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Summary .  - -  The relative linear polarization of protons from two- 
quantum annihilation of positrons in copper was measured by  Compton 
scattering. Measurements of the  angular distr ibution of Compton-scattered 
photons arriving in coincidence were carried out over a wide range of 
scattering angles, both polar and azimuthal.  The results agree with 
s tandard  quantum-mechanical  calculations assuming opposite par i ty  of the  
electron and the positron. This result has implications regarding hidden- 
variable theories in quantum mechanics. A theorem by Bell restricts the 
values t ha t  any local hidden-variable theory can predict  for certain rela- 
tions between measurements made on correlated systems such as the 
photon pair  from positron annihilation. I t  is shown tha t  the distribu- 
tions we observed could not  give results allowed by  Bell 's theorem if 
the photons were measured by  ideal polarization analyzers, assuming 
the correctness of the usual quantum-mechanical  Compton-scattering 
formulae. Our results are thus evidence against  local hidden-variable 
theories. 

1 .  - I n t r o d u c t i o n .  

A m e a s u r e m e n t  has  been  m a d e  of t h e  r e l a t i v e  l i n e a r  p o l a r i z a t i o n  of t h e  

p h o t o n s  e m i t t e d  when  a p o s i t r o n  a n n i h i l a t e s  a t  res t .  The  r e su l t s  of th i s  expe r -  

(*) To speed up publication,  the authors  of this paper  have agreed to not receive the 
proofs for correction. 
(**) Work supported in par t  by  U.S. Atomic Energy Commission and National Science 
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iment  have  implications regarding the belief of EI~STEII~ and others t ha t  it 
is possible to find a theory  which provides more t h a n  the stat is t ical  predict ions 
of q u a n t u m  mechanics.  

When  a positron annihi lates  a t  rest, conservat ion of linear m o m e n t u m  re- 
quires the  creation of more  t han  one photon,  usual ly  two photons  wi th  equal  
and  opposi te  momenta .  The polar izat ion s ta tes  of the  two photons are also 
related,  as was first show b y  WHEa t En  (~). YA~G (~) showed tha t  this was 
a consequence of invar iance under  ro ta t ion  and  pa r i t y  t ransformat ions .  Sup- 
pose t h a t  the two annihi lat ion photons are mov ing  in opposite directions along 
the  z-axis, and assume t h a t  the  electron and  posi t ron have  opposite pari t ies.  
The allowed linear polar izat ion s ta te  is 

]xy: :  - ] : ~ x ~ ,  
(1) v; = V ~  ' 

where the  symbol  [XY} denotes a s ta te  wi th  pho ton  Iqo. 1 polarized in the 
x-direct ion and photon  1~o. 2 polarized in the  y-direction, and ]I~X} denotes 
a s ta te  wi th  photon  lqo. i polarized in the  y-direct ion and photon  lqo. 2 polar-  
ized in the  x-direction. The l inear polarizations of the  two photons are some- 
t imes said to be (( at  r ight  angles to each other ~. 

I t  would be ve ry  convenient  to demons t ra te  this with s tandard  optical  
tools like polaroids or birefr ingent  crystals. However ,  such ideal polar izat ion 
analyzers  do not  exist for the  high-energy g a m m a - r a y s  emit ted  in posi t ron 
annihilat ion.  Therefore, one mus t  use Compton scat ter ing to measure  the  rela- 
t ive  polar iza t ion of the photons.  To see why  Compton  scat ter ing acts  like a 
l inear-polar izat ion analyzer ,  consider the classical analogue of Compton  seat- 
tering, which is Thompson  scattering. When  a l inearly polarized wave hits 
an electron, the electron v ibra tes  in the  direction of the  electric vec tor  and 
radia tes  like a dipole, so t h a t  scat tered rays  t end  to be perpendicular  to the  
electric vector.  Re turn ing  to the  quan tum-mechanica l  description, one migh t  
guess t h a t  finding a scat tered pho ton  a t  a cer tain angle corresponds to  finding 
the  l inear polarizat ion a t  the  perpendicular  angle. Thus, in the  case of the  two 
photons,  which are (( polarized a t  r ight  angles ~), one migh t  guess t ha t  the  scat- 
tered photons  would tend  to scat ter  in perpendicular  directions. 

