r a i ( w M t

The c o n t r a s t  s a t i s f i e s

S im i la r ly ,

c  -

p -

a . Ol CXi \

P-P
' i

x>,p- iQ.ru x - ic

(3.17)

(3.18)

(3.19)

The a n a ly s i s  I s  s im p l i f ie d  by d e f in in g  th e  r e l a t i v e  deg ree  of 

coherence  o f  beams I and II  to  be r e s p e c t i v e ly  ^  and "■&. .
% J o 3 »

I t  I s  a p p a re n t  th e s e  q u a n t i t i e s  a r e  e q u a l .  To s e e  t h i s ,  l e t  Nc ' be th e

number o f  absorbed  p a r t i c l e s ,  

c o e f f i c i e n t  then

I f  t  i s  th e  a b s o r b e r 's  t ra n sm is s io n

Nc
N c + N J

(3 . 20 )

Employing p r o b a b i l i ty  argum ents

N c  +  N t -  « N . (3.21)

I f  -g i s  th e  i n t e n s i t y  o f  beam n p r io r  t o  e n te r in g  th e  a b so rb e r  ( the  beams



26

a r e  e q u a l ly  s p l i t  by M- Fig. 3 .1),

and

X a \ Qil " "!r

(3.22a)

(3 . 2 2 b)

Using Eqs. (3 .16b), (3 .20), (3 .21) and (3.22) I t  Im m ediately  fo l lo w s  t h a t

i k / i a W  '  T u r u M

or

Define as  In th e  pure case

X a'k la, 1 = Rcos7 (3.2«»

~ J L a k  l 0 i l =

The deg ree  of t o t a l  coherence  i s  given by

- J L -  = (3.25)

Upon s u b s t i t u t i n g  Eqs. (3 .23), (3.2*0 and (3.25) In to  Eq. (3 .18), th e  c o n t r a s t  

i s  de term ined  to  be

C = cos^p sin 2^
From Eq. (3.19)

f =  C0S27 (3.27)
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Comparing th e  above w ith  Eq. (3.9) -  th e  c o h e re n t  m easures -  we see  the  

wave m easure i s  reduced  by th e  f a c t o r  co rrespond ing  t o  th e  deg ree  of 

coherence .  Also

Our t o t a l  knowledge i s  a c c o rd in g ly  d iminished. The pu re ,  t h a t  I s ,  

c o m p le te ly  c o h e re n t  s t a t e  g ives  the  maximum in fo rm a t io n  p o s s ib le  about th e  

s im u ltan eo u s  developm ent o f  th e  com plem entary  p r o p e r t i e s  o f  th e  sy s tem .

B. A p p lic a t io n  t o  th e  S p in  1 /2  O p era to rs

A. Z e l l ln g e r  advanced a c l a s s  o f  l n t e r f e r o m e t r l c  experim en ts ' '  in 1979 

which would d i r e c t l y  t e s t  t h e  s u p e rp o s i t io n  p r in c ip le  f o r  th e  sp in  1 / 2  

s t a t e s .  Four y e a rs  l a t e r  he , J .  Summhammer, G. Badurek e t  a l .  succeeded  in 

c o h e re n t ly  superim posing  o p p o s i te ly  p o la r iz e d  neu tro n  beams of equal 

am plitude .*  The f i n a l  beam was p o la r iz e d  p e rp e n d ic u la r  t o  th e  p o l a r i z a t io n  

o f  each  i n i t i a l  beam, in  agreem ent with quantum t h e o r e t i c a l  p r e d ic t io n s .  

According to  th e  c l a s s i c a l  view one would s u s p e c t  a m ix tu re  t o  r e s u l t ,  

which c l e a r l y  was no t t h e  c a se .

One o f  th e  ex p e r im en ts  proposed by Z e l l in g e r  w i l l  be adopted  h e re  in

o r d e r  to  deve lop  t h e  in fo rm a t io n  m easures  f o r  th e  s p ln o r  space .  In Fig.

3.1 a sp in  f l i p p e r  i s  s i t u a t e d  a t  F and a phase s h i f t i n g  a b s o rb e r  a t  F '.  

S t e r n  G erlach  f i l t e r s  a r e  th e  o u tp u t  m easuring dev ices .

The incoming beam i s  p o la r iz e d  in  th e  +z d i r e c t i o n  and can be

r e p r e s e n te d  by th e  u n i t  s p ln o r  | * z>,

(3.28)

1 The P rop osed  E xperim ent
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'Hoc •- 1 D

A fte r  e n te r in g  th e  sp in  f l i p  c o l l ,  beam I I ' s  sp in  I s  r o t a t e d  180° about th e  

y a x is .  The u n i ta r y  o p e ra to r  Ur( w) d e s c r ib e s  sp in  r o t a t i o n s :

c o s i ^ L  -  <3- 30)

u I s  th e  r o t a t i o n  an g le  and a u n i t  v e c to r  p a r a l l e l  to  th e  r o t a t i o n

a x is .  For «-180o and -  y

2 .  The C oh eren t C ase

The e x i t in g  beam In th e  fo rw ard  d i r e c t i o n  I s

i r >  = A I T > B e V ^ I T z> (3.32a)

i r > = A i r ^ B e *  u , >rz
A and B r e a l ;  B < A

We a re  concerned w ith  th e  s im u ltan eo u s  developm ent o f  t h e  n e u t r o n 's  

com plem entary  sp in  p r o p e r t i e s  In th e  z,x  and y d i r e c t i o n s .  To what e x te n t
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can one p r e d ic t  th e  n e u t r o n 's  sp in  s t a t e  In th e  z d i r e c t i o n  and 

s im u l ta n e o u s ly  p re d ic t  t h e  s t a t e  In th e  xy p lane?

Although th e  d e n s i ty  m atr ix  f o r  th e  beam can be se cu re d  a t  t h i s  po in t 

In a s t r a i g h t  fo rw ard  manner I t  w i l l  In s te a d  be ren d e re d  In te rm s  of th e  

p o l a r i z a t io n  v e c to r  (Appendix). The In fo rm a tion  m easu res ' physica l  

s ig n i f ic a n c e  i s  then  r e a d i ly  p e rc e iv a b le .

Normalizing | ♦'> d e f in e s  |<i>:

(3-33b)

In m atr ix  r e p r e s e n ta t i o n

I V ?  =  ( o ' !

i v >  -  i h

P a ram e te r iz in g ,  l e t

C C S  f T p

-  f t .  :
N

| ♦> can c o n seq u e n t ly  be w r i t t e n :

(3.3Hb)

(3.35)

(3.36a)

(3.36b)

(3.37)
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The 1th  component o f  th e  p o l a r i z a t io n  v e c to r  s a t i s f i e s

R -
(3.38)

The ou tgo ing  beam's p o l a r i z a t io n  v e c to r  I s  t h e r e f o r e

(3.39a)P* = în̂ cos<j»

R  = S in 'rj sin<t> (3.390

? l -  C0S<^ (3.39c)

with

i p i - i (3.39d)

See Fig. 3 .1*.

The d e n s i ty  m atr ix

m --
W c®n| S i ( v r | l c t f 4 - i s i 4 )  |

(3.

\ S i f V r | l « > ^ ( S . i n < ) )  1 - C t S D ^  /

HOa)

K > t (I+Pz
\fx+ipy l-P,

(3 . ^ 0 b)

Is  p rocured  from th e  d e n s i ty  o p e ra to r

<?= w x ' h (3.^1)



( ' \  ( 0 \by choosing oz ' s  e ig e n s t a t e s  I Q l a n d l  j l a s  b a s is  s t a t e s .

In analogy  with our p rev ious  p a r t i c l e  m easure, th e  measure of our 

knowledge o f  th e  d e p a r t in g  n e u t r o n s '  sp in  s t a t e  In th e  z d i r e c t i o n ,  Kz , I s  

defined  to  be ( the  p r o b a b i l i t y  th e  sp in  s t a t e  I s  | *z »  -  P j(z) l e s s  ( the  

p r o b a b i l i ty  th e  s t a t e  Is  |* 2>) -  P j i ( z ) .  (See Eqs. (3.35) and (3.37)):

k z -
.A*_ B a (3 -^2a)

A 2 t b *

k z  ■ ^  (3*i,2b)
In te rm s  o f  [ p ] ' s  e le m e n ts ,

K z =  ( 3 - ,*2c)

I f  th e  fo rw ard  beam e n t e r s  a  S t e r n  G erlach  f i l t e r  whose magnetic

f i e l d  ft Is  o r ie n te d  a t  an a n g le  + w ith  r e s p e c t  to  th e  x a x is  th e  e n t i r e

beam w i l l  pass  th rough  (F ig . 3 .5 ) .  One can show, I f  Kxy(+) i s  th e  accu racy

with which we can p re d ic t  t h e  sp in  s t a t e  o f  th e  n e u tro n s  e n te r in g  th e

f i l t e r ;  t h a t  I s ,  w hether I t  Is  p a r a l l e l  o r  a n t i p a r a l l e l  with r e s p e c t  to  th e  

m agnetic  f i e l d  then

k  4 * -  S* A' XB'
T V ’ + B ' *  A u r e a l

(3.**3)

where |<i'> Is  expanded In te rm s  o f  th e  e ig e n v e c to r s  |+^>, and |*^> of 

o.ft(#):

=  F l / l H l  (3.**5a)
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[ 5 “- A W > Y } \ V >  =  (3 .45b)

IV ')  ic   ̂ (3-',5o>

[ r - f t w » i l u > =  - l U ' )  (3-^5d)

(3-**5e)

Kxy(#) 's  equ iva lence  to  th e  sum o f  [ p ] ' s  o f f - d la g o n a l  te rm s  can a l s o  be 

d em ons tra ted :

2 L ^  l ? M - l

Hence th e  o f f - d la g o n a l  q u a n t i t i e s  convey In fo rm a t io n  about th e  sp in  s t a t e  

in th e  xy p la n e .  From Eq. (3.40)

K y U ^ s i n i T )
(3.46b)

Complete knowledge concern ing  th e  beam's sp in  s t a t e  c o n s i s t  of 

in fo rm a t io n  re g a rd in g  th e  sp in  In th e  z d i r e c t i o n  as  w e ll  a s  In th e  xy 

p la n e .  The c o rre spond ing  m easures a r e  r e l a t e d  In an i n t u i t i v e l y  ap p e a l in g  

and sound manner:

(3.4^)

Can we f u r t h e r  decompose th e  p la n a r  sp in  m easure  I n to  "components" 

a long  th e  x and y ax is?  S p e c i f i c a l l y ,  what i s  th e  p r o b a b i l i t y  P(x*) th e  

e x i t in g  n e u tro n s  a re  p o la r iz e d  in  th e  |+ x> s t a t e ?



p u * v - < M v a >  N
\.| v sitvntos )̂

S im i la r ly ,  th e  p r o b a b i l i t y  th e  n e u tro n s  a re  p o la r iz e d  in 

P(x’ ), i s

P M = < ; , | ? | 0
-  U  -  s \ n o r| C o s ^ )

Our m easure f o r  t h e  n e u t r o n 's  sp in  in  th e  x d i r e c t i o n ,  Kx ,

Kv̂  i P u * ) - P u - n
-  Ism ^  cos<}> 1

Eq. (3 . 39a)  i n d ic a te s  th e  e q u iva lence  between Kx and 

component Px:

K , - i  R '
Likewise, Ky i s  given by

Ky -- IP^-Pir)\
- |siO>) I
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(3 .48a)  

(3.*8b) 

th e  |* x> s t a t e ,

(3.H9a) 

i s  t h e r e f o r e ,

(3.50)

th e  p o la r i z a t io n

(3.51)

(3.52a)

(3.52b)



34

Our t o t a l  knowledge abou t th e  sy s te m ’s  spin I s  d e ta i le d  In I t s  p o la r i z a t io n  

v e c to r  and

KI  + K k / » P,2 ♦ P,’ ♦ P'  --1
For a pure s t a t e  th e  p o l a r i z a t io n  v e c to r ’s magnitude Is  a lw ays 1 . I t  

w i l l  be dem o n s tra ted  t h a t  t h i s  I s  In f a c t  I t s  maximum value  ( the  

In fo rm ation  a v a i l a b l e  i s  maximized) and as  dep ic ted  In S ec tion  A.* a 

r e d u c t io n  In th e  s y s te m 's  coherence  prompts a correspond ing  d e c re a se  In our 

knowledge o f  th e  s y s te m 's  s t a t e .

3 . The P a r t ia l ly  C oh erent C ase

Let t h e  Inpu t beam be composed o f  two Independen tly  p repared  subbeaaa  

In s t a t e s  |Xa '> and |Xb'>. The I n te n s i t y  of th e  o u tp u t  subbeams 

c h a ra c te r iz e d  by |Xa > and | X^> a r e  Wa and r e s p e c t iv e ly .  Also

(3.54)

The p o la r i z a t io n  v e c to r  ? a s s o c ia te d  w ith  th e  f i n a l  t o t a l  beam Is*

P * w . P " - w k p “
S ta te d  In component f o r a ,

+Wb < x j c i iyb>

(3.55)

(3.56a)
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Since th e  p o l a r i z a t io n  v e c to r s  f o r  th e  c o n s t i tu e n t  beans d e sc r ib e  pure 

s t a t e s ,

i P V l P - M
The t o t a l  p o l a r i z a t io n  v e c to r  has  th e  magnitude:

< 3 - 5 8 a )
and

i P i *  <  v ky  - 1 -r >

The t o t a l  In fo rm ation  a v a i l a b l e  Is  t h e r e f o r e  <1. Some knowledge as 

de te rm ined  by ?(*).?(&) I s  not a v a i l a b l e  t o  u s .  Because o f  th e  way

Incoherence  was In troduced  In to  t h e  system  In th e  p reced ing  c a lc u la t io n

d e ta i l e d  in  p a r t  A, th e  r e l a t i v e  d eg rees  o f  coherence  o f  th e  2 beams were

equa l;  and, we d iscovered  t h a t  our de c re a sed  a b i l i t y  t o  m an ife s t  the

c o r - r a s t  ( the  wave p ro p e r ty  o f  th e  sys tem ) r e s u l t e d  in a co rresponding  

In fo rm a tion  l o s s .  How t h e  l o s s  I s  m an ifes ted  In th e  p re s e n t  example Is  

a l s o  p re s c r ib e d  by th e  sy s te m '^  p r e p a r a t io n .
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CHAPTER IV 

THE HAUMTED MEASUREMENT

In th e  fo l lo w in g  we propose and examine th e  haunted  measurement 

gedankenexperlm ent In o rd e r  to  I n v e s t ig a te  th e  measurement p ro cess  in 

quantum th e o ry .

A. The Model

Displayed In Fig. 4.1 i s  the  o p t i c a l  ana log  o f  th e  n e u tro n  

In te r f e r o m e te r  employed in  t h i s  d isc u ss io n .  The o u tp u t  c o u n te r s  o f  Fig.

3.1 a r e  r e p la c e d  by a s c re e n  on which th e  I n te r f e r e n c e  p a t t e r n  w i l l

m a t e r i a l i z e .  Two i d e n t i c a l  s e t s  o f  double  m ir ro r s ,  subsystem  MS1 and MS2 

a re  I n s e r te d  in  beam I I .  The two m ir ro r s  composing each u n i t  a r e  r i g i d ly  

a t t a c h e d  and can g l id e  unhindered in  th e  x d i r e c t io n .  Although each

su b s y s te m 's  t o t a l  mass, M, i s  much g r e a t e r  than  th e  n e u t r o n 's  mass m,, th e  

n e u tro n  w i l l  s t i l l  be a b le  t o  d l s c e rn lb ly  d i s p la c e  e i t h e r  u n i t  upon Im pact.