The exper imenta l  a r r angemen t  used to inves t igate  this is shown schemat-  
ically in Fig. 1. The posi trons annihi late  be tween two scatters.  The emerging 
annihi la t ion photons  are scat tered by  t hem into two detectors. I f  the  two 
photons  are polarized a t  r ight  angles to each other,  then  one expects a m a x i m u m  
coincidence counting ra te  when the  difference in az imutha l  angle ( ~ 2 -  ~1) 
be tween the  detectors is 90 ~ . 

(1) A. WHEELER: A.ttn. New York Academy of Scietwes, 48, 219 (1946). 
(2) C. N. YA~a: Phys. Rev., 77, 242 (1950). 
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Fig. 1. - Schematic view, to scale, of the experimental arrangement. The lead col- 
limator is omitted, a) Fourfold coincidence event (N-event) ; b), c) threefold coincidence 
events (n 1- and twevent respectively); d) detail of scatterers $1, $2. 

The explicit  expression for the  probabi l i ty  of detect ing a pair  of scat tered 
photons  in this geomet ry  given polar izat ion states before scat ter ing as in 
eq. (1) was first worked out b y  P~YcE and WARD (a). 

Le t  the  line connecting the source and the two scat terers  be the  z-axis. 
When a pa i r  of annihi lat ion photons  moving  in opposite directions along the  
z-axis scat ter  off electrons in the  scat terers  $1 and S~, let the  scat ter ing angles 
with respect  to the  z-axis be 01 and  03 and let the az imutha l  scat ter ing angles 
be ~bl and ~b~., as shown in Fig. 1. Since the  k inemat ics  of Compton scat ter ing 
give a definite re lat ion between the  scat ter ing angles 01 and 05 and the energies 
of the two photons  af ter  scat ter ing E1 and E2, one can write the probabi l i ty  of 
finding the  two scat tered photons  as a funct ion of El ,  E~, s and ~b~: 

(2) P(E1E2 r q5~) = 4 ~  ~ F(E1)F(E2)[1 - -  re(E1) m( E~) cos 2( r - -  q51)], 

(a) ~r H. L. PRYCE and J. C. WAND: Nature, 160, 435 (1947); see also H. S. SNYDnR, 
S. PASTERNAK and J. HORNn0STEL: Phys. Rec., 73, 440 (1948). 
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where F(E) is the  usual Klein-l~ishina cross-section for Compton  scat ter ing 
of a pho ton  with  initial energy equal to one e lect ron rest  mass  and  final 
energy E ,  and  re(E) is a fm~ction p lo t ted  in Fig. 6 whose explicit  fo rm is 
given in the  Appendix.  For  photons  f rom t w o - q u a n t u m  annihilat ion,  re(E) 
has  a m a x i m u m  value when E is just above  half  an electron rest  mass  
(0 ~ 82~ The t - d e p e n d e n c e  of the count ingg ra te  is therefore of the  fo rm 
[1 -~ A cos2(r  --  ~b~)], wi th  the  coefficient A of the  cos 2~5 t e rm  depending 
on the  energy (or angle 0) of the  scat tered photons.  

Using a luminum scat terers  and anthracene  detectors,  W u  and S]tAKINOV (4) 
measured  this ~b-dependenee is ear ly as 1950 and found good agreement  wi th  
theory,  showing tha t  the  electron and posi t ron did have  opposite par i ty .  
However ,  the  inefficient detectors  avai lable  a t  the  t ime  required collection of 
events  over  a wide range  of scat ter ing angles and  thus  large corrections for 
geometr ical  effects. Later ,  in 1960, LA~G~OF~ (5) did a thorough measuremen t  
wi th  good geomet ry  at  m a n y  az imutha l  angles, bu t  it  still might  be argued 
tha t  the  agreement  he found at  one par t icular  value of e (polar angle 0 ~ 82 ~ 
was fortui tous.  Our a im was to test  the predict ions of quan tum mechanics  
for this distr ibution over  a range  of scat ter ing angles wi th  as few uncertaint ies  
about  normal iza t ion or geometr ical  corrections as possible. 