During phase one o f  th e  t r e a tm e n t  we w i l l  p o s i t io n  MSI, e x c lu s iv e ly ,  

in beam II  In o r d e r  to  de te rm ine  th e  n e u t r o n 's  t r a j e c t o r y .  The " o v e r t ly -  

in co h e ren t"  outcome o f  th e  n e u tro n  -  MS1 s c a t t e r i n g  ex p e r im en ts  i s  then  

co n s id e red .  MS2 w i l l  be Included  f o r  phase two w herein i t  w i l l  be r ig id ly  

a t t a c h e d  t o  MS1 p e rm i t t in g  th e  r e ln t r o d u c t lo n  o f  th e  sy s te m ’s o v e r t -

coherence  and th u s  ev incing  th e  s y s te m 's  l a t e n t  coherence .
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B. P hase On* -  The H « M u r w » n t  P rooeaa  and th e  P ea t r u c t io n  o f  O vert 

Coh<rOTot

Denote th e  n e u t r o n 's  c o o rd in a te s  by x , ,z ,  and thosp  o f  MS1 by x „ z , .  

The o r ig in  o f  th e  c o o rd in a te  system  w i l l  be tak en  t o  be th e  c e n te r  o f  th e  

equ il ib r ium  p o s i t io n  o f  th e  f i r s t  m ir ro r  s t r u c k  in  MS1-MS11. The neu tro n  

has a w e l l  de fined  momentum. I t  t h e r e f o r e  p o sse s se s  a very  narrow packet 

in  momentum space ,  and a broad packe t  U,(x >) with th e  sp re a d  "a", in 

p o s i t io n  space:

The n e u tro n  i s  e s s e n t i a l l y  a f r e e  p a r t i c l e  in  th e  z d i r e c t io n ;  hence, th e  z 

c o o rd in a te  w i l l  be su p p re s se d .

One o f  th e  ways in  which th e  e v o lu t io n a ry  mechanisms, methods 1 and 2 

In tro d u ced  in  C hapter  1 d i f f e r  i s  method 1 in v o lv es  m icrosystem s o n ly  and 

method - ,  one o r  more m acrosystem s. By m acroscop ic , one u s u a l ly  means a 

system  o f  many d e g re e s  o f  freedom , l \ r g e  s i z e ,  and high m ass . '  Here, 

however, we w i l l  a c c u r a t e l y  d e s c r ib e  a m acrosystem  -  t h e  m ir ro r  s e t ( s )  -  

quantum m ech an ica l ly  in  th e  l im i t  o f  one degree  o f  freedom and d e m o n s tra te  

t h e  induced coherence  l o s s  du r ing  t h e  m easurement p ro c e s s .  To t h i s  end, L, 

th e  d i s ta n c e  between th e  m ir ro r s  c o n s t i t u t i n g  each subsystem  (Fig. *1.2) 

w i l l  s e rv e  a s  a m acroscopic  p a ra m e te r  r e p r e s e n t in g  th e  o rd e r  o f  magnitude 

o f  th e  s iz e  o f  th e  e n t i r e  a p p a ra tu s .  The m ir ro r  i s  m acroscopic  i f



I t  Is e s s e n t i a l  f o r  t h e  n e u t r o n 's  wave packet to  m ain ta in  I t s  

I n t e g r i t y ,  t h a t  I s ,  th e  r e l a t i v e  phasing o f  th e  c o n s t i tu e n t  e ig en fu n c tio n s  

f o r  th e  d u ra t io n  o f  th e  ex perim en t .  The group v e lo c i ty  approxim ation

provides  the  r e q u ire m e n ts  which must be s a t i s f i e d  In o rd e r  f o r  t h i s  to  be 

accom plished . The I n e q u a l i t i e s  given In Eq. (*4.1) and f u l f i l l e d  by the  

n e u t r o n 's  wavef u nc tion  s t a t e  th e  c r i t e r i a  f o r  th e  a p p l ic a t io n  o f  the  

expansion. For a f r e e  p a r t i c l e  In t h i s  approxim ation  th e  width o f  the  

packet i s  th e  coherence  le n g th  s ince  (see  Fig. 4.3) a t  t im e t - 0 :

Due to  phase random iza t ion , th e  phase a t  A I s  Incoheren t  with th e  phase a t  

B, a d i s ta n c e  "a" away:

(4.4a)

(4.4b)

(4.5)

Now a t  tim e t :

OCo+fcfcOx -  v u) [Kc+ )+
(4.6a)

(4.6b)

(4.6c)
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With t h i s  expansion f i r s t  o rd e r  e f f e c t s  do not cause  I r r e v e r s ib l e

(For t h i s  s i t u a t i o n ,  assume second o rd e r  -  6k* -  e f f e c t s  a re  n e g l ig ib le ) .  

See Fig. (4 .3 ).  The phase a t  A i s  c o m p le te ly  co h e ren t  w ith  t h a t  a t  A', and, 

t h a t  a t  B with B'. This i s  t r u e  even through th e  phases a t  p o in ts  A and B;

and, A' and B' a r e  In co h e re n t .

The coherence  p e r s i s t s  u n t i l  th e  term invo lv ing  (6k )’ becomes

s ig n i f i c a n t ,  over  some d is ta n c e  nd" which must be much g r e a t e r  th an  L in 

o rd e r  f o r  th e  n e u tro n  p u lse  t o  m ain ta in  i t s  I n t e g r i t y  du r ing  i t s  t r a v e r s a l  

th rough  t h e  a p p a ra tu s .

The incoherence  th u s  g e n e ra te d  i s  I r r e v e r s i b l e .  The r e v e r s i b l e  p ro p e r ty  of 

the  e x p a n s io n 's  f i r s t  o rd e r  te rm  w i l l  be u t i l i z e d  t o  probe th e  measurement 

p ro c e s s .  I t  can be seen  with th e  a id  o f  Eq. (4.1) th e  c o n d it ion  in d ic a te d  

by Eq. (4.8b) i s  m et, v e r i fy in g  th e  t h e o r e t i c a l  c o n s is te n c y  o f  t h i s  

approach .

D.M. Greenberger* cons ide red  th e  problem of a n e u tro n  o f  momentum hk0 

s c a t t e r i n g  o f f  o f  a "heavy" movable m ir ro r  o f  momentum • 0. Solving th e  2 

body S chrod inger  equa tion

incohe rence .  To se e  t h i s ,  c o n s id e r  t im e t , - —- wherein th e  packet t r a v e l s  a
vg

d is ta n c e  "a". Vg i s  th e  group v e lo c i ty :

(4.8b)
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( 4 . 9 )• -- » |-  a. j

he showed th e  s y s te m 's  wave fu n c t io n  t o  be

(4.10)

x, deno ting  th e  n e u t r o n 's  v a r i a b l e s ,  x 2 th o se  o f  th e  m ir ro r .  The second 

term  p e r t a in s  to  th e  r e c o i l e d  sy s te m . x x” and x," a r e  l i n e a r  fu n c t io n s  of 

th e  n e u tro n  and m ir ro r  p o s t - c o l l l s l o n  p o s i t io n s :

* r -  - { \ - u u + 2 x i

*  c i - s b A '

x£ + 2 * x , '

M  =  m ,  +  M i

6  =  / M a

(4.11a)

(4.11b)

(4.11c)

This r e s u l t  can e a s i l y  be a p p l ie d  t o  th e  haunted  measurement a n a ly s i s  with
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x, s im ply  co rrespond ing  t o  MS11 a s  s t a t e d  p re v io u s ly .

To choose V(x, ) ' 3  f u n c t io n a l  r e p r e s e n t a t i o n  we f i r s t  n o te  momentum 

co n se rv a t io n  demands th e  t r a n s f e r  of any momentum u n c e r t a in ty  to  th e  

n e u tro n .  To not u p se t  th e  n e u t r o n 's  m onochrom atlc l ty , need

8 K 2  —
In as  much a s  Eq. (4 .12a) e n t a i l s

Sx2 2. Sx,
we w i l l  assume

and l e t

v o t ' )«
B -  n o rm a l iz a t io n  c o n s ta n t

(4.12a)

(4.12b)

( M 2 o )

(4.13)

The m i r r o r 's  p o s i t io n  i s  o n ly  ap p ro x im ate ly  known, a c c o rd in g ly ,  th e  p u l s e 's  

r e l a t i v e  phasing w i l l  be v i r t u a l l y  a n n ih i la t e d  on Im pact.  D.M. G re en b erg e r1 

c a l c u l a t e d  th e  r e s u l t i n g  l o s s  in  c o n t r a s t  which would o c c u r  i f  beams I and 

II were superim posed fo l lo w in g  th e  c o l l i s i o n  and showed how t h i s  was due 

t o  th e  x , ’f x , '  coup ling  in  th e  n e u t r o n ’s  r e c o i l  fu n c t io n  Eq. (4 .10). This i s

an example o f  an e lem en t  from th e  u n iv e r s e 's  o b s e rv e r  s e c t o r  i n t e r a c t in g

with a member from th e  observed  s e c t o r .  The subsequen t  incoherence  i s  

p re d ic te d  by Von Neumann. But t h i s  i s  a c a se  o f  l a t e n t  o r d e r  because  th e

c o l l i s i o n  w ith  th e  second m ir ro r  composing subsystem  MSI, MSI2, w i l l

r e s t o r e  th e  p a c k e t ' s  o r ig in a l  coherence .  This w i l l  occur even though MS1's
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I n i t i a l  p o s i t io n  i s  u n c e r ta in .  A f te r  th e  c o l l i s i o n  w ith  MS11 th e  neu tro n  

w i l l  rebound and move to w a rd s  MSI 2. The e n t i r e  subsystem  MS1 w i l l  a l s o  

r e c o i l ,  w ith  MS11 moving away from th e  n e u tro n  and MSI2 approach ing  (Fig. 

4 .2b). MSI's motion must be s u f f i c i e n t  t o  in d ic a te  a c o l l i s i o n  has taken  

p la c e ,  t h a t  i s  to  say ,

V2'  »  J v /

K * »

This g u a ra n te e s  th e  m i r r o r 's  d isp lacem en t  would be so  l a r g e  one cou ld  not 

r e a s o n a b ly  a t t r i b u t e  i t  t o  quantum m echanical u n c e r t a in ty .  This i s  a l s o  

how we d e f in e  a  "m acroscopic e f f e c t " .  Equations (4.1 4) a r e  s a t i s f i e d  due t o  

momentum c o n se rv a t io n  and t o  th e  mass r e l a t i o n s h i p  Ma>>m, which causes  the  

n e u tro n  t o  r e v e r s e  i t s e l f :

— 2k.

S K / v t  2 S K , «  K , - K 27 i  

V J  -  i n  v ,
n 2

(4.15b)

(4.15c)

The r e l a t i v e  speed  o f  th e  n e u tro n  -  MS1 sy s tem , v , ,  i s  p re se rv e d  -  a 

p r o p e r ty  o f  e l a s t i c  c o l l i s i o n s .  The n e u tro n  and MSI 2 w i l l  th u s  c o l l i d e  a t  

tim e T -L /v . in  th e  r e l a t i v e  c o o rd in a te  r e f e r e n c e  f ram e a t  th e  tim e  o fi
Impact MSI 2 would have t r a v e l e d  a d i s ta n c e  dg r e s u l t i n g  from th e  n e u t r o n 's
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m *
I n i t i a l  Impact with MS11. (See Fig. 4b). To f i r s t  o rd e r  in —  , dg i s  found

“ 2

t o  be

c z .  2 m i _ L

M i  M i
(4.16)

The d i s ta n c e  i s  Independent o f  v ,,  a l lo w in g  a l l  momentum components in th e  

n e u tro n  packe t  t o  s t r i k e  MSI2 a t  th e  same lo c a t io n  in  sp ace ,  th e re b y  

r e v e r s in g  a l l  p rev io u s ly  Im parted  f i r s t  o rd e r  u n c e r t a i n t i e s .

MSI has endured a n e t  s h i f t  in  p o s i t io n  o f  dp which must be l& rger 

than  "a" to  in s u re  th e  d isp la c e m e n t’s  m ac ro sco p lc i ty .  This requ irem en t  i s  

f u l f i l l e d  and s e t s  an e x p e r im en ta l  upper l im i t  on Ma, f o r .

(4 .17a)

Using Eq. (4 .15c)

By Eqs. (4 .1) and (4.3)

(4.17c)



6K.
For the  a c tu a l  n e u tro n  I n te r f e r o m e te r  th e  Bragg window -  —  -  10"*. M2

I s  s u b se q u e n t ly  l im i te d  to  <1 0* n e u tro n  m asses .

To o b ta in  th e  f i n a l  wave fu n c t io n  ' j j  r ec  c h v a c t e r l z l n g  beam II a f t e r  

t h e  n e u tro n  rebounds from MS12 on* perfo rm s a c a lc u la t io n  ana logous to  

t h a t  le a d in g  t o  Eq. (4.10):

Note th e  decoupling  of t h e  neu tro n  and m ir ro r  v a r i a b le s  and the  

m aintenance o f  th e  o r ig in a l  fu n c t io n a l  form In d ic a t in g  th e  r e s t o r a t i o n  o f  

th e  p u l s e ' s  r e l a t i v e  phasing . N e v e r th e le s s ,  t h e  n e u tro n  wave packe t  Is  

de layed  by 1 from the  p o s i t io n  I t  would occupy were th e  m ir ro r s  I n f i n i t e l y  

m a ss l /e  where

At t h i s  J u n c tu re  beam II I s  In co h e ren t  with r e s p e c t  t o  beam I (Fig. 4 . 1 )

due t o  2 e f f e c t s ;  the  n e u tro n  and m i r r o r s '  wave fu n c t io n s  f o r  <iu re c  each 

d e v ia te s  from I t s  c o u n te r p a r t  In by a d i s ta n c e  g r e a t e r  than  "a". Beam I 

can be de layed  by th e  a p p ro p r ia t e  amount i f  t h e  p roper  device  Is  po s it io n ed  

In th e  p a th  ACD. This, however, would s t i l l  le a v e  th e  m acroscopic  pa th  

d i f f e r e n c e  f o r  t h e  m i r r o r s '  wave fu n c t io n s .  S p e c i f i c a l ly ,  t h e  s y s te m 's  

wave fu n c t io n  would be

e UlxrV-JWMiOe (4.18)

(4.19)

Tx -  e lKoM - x ^ + M ^ e ' a w ' vWl<* (4.20)
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H’k . v )  -  V«*c
= e-i iMWjk JeV® 0

I +  e-<^* ul-X+S+'vi') V ^ 3  (4 21>
with po in t  A th e  new c o o rd in a te  o r ig in  and t  measured from th e  tim e th e  

n e u tro n  s t r i k e s  po in t A. I t  i s  ev iden t  th e  m a n i f e s ta t io n  o f  an I n te r f e r e n c e  

p a t t e r n  a t  D r e q u i r e s

< v l K 1+ A R' ) \ V b Q >  £  O  (* .2 2 )

which Is  no t th e  c a se .

To summarize, a m easurement o f  th e  n e u tro n  p a th  has been conducted .

The t r a c e  l e f t  by th e  n e u tro n  d u r ing  I t s  passage  Is  perm anent.  One could

observe  MS1's p o s i t io n  a t  any l a t e r  t im e t o  a s c e r t a i n  th e  n e u t r o n 's

t r a j e c t o r y  th rough  th e  i n t e r f e r o m e te r .  In e s se n c e ,  a m acroscopic  r e c o rd  

e q u iv a le n t  t o  a p o in te r  read in g  In I t s  in fo rm a t io n  c o n te n t  i s  se cu re d  with

t h i s  ex p e r im e n ta l  a rran g em en t.  In acco rdance  with th e  u n c e r t a in ty

p r in c ip le  th e  I n te r f e r e n c e  p a t t e r n  -  o v e r t  coherence  -  I s  d e s t ro y e d .  Von

Neumann c i t e s  th e  I r r e v e r s i b l e  p roduction  of a m ixture  du ring  th e

measurement p rocedure  as  th e  cause  f o r  th e  ex p e r im e n ta l  r e s u l t s :

♦ i n i t i a l  “ incoming beam -----> \ -  m ix tu re  a t  (*».23)

a t  po in t  A, a pure  s t a t e  D.

| t i > ,  | d e s ig n a te s  s t a t e  o f  

beam I, I I  r e s p e c t i v e ly  

wj -  I '*-*1 e ig en v a lu e  o f  p

We s h a l l  d e m o n s tra te  with t h e  I n t r o d u c t io n  o f  MS2 in to  beam I I  t h a t  th e  

procedure  I s  In f a c t  r e v e r s i b l e ,  owing t o  th e  p resen ce  o f  l a t e n t  o rd e r  In 

t h e  sy s tem . This s u g g e s t s  t h e  r e v e r s i b i l i t y  ques tion  has a s u b je c t iv e
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component. M easurements may appear  I r r e v e r s i b l e  and incoherence  producing 

because we do not know how t o  r e in t ro d u c e  coherence  -  th e  e x p e r im e n ta l i s t  

s im ply  does not keep t r a c k  o f  the  phases In troduced  by th e  devices 

i n t e r a c t i n g  with th e  system  under I n v e s t ig a t io n .