The reason why it is worth-while  to lavish so much  a t t en t ion  on this measure-  
men t  is because it is of ten referred to in discussions of (~ hidden var iab le  ~) 
theories in quan tum  mechanics.  The implicat ions of this exper iment  for such 
theories have  been discussed b y  one of us elsewhere (6.7), so we will only  out- 
line t h e m  briefly here. 

I n  a well-known paper  published in 1936 EINSTEII~ t)ODOLSKY and I~OSE~ (s) 
cri t ical ly examined the usual  quantum-mechanica l  t r e a t m e n t  of measu remen t  
of two noncommut ing  var iables  in a sys tem of two particles which had  in- 
t e rac ted  in such a way t h a t  measurements  on t h e m  were correlated even though  
the part icles  had  separa ted  before the measurement .  They  conclude t h a t  
the (~ real,  factual  s i tuat ion )~ which they  assumed mus t  exist independent  of 
our observat ions  could not  possibly be complete ly  described by  q u a n t u m  me- 
chanics. They  were answered b y  m a n y  critics but  the  a rgmnent  remained  
mos t ly  on a philosophical level, wi thout  any  exper imenta l  tests  being proposed.  
Then in 1957 BOH~ and A~A~O~rOV (9) pointed  out  t h a t  the  relat ive polar iza-  

(4) C.S. Wu and I. SHAKN0V: Phys. Rev., 77, 136 (1950). Earlier measurements were 
made by: E. BLEULER and H. L. BRADT: Phys. Rec., 73, 1398 (1948); R. C. HANNA: 
Nature, 162, 332 (1948). 
(5) H. LANGHOPF: Zeits. Phys., 160, 186 (1960). 
(6) L. KASDAY: Re~tdico~ti S.I.~., Course IL (New York, N. Y., and London, 1971). 
(7) L. KASDAY: Thesis, Columbia University (1972). 
(s) A. EINSTEIn, N. ROSEN and B. I~ODOLSKY: Phys. Rev., 47, 777 (1935). 
(9) D. BOHM and Y. AHARONOV: Phys. Rer., 108, 1070 (1957); Nuovo Cimento, 17, 
964 (1960). 
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tion of annihilation photons was an example of the kind of si tuation discussed 

by EINSTEIN, PODOLSKY and ROSE~. They were able to show tha t  the measure- 

ments of W u  and S~AK~OV were sufficient to rule out certain hypothet ical  

modifications of quantum mechanics mot ivated  by  Einstein 's  ideas. I n  1964 

BELL (lo) showed that  a whole class of such theories, known as local hidden-va- 
riable theories, could be tested by  experiment. Bell's theorem placed limits 

on the values tha t  any  such theory  could predict for certain correlations among 

measurements  tha t  might  be made on system of the Einstein-Podolsky-l~osen 

type. We will show in Sect. 3 tha t  this experiment is not  ideal for testing Bell's 

theorem, but  it does make any  theory  tha t  satisfies Bell's theorem and repro- 

duces our results look quite artificial. 

2.  - M e t h o d s  a n d  re su l t s .  

2"1. E x p e r i m e n t a l  me thod .  - The experimental ar rangement  is shown in 

Fig. 1 and 2. Positrons were emit ted by  a radioactive source, stopped and 

~ Leczd. 

a) 

s o u P c e  

cl.n~ed. 

~ 0 21n 

Fig. 2. - a) Collimator, source holder and source. The 0.5 in diameter cavity prevents 
events of the type shown in b). Note the expanded horizontal scale in b). 

annihilated (in copper) at  0. The annihilation gamma-rays  were emitted in 

all directions; the vertical direction was selected by  a lead collimator which is 

omit ted in Fig. 1 but  is drawn in Fig. 2. Events  were sought in which the 

0 ~ J. S. BELL: Physics ,  1, 195 (1964). 
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annihi la t ion photons  Compton-sca t te red  off electrons in S~ and $2 and  entered  

detectors  D1 and D2, which measured  their  energies. Lead slits selected the  
range of az imutha l  angles ~bl and  ~52 which were accepted.  The top  sl i t -detector  
assembly  was ro ta ted  to v a r y  the relat ive az imu tha l  angle. 