C. P hase Tw o-M easurem ent R e v r a a l  and thm B e ln tr o d u c tlo n  o f  O vert 

C oherence

The way to  r e in t ro d u c e  coherence  between beams I and II  and th e reb y  

r e c o n s t r u c t  th e  i n t e r f e r e n c e  p a t t e r n  i s  to  undo MSI's macroscopic 

d isp la c e m e n t .  Rigidly appending MS2 t o  MS1 (Fig. 4 .1), would produce th e  

r e q u i s i t e  n u l l i f i c a t i o n .  To se e  t h i s :  th e  MS1-MS2 megasystem, c a l l  i t  MS, 

I s  r e s t r i c t e d  t o  motion a long  th e  x a x is .  The neu tro n  d i s p la c e s  MS by dp 

when I t  c o l l i d e s  with th e  subsystem  MS1. The p a r t i c l e  su b seq u e n t ly  

rebounds from po in t  B and e n t e r s  MS2 causing  th e  megasystem to  r e t u r n  to  

I t s  o r ig in a l  lo c a t io n .  The measurement -  th e  I n te r a c t io n  with MSI -  i s  

"haunted" by th e  l a t e r  Impact with MS2. I f  we d e s ig n a te  th e  tim e th e  p u lse  

I n t e r a c t s  with MSI as  t ,  and th e  tim e th e  p u ls e  e n t e r s  MS2 as  t 2 we see  

th e  e x is t e n c e  o f  a window In tim e At -  t* -  t ,  during  which a r e c o rd  o f  the  

p a r t i c l e  p a th  e x i t s .  S u p e r f i c i a l l y  t h i s  p rocedure  may appear  to  be 

I n c o n s i s te n t  with th e  u n c e r t a in ty  p r in c ip le :  one might be a b le  t o  observe  

t h e  motion o f  MS, th e re b y  e s ta b l i s h in g  p a r t i c l e  pa th  e x a c t ly  and a l s o  be 

a b le  t o  r e t a i n  th e  I n t e r f e r e n c e  p a t t e r n .  This, however. I s  no t th e  c a se .  

For one t o  a c t u a l l y  observe  MS's p o s i t io n  during  th e  i n t e r v a l  At, one must 

f o r  example I n t e r a c t  w ith  MS with a l a s e r  and r e c o rd  th e  r e f l e c t e d  beam's 

Doppler s h i f t .  This a c t  w i l l  a f f e c t  th e  phases of th e  neutron-MS wave 

fu n c t io n  and In acco rd  w ith  th e  u n c e r t a in ty  p r in c ip le ,  d e s t ro y  th e  f i n a l



48

i n t e r f e r e n c e  p a t t e r n .  N e v e r th e le s s ,  i t  i s  in  p r in c ip le  e v id e n t ,  I f  the  

e x p e r im e n ta l i s t  p a in s ta k in g ly  keeps t r a c k  o f  a l l  phases in je c te d  in to  the  

observed  sy s te m , th e  conducted  measurement can be r e v e r s e d .  The o v e r t  

incoherence  which masks in fo rm a t io n  re g a rd in g  th e  s y s te m 's  complementary 

p r o p e r t i e s  can th u s  be undone. Using p to  c h a r a c te r i z e  th e  observed  system  

as  in  Eq. (4.23) la  no t a fundam enta l  n e c e s s i ty  as  von Neumann s t i p u l a t e s  

but r a t h e r  due to  a la c k  o f  knowledge re g a rd in g  th e  s t a t e s  of the  various  

I n t e r a c t in g  sy s te m s .  Two e x c e l l e n t  exam ples t o  su p p o rt  t h i s  a s s e r t i o n  a r e  

the  sp in  echo experiment* and o p t i c a l  phase corruga tion . '*** ' in  th e  f i r s t  

case  an a p p a re n t ly  d iso rd e re d  sp in  ensem ble r e g a in s  i t s  coherence  w ith  i t s  

exposure  to  a m agnetic  f i e l d  and produces a s t r o n g  n u c le a r  induc t ion  

s ig n a l .  O p t ica l  phase con juga t ion  in c o r p o r a te s  th e  tim e r e v e r s a l  p ro p e r ty  

o f  e le c t ro m a g n e t ic  waves t o  produce an a n t i d i s t o r t e d  wave from a d i s t o r t e d  

one ob ta in ed  when a l a s e r  beam i s  t r a n s m i t t e d  th rough  an am plify ing  

medium. The a n t i d i s t o r t e d  wave (phase co rru g a te d  beam) i s  r e t r a n s m i t t e d  

th rough  th e  inhomogeneous am plify ing  medium, p ropaga ting  backward with 

r e s p e c t  to  th e  o r ig in a l  beam. The o u tp u t  beam Is  very  pow erfu l and 

u n d l s to r te d .  I t  i s  th u s  c l e a r  t h a t  a m p l i f ic a t io n ,  an e s s e n t i a l  component 

o f  th e  m easurement p ro c e s s ,  does not a p r io r i  produce Incoherence .

D. A p p lic a t io n s  t o  th e  D e layed  C h o lo e . S c h r o d in g e r 's  C a t, and EPR 

B x p a r la e n ta

The I s s u e s  su rround ing  th e  va r io u s  "measurement paradoxes" in quantum 

mechanics a re  brought i n to  e x c e p t io n a l ly  sh a rp  focus  with th e  proposed 

gedankenexperlm ent. The haun ted  measurement i s  an example o f  W heele r 's  

"de layed  choice" e x p e r im e n t . '  C l a s s i c a l l y ,  th e  n e u tro n  must "choose" to
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t r a v e r s e  th e  I n te r f e r o m e te r  v ia  p a th  I o r  II  a t  po in t  A (Fig. H.1). One can 

d isco v e r  which by obse rv ing  MS during  th e  I n t e r v a l  At. We have seen  

p re v io u s ly  t h i s  "choice" i s  in  t r u t h  o b se rv e r  dependen t.  I f  one does not 

obse rve  MS an in t e r f e r e n c e  p a t t e r n  i s  e x h ib i te d  in d ic a t in g  passage  by means 

o f both t r a j e c t o r i e s .  From a c l a s s i c a l  viewpoint th e  m easurem ent, 

conducted a f t e r  th e  n e u tro n  has passed  po in t  A, a f f e c t s  th e  " p a r t i c l e ’s" 

e a r l i e r  behav iour. Quantum th e o ry  c o n t r a r i l y  demands coherence  to  e x i s t  

between both  p o s s ib le  r e s u l t s ,  bo th  s e t s  o f  com plem entary  p r o p e r t i e s ,  

u n t i l  t h e  system  i s  d i s tu rb e d .

S ch rod inge r’s c a t  experim en t7 fo cu se s  on th e  s u p e rp o s i t io n  a s p e c t  o f

Here, a c a t  i s  e i t h e r  dead o r  a l i v e  depending on th e  outcome o f  a 

quantum e v e n t .  His s t a t e  i s  c h a ra c te r i z e d  by a wave fu n c t io n  4», a l i n e a r  

com bination o f  th e  a l iv e  and dead s t a t e s ;  and, o n ly  a f t e r  an o b se rv a t io n  

w i l l  we know th e  c a t  t o  be in  a d e f i n i t e  s t a t e .  There a r e  two quantum 

t h e o r e t i c a l  p e c u l i a r i t i e s  exposed by t h i s  gedankenexperlm ent. The f i r s t ,  

th e  suspended an im ation  a s p e c t ,  i s  e s s e n t i a l l y  th e  same f e a t u r e  h ig h l ig h te d  

by th e  de layed  choice ex p e r im en t .  In te rm s  o f  th e  haunted  m easurem ent, 

th e  n e u tro n  -  our c a t  -  i s  in  suspended an im ation  in r e g a rd  t o  i t s  pa th  

d e s ig n a t io n .  Only a f t e r  look ing  a t  MS w ith in  At w i l l  we know what s t a t e  

th e  n e u tro n  i s  in .  There  i s  an a d d i t io n a l  bonus o b ta in e d  with th e  haunted  

m easurem ent. For S c h ro d ln g e r 's  experim ent th e  s u p e rp o s i t io n  p o s tu l a t e  

cannot be d em o n s tra ted  p r io r  to  o b s e rv a t io n  w hereas f o r  th e  haunted  

measurement i f  one does not look a t  MS, th e  coherence  between s t a t e s  i s  

d isp layed  by th e  e x is t e n c e  o f  th e  I n t e r f e r e n c e  p a t t e r n .

Due t o  t h i s  su p p le m e n ta l  p r o p e r ty  our  " c a t"  can even be r e s u r r e c t e d .  

By obse rv in g  MS one w i l l  d isc e rn  th e  n e u tro n  took  p a th  ABD 5 0 1 o f  th e  

t im e , c o rre sp o n d in g  t o  th e  c a t  being a l i v e .  The o th e r  h a l f  o f  th e  t im e  th e
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n e u tro n  fo l lo w e d  pa th  ACD, t h a t  I s ,  th e  c a t  la  dead. I f  no measurement la  

pe rfo rm ed  u n t i l  a f t e r  At MS w i l l  no lo n g er  be d i s p la c e d ,  coherence  i s  

m ain ta ined . This Is  e q u iv a le n t  to  th e  c a t  being r e s u r r e c t e d  In 501 of th e  

c a se s ! ! !  We, t h e r e f o r e ,  have a "haunted" ve rs ion  o f  th e  c a t  experim ent.

The second p e c u l i a r i t y  Invo lves  th e  c a t ' s  m acroscopic  n a tu r e .  The 

unique t r e a tm e n t  o f  m acroscopic sy s tem s  In quantum th e o ry  has a l r e a d y  been 

examined. Our megasystem MS I s  m acroscopic  with one degree  o f  freedom . 

I t  i s  t h e r e f o r e  no t r e p r e s e n t a t i v e  of the  most g e n e ra l  type o f  

m acrosystem . N e v e r th e le s s ,  we have shown a m acroscopic  system  can be 

r e p r e s e n te d  by a co h e ren t  l in e a r  s t a t e  combination in th e  In d ic a te d  l i m i t .  

In p r in c ip le  then  we can m ain ta in  th e  s u p e rp o s i t io n  p r in c ip le  i s  v a l id  fo r  

th e  c a t  with I t s  many deg rees  o f  freedom .

Our gedankenexperlm ent i s  a l s o  p e r t i n e n t  t o  th e  EPR paradox. In 1935 

E in s te in ,  Podolsky and Rosen su g g e s te d  th e  fo l lo w in g  "minimal" c r i t e r i o n  o f  

an e lem en t  o f  p h y s ic a l  r e a l i t y :

I f ,  w ithou t  In any way d i s tu r b in g  a sy s te m , we can p r e d ic t  w ith  

c e r t a i n t y  ( i . e . ,  with p r o b a b i l i ty  e qua l  t o  u n i ty )  th e  v a lu e  of a phys ica l  

q u a n t i ty ,  th e n  t h e r e  e x i s t s  an e lem en t  o f  p h y s ica l  r e a l i t y  co rrespond ing  t o  

t h i s  p h y s ic a l  q u a n ti ty .*

They conclude  th e  system  must have had t h i s  p ro p e r ty  p r io r  t o  th e  

o b s e rv a t io n  p ro ced u re .  Quantum th e o r y 's  d e p ic t io n  of p h y s ica l  r e a l i t y  of 

c o u rse  v i o l a t e s  t h i s  s im p l i s t i c  and common-sense r u l e .  I t  denies  such 

p r o p e r t i e s  e x i s t  p r io r  t o  measurement even I f  t h i s  m easurement I s  rem o te .

In te rm s  o f  th e  haun ted  measurement th e  p a r t i c l e ' s  t r a j e c t o r y  i s  an 

e lem en t o f  r e a l i t y  s in c e  by J u d ic io u s ly  looking  a t  MS we can d e te rm in e  

w hether  th e  n e u tro n  I s  In pa th  I o r  I I .  This Is  a rem o te  measurement on 

beam I In as  much a s  MS i s  l o c a te d  In beam II .  EPR would a s s e r t  th e



n e u tro n  c o n seq u e n t ly  has a d e f i n i t e  t r a j e c t o r y  a t  a l l  t i n e s ,  whether or not 

a measurement Is  c a r r ie d  o u t .  But as  d iscussed  p re v io u s ly ,  to  a s s o c ia te  a 

p a th  w ith  th e  n e u tro n  Is  Im poss ib le  In p r in c ip le  w ithou t  a m easurem ent. 

Thus an e lem en t o f  r e a l i t y  a p p a re n t ly  I s  developed by beam I when the  

n e u tro n  I n t e r a c t s  with MSI and Is  l o s t  I f  no o b se rv a t io n  I s  conducted when 

th e  n e u tro n  s t r i k e s  MS2. A pparen tly  th e  very c r i t e r i o n  used to  d e l in e a t e  

an e lem ent o f  r e a l i t y  whose e x is te n c e  EPR a s s e r t  I s  a s su re d  f o r  a l l  time 

In th e  absence  o f  an I n t e r a c t io n ,  a l s o  p e rm i ts  us to  d e s t ro y  an e lem en t of 

r e a l i t y  In l ik e  fa s h io n .  EPR's common-sense c r i t e r i o n  I s  s im ply 

in c o n s i s t e n t .
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CHAPTER V 

CONCLUSION

We have shown i t  i s  t h e o r e t i c a l l y  p o s s ib le  w ith in  th e  domain of 

quantum mechanics to  perform  s im u ltaneous  measurem ents in o rd e r  t o  a cq u ire  

in fo rm a tio n  r e g a rd in g  two o r  more noncommuting v a r i a b le s .  The a c c e s s ib l e  

in fo rm a t io n  can be r e p r e s e n te d  in  an I n t u i t i v e l y  s a t i s f y i n g  form without 

a p p ea l in g  to  a r t i f i c i a l  c o n s t r u c t io n s .  The com plem entary  p r o p e r t ie s  of a 

system  in a pure s t a t e  can be s im u l ta n e o u s ly  developed  t o  a l a r g e r  degree  

than  th o se  fo r  a system  in a mixed s t a t e ;  t h i s  developm ent being 

de term ined  by th e  measurement p ro ced u re .

The measurement p ro c e s s ,  w ith in  th e  l im i t s  a n a ly zed ,  In tro d u c es  o v e r t  

incoherence  d e r iv a b le  from th e  u n c e r t a in ty  p r in c ip le .  One, t h e r e f o r e ,  need 

not In troduce  a n o th e r  e v o lu t io n a ry  mechanism (method 2 ) t o  a d e q u a te ly  

d e sc r ib e  i t ;  S c h ro d ln g e r 's  eq u a tio n  i s  s u f f i c i e n t .  Method 2 i s  an 

approxim ation  in d ic a t in g  th e  o b s e rv e r  has not p ro p e r ly  fo l lo w e d  and 

accoun ted  f o r  a l l  m acroscopic  i n t e r a c t io n s  invo lv ing  th e  observed  sy s tem .

Once a measurement to  a b s o lu t e ly  de te rm ine  one o f  th e  s y s te m 's  

p r o p e r t i e s  i s  pe rfo rm ed , th e  p ro p e r ty  i s  m an ifes ted  and in fo rm a t io n  i s  

o b ta in e d .  The com plem entary  p r o p e r ty ,  n e v e r th e l e s s  i s  washed o u t .  L a ten t 

coherence  -  th e  quantum m echanical c o r r e l a t i o n s  e x is t in g  between th e  

observed  system  and th e  m easuring a p p a ra tu s  -  p e rm its  one t o  r e v e r s e  th e  

p rocedu re ,  r e in t ro d u c in g  th e  s y s te m 's  complementary p r o p e r t ie s  and th e  

c o rrespond ing  ( l a t e n t )  in fo rm a t io n .  For exam ple, we can combine th e  

experim en ts  d e p ic te d  in  C h ap te rs  i n  and IV by p lac in g  an a b so rb e r  in beam 

II  a t  some l o c a t io n  (x ,z)  b e fo re  th e  megasystem MS p o s i t io n ed  a t  (xa, z 2):
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X < X ,

(5.1)

z<z,

I f  no o b s e rv a t io n  Is  perform ed during  At we have some knowledge reg a rd in g  

th e  pa th  th e  d t i n g  n e u tro n s  fo l lo w e d  and an I n te r f e r e n c e  p a t t e r n  i s  

produced. S p e c i f i c a l ly ,  once th e  p u ls e  in  beam II  l e a v e s  MS1 t h e r e  i s  a 

m acroscopic  t r a c e  in d ic a t in g  p a r t i c l e  p a th .  The o v e r t  coherence  i s  th e re b y  

masked, th e  n e u t r o n 's  wave f e a t u r e  hidden. Once th e  p u lse  c o l l i d e s  with 

MS2, o v e r t  coherence  i s  r e s t o r e d  and th e  i n i t i a l  in fo rm a t io n  r e g a rd in g  th e  

n e u t r o n 's  t r a j e c t o r y  and wave n a tu r e  h o ld s .

With t h i s  s tu d y  o f  coherence  e f f e c t s  in  th e  measurement p ro c e s s  we 

have been a b le  to  i l l u s t r a t e  th e  s u b t l e  r o l e  quantum m echanical 

c o r r e l a t i o n s  p la y  in  t h e  m acroscopic r e a lm .  U nless such c o r r e l a t i o n s  a r e  

p ro p e r ly  t r e a t e d ,  a t r u l y  g e n e ra l  and com ple te  measurement th e o ry  a n a ly s i s  

does not ap p ear  f e a s i b l e .
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APPENDIX

THE DENSITY OPERATOR

S e v e ra l  e x c e l l e n t  r e f e r e n c e s  a r e  a v a i l a b l e  on d e n s i ty  m atr ix  

t h e o r y .*»*»* Below th e  b as ic  th e o ry  i s  summarized.

1. The Pure S t a t e

A pure  s t a t e  i s  c h a ra c te r iz e d  by th e  e x is te n c e  o f  an experim ent t h a t  

g ives  a r e s u l t  p r e d ic ta b le  with c e r t a i n t y  when perform ed on a sys tem  In 

t h a t  s t a t e  and In t h a t  s t a t e  o n ly .  Such an experim ent I s  c a l l e d  

" c o m p le te . " 1 For exam ple, I f  I t s  p o s s ib le  t o  f ind  an o r i e n t a t i o n  o f  th e  

S te rn -G e r la c h  device fo r  which a given beam i s  c o m p le te ly  t r a n s m i t t e d ,  

th en  we say th e  beam i s  in a pure  sp in  s t a t e  s p e c i f ie d  by th e  m agnetic  

f i e l d ' s  d i r e c t io n  and th e  J o in t  s t a t e  of a l l  t h e  p a r t i c l e s  can be 

r e p r e s e n te d  In te rm s  o f  one and th e  same s t a t e  vec to r*  |X>.

One can a l s o  id e n t i f y  a pure  s t a t e  by p a r t i c u l a r i z i n g  th e  o p e ra to r  

c o rre spond ing  to  th e  expe rim en t .  For m easurem ents o f  a n e u tro n  beam's 

sp in  d i r e c t i o n ,  th e  Pau li  m a tr ic e s  a r e  th e  a p p ro p r ia t e  o p e ra to r s  and i t s  

s t a t e  Is  given In te rm s  of th e  p o l a r i z a t io n  vector*  ? , th e  i ' t h  component

being

and

(A. 1)

(A.2)
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P h y s ic a l ly  ? can be p rocured  by perfo rm ing  sp in  d e te rm in a t io n s  on

subensem bles  o f  th e  beam.

When i t  i s  no t convenient to  i d e n t i f y  a pure  s t a t e  by e i t h e r  o f  the  

above methods th e  s t a t e  may be I d e n t i f i e d  as  a l i n e a r  s u p e rp o s i t io n  of 

e ig e n s t a t e s  of any s u i t a b l e  com ple te  s e t  o f o p e r a t o r s . 1 A g e n e ra l  pure 

sp in  s t a t e  can be r e p r e s e n te d  by a l i n e a r  s u p e rp o s i t io n  of t h e  e ig e n s t a t e s  

o f  oz :

The c o e f f i c i e n t s  a ,  and a ,  can be p a ra m e te r iz e d  in  te rm s  o f  2 a n g le s  whose 

p h y s ic a l  s ig n i f ic a n c e  i s  evinced with th e  a id  o f  th e  p o la r i z a t io n  v e c to r .  

Let

A sys tem  in  th e  s t a t e  |x> w i l l  have a p o la r i z a t io n  v e c to r  whose components 

a r e

(A.3)

(A.H)

Px -  s in e  cosd (A.5a)

Py -  s in e  sind (A.5b)

P2 -  co se (A.5c)

and | ? |  -  1 (A.5d)
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0 and 5 can be i n t e r p r e t e d  as  th e  p o la r  a n g le s  of ? .  See Fig. A.I.  I f  

a bean i s  s e n t  th rough  a S te rn -G e r la c h  a p p a ra tu s  o r ie n te d  p a r a l l e l  to  ? , 

t h e  e n t i r e  beam w i l l  pass  th rough . The d i r e c t i o n  o f  th e  p o la r i z a t io n  v e to r  

i s  t h e r e f o r e  th e  d i r e c t i o n  in  which th e  sp in s  a r e  p o in t in g . ’

2 . The H ixed S t a t e

Quantum m echanical sy s tem s  e x i s t  f o r  which an experim ent which would 

o th e rw is e  be co m p le te ,  does not give a unique r e s u l t  p r e d i c ta b l e  with 

c e r t a i n t y .  Such sy s tem s  a r e  c a l l e d  m ix tu re s ,  e q u iv a l e n t ly ,  we can say  any 

one o f  t h e  sy s tem s  i s  in a mixed s t a t e .  For exam ple, i f  a beam's 

p o l a r i z a t io n  s t a t e  i s  i n v e s t ig a te d  by sending i t  th rough  a S te rn -G e r la c h  

f i l t e r  in va r io u s  o r i e n t a t i o n s  and i t  i s  found t h a t  i t ' s  im p o ss ib le  t o  f ind  

an o r i e n t a t i o n  which p e rm its  th e  e n t i r e  beam to  be t r a n s m i t t e d ,  then  th e  

beam i s  in a mixed s t a t e .

A m ix ture  i s  d esc r ib ed  by in d ic a t in g  th e  way in which i t  was 

p r e p a r e d . ’ To a c q u ire  th e  p o l a r i z a t io n  v e c to r  f o r  a beam c o n s is t in g  o f  2 

in d ep en d en tly  p rep a red  subbeams with and Ng p a r t i c l e s  in  s t a t e s  |X^> 

and |Xg> r e s p e c t iv e ly ,  one must s t a t i s t i c a l l y  average  th e  s e p a r a t e  beams:

(A.6 )

| ? |  w i l l  be l e s s  than  1 s in c e  i f

(A.7)
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then  from A.5d * 1* Hence,

\pp< '-\
(A.8)

3. The P e n a lty  O p erator and M atrix

The d e n s i ty  ( s t a t i s t i c a l )  o p e ra to r  fo r  a system  c o n s is t in g  o f  N 

Independen tly  p repa red  subsystem s each  In a s t a t e  |x*>, 1 -1 ,2 , ..N i s  given 

by

? = Z . N w , \ ’0 <fcl !*-9,)

Here, |xj> norm alized : o c d x ^  = i (A.9b)

«1 -  th e  s t a t i s t i c a l  weight o f  th e  i ' t h  s t a t e :  (A.9c)

The pure  s t a t e  I s  th e  c a se  N-1.

To c o n s t r u c t  th e  d e n s i ty  m atr ix  [ p ] ,  a com ple te  s e t  of o r thonorm al 

s t a t e s  Is  chosen f o r  t h e  b a s is  and |X*> Is  expanded acco rd in g ly :

N  r» li) » 1  s  (A.10)

S u b s t i t u t i n g  A.10 In to  A.9 w i l l  y ie ld  th e  m atr ix  In th e  des ig n a ted  

r e p r e s e n ta t i o n :
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( A . 1 1 )

I f  th e  m atr ix  i s  not d iagonal th e  system  I s  s a id  to  be a co h e ren t  

s u p e rp o s i t io n  o f  th e  b a s is  s t a t e s .  A diagonal d e n s i ty  m atr ix  w ith  more 

th an  one nonzero e lem en t deno tes  a system  which Is  an Incoheren t  

su p e rp o s i t io n  o f  th e  b a s is  s t a t e s . *

*1. P r o p e r t ie s  o f  th e  S t a t i s t i c a l  O p erator

a . p i s  Hermltean

b. The p r o b a b i l i ty  o f  f ind ing  a system  c h a ra c te r iz e d  by th e  d e n s i ty  

o p e ra to r  p in th e  s t a t e  | ♦> Is  given by

c .  The t r a c e  o f  [p ]  Is  a c o n s ta n t  independent of th e  r e p r e s e n t a t i o n .  

From A.9b,c and A.10

M v (A.12)

(A.13)

(A.1U)

d. The e x p e c ta t io n  v a lu e  o f  any o p e ra to r  0-<Q> s a t i s f i e s

(A.15)

I f  |X^> i s  no t norm alized  (see  A.9, A. 14) then

(A.16)



6C

e .  (Tr p*) -  (Tr p)* f o r  pure s t a t e  (A.17a)

(Tr p*) < (Tr p)* f o r  a m ix tu re  (A.17b)
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F ig . 1.1

F ig . 2.1

F ig . 2 .2

F ig .  3 .1

FIGURB CAPTIONS

E in s te in ' s  ve rs io n  of th e  double s l i t  experim ent. The 

p h o to n 's  pa th  and th e  i n t e r f e r e n c e  p a t t e r n  were to  be 

de te rm ined  s im u l ta n e o u s ly .  S(n) d e n o te s  the  n ' th  s c re e n .  5 

i n d ic a te s  th e  I n te r f e r e n c e  p a t t e r n ' s  ex ten s io n  a long  th e  x 

a x is .  The d i s ta n c e  between a d ja c e n t  s c re e n s  i s  given by L. 

S l i t s  A and B a r e  s e p a r a te d  by a d i s ta n c e  S which i s  much 

l a r g e r  than  each s l i t ' s  w idth .

Diagram o f  t h e  LLL I n te r f e r o m e te r  and th e  3 c o u n te r s  

( u s u a l ly  *He d e t e c t o r s ) .  The dimensions a and d a r e  machined 

t o  o p t i c a l  p r e c i s io n .  R eprin ted  from Rep. Prog. Phys. 46, 

301 (1983).

The " top  view" o f  th e  i n t e r f e r o m e te r .  The l a t t i c e  p la n e s ,  

u s u a l ly  th e  2 2 0  p la n e s ,  a re  con tinuous  from s la b  t o  s l a b .  

At F a device -  a gas c e l l ,  a s o l i d  m a te r i a l  sam ple o r  a 

m agnetic  f i e l d  producing sys tem  -  i s  I n s e r te d .  Such a device 

w i l l  cause  a  phase s h i f t  6 . From Physics  Today 3^, no. 9, 24 

(1980).

Model o f  th e  n e u tro n  i n t e r f e r o m e t e r .  M and M' a re  h a l f  

s i l v e r e d  m ir ro r s .  M1 and M2 a r e  f u l l y  r e f l e c t i n g  m ir ro r s .  

The aluminum phase s h i f t i n g  dev ice  a t  E i s  used t o  produce 

t h e  " re f e r e n c e "  i n t e r f e r e n c e  p a t t e r n  w ith  r e p e c t  t o  which
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th e  phase o f  th e  a l t e r e d  p a t t e r n  r e s u l t i n g  from th e  p resence  

o f  t h e  m easuring dev ices  o r  s t a t e  p re p a ra t io n  In s t ru m e n ts  a t  

F and F' Is  compared. The o u tp u t  m onito ring  dev ices  C1 and 

C2 w i l l  be e i t h e r  a l i n e  of c o u n te r s  or a p a ir  o f  S te rn  

Gerlach a p p a ra tu s e s .  Cl r e c e iv e s  th e  fo rw ard  beam, whereas 

C2 sam ples  th e  d e v ia ted  d i s tu rb a n c e .

The s o l i d  curve  i s  th e  coun ting  r a t e  o f  e i t h e r  c o u n te r  a s  a 

fu n c t io n  of x- th e  p o s i t io n  o f  E- in  th e  absence  o f  a 

m easuring a p p a ra tu s  a t  F o r  F ' in  Fig. 3 .1. The d o t te d  curve  

i s  ob ta ined  when a device i s  p lac e d  a t  F an d /o r  F ' .  ♦

in d ic a te s  th e  phase s h i f t  Induced by th e  experim ent.

Graph o f  the  In fo rm a tion  m easu res ,  H(p)/}j0  and C* vs .  

p r o b a b i l i t y .  The s o l id  curve  i s  C*. The dashed curve  i s  

H(p)/Ho.

The p o la r i z a t io n  v e c to r  ? .

Graph o f  th e  m agnetic  f i e l d ' s  o r i e n t a t io n  in  th e  xy p la n e .  

The f i e l d  i s  produced by a S te rn  G erlach  dev ice .

O p tica l  an a lo g  o f  th e  n e u tro n  in t e r f e r o m e te r .  At po in t  A 

th e  incoming beam i s  b i s e c te d  by th e  s e m i t r a n s p a re n t  m ir ro r  

w ith  each  component s p e c u l a r l y  r e f l e c t e d  by th e  m ir ro r s  a t  

p o in ts  B and C. MSI and MS2 a r e  i d e n t i c a l  s e t s  o f  r ig id ly  

a t t a c h e d  double  m ir ro r s .  The o u tp u t  beams I n t e r f e r e  on th e
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sc re e n  lo c a te d  a t  D. Only MS1 w i l l  be p r e s e n t  during  phase 

one. MS2 w i l l  be I n s e r te d  and r ig id ly  a t t a c h e d  t o  MS1 fo r  

phase two. The device a t  F w i l l  d e la y  beam ACD the  e x t r a  

d i s ta n c e  I  t r a v e l l e d  by th e  beam ABO.

*l.2a The MS1 subsystem . The e le m en ts  o f  MS1 a r e  th e  m ir ro r s

MS11 and MS12.

H.2b The MSI subsystem  a f t e r  th e  i n t e r a c t io n  w ith  th e  neu tro n

p u l s e .  MSI moves a long  th e  x a x is  w ith  a v e lo c i ty  v , 1 a f t e r  

th e  neu tron-M SIl c o l l i s i o n .  The n e u tro n  l a t e r  s t r i k e s  MS12 

b ring ing  MSI t o  a h a l t .  MS1 ' s  n e t  d isp lacem en t  from 

e q u il ib r ium  i s  dg.

* .3  Diagram of the  n e u tro n  p u lse  a t  3 d i f f e r e n t  t im es .  The

p a c k e t ' s  mean w aveleng th  A i s  much l e s s  than  "a". P o in ts  A 

and B in th e  packe t  a r e  in c o h e re n t .  At t im e t ,  co rrespond ing  

t o  th e  p u l s e ' s  p ropaga tion  a  d i s ta n c e  "a", p o in ts  A and A' 

a r e  c o h e re n t  as  a r e  B and B'. A f te r  some tim e t a, th e  p u lse  

t r a v e l s  a d i s ta n c e  d over  which th e  second o rd e r  e f f e c t s  

become s ig n i f i c a n t .  Such te rm s  i n i t i a t e  Incoherence .

F ig . A. 1 Diagram o f  th e  p o l a r i z a t io n  v e c to r .
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