False background events  were v i r tua l ly  e l iminated  by  making  the  scat- 
terers  out  of plastic scintil lators (~): we required a 4-fold t ime  coincidence 
among  the  two scatterers and  the  two detectors,  and  also imposed a (( sum 
energy requi rement  )> t h a t  the  to ta l  energy deposi ted in each scat terer  plus 
detec tor  equal  the energy of the  annihi lat ion photon.  

I n s t e a d  of s imply measur ing  the coincidence ra te  as a function of az imutha l  
angle (q~2- r we measured  the quan t i ty  R defined by  

(3) 

where 

~Vss 

N ~-- 

R((f19~2ele2) _--- (n,/_N-ss)(n2/lq-ss) , 

number  of t imes  the  two photons  Compton-scat ter ,  

number  of t imes the  two photons Compton-sca t te r  and  bo th  photons  
are dectected, 

nl ---- number  of t imes the  two photons  Compton-sca t te r  and  only pho ton  1 
is detected, 

n2 ~ number  of t imes the  two photons Compton-sca t te r  and  only pho ton  2 
is detected,  

~1, ~v~--~ the az imutha l  angles a t  which the  lead slits are posi t ioned (to be 
distinguished f rom ~b~, ~b~ which refer to the  photons) ;  

el, e2 ~ the  outputs  of the  energy detectors D~ and D2 (to be dis t inguished 
f rom E~ and E2, the  (( real  ~) photon  energies). 

I f  i t  is assumed tha t  the  source, scatterers and  detectors  are ve ry  small ,  the  
polar izat ions of the photons  are as in eq. (1) and  each photon  Compton-sca t -  
ters once in each scat terer ,  calculat ing R with  the  appropr ia te  Compton-  
scat ter ing cross-section gives 

(4) R(qJ~2)  ~-- 1 - -  m(e~)m(e~) cos2(q~2 --  qh) �9 

This is just  the  q)-dependent t e r m  of eq. (2). For  comparison of our results 
wi th  theory ,  the  quan t i ty  R has a number  of useful propert ies:  

1) I f  the m o m e n t a  of the  scat tered photons  were uncorrelated,  R would 
equal  1. Deviat ions  of R f rom i correspond to correlations between the  mo- 

(11) This arrangement had been used earlier by LANGHOFF (see note (5)). 
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menta .  Assuming constant  source s t rength  and  geometry ,  R is propor t ional  
to the coincidence count ing rate,  as measured  in earlier experiments .  

2) A n u m b e r  of ins t rumenta l  effects t ha t  would dis turb a simple measure-  
men t  of the  coincidence counting ra t e  c,~ncel out of the  expression for R, for 
example,  v~riat ions in source s t rength  and slit width (to first order). 

For  our exper iment  with real slits and detectors the  expression for R mus t  
be modified b y  a n u m b e r  o~ geometr ic  corrections of the  order of s few percent  
in size. These will be discussed in Subseet. 2"3. 

2"2. Detailed description o] the experiment. 

2"2.1. R a d i o a c t i v e  s o u r c e s .  64Cu posi tron sources were used for the 
da ta - tak ing  runs. Their ~+-activity a t  the  beginning of the runs was 10 mCi. 
The main  features  of the  64Cu decay scheme, Fig. 3, are a 12.8 h half-life, a 

1.34 MeV 

o.5 O/op%EC~ 

/ 43~176 

64 . 
28 NI 

Fig. 3. - Decay scheme of 64Cu. 

12.8 h 

64. 
zs, Cu 

64 
3o z n  

19 ~ ~+ branching  ratio,  and  ~ 1 l~eV gamma- rays  accompanying  0.5 % of 
the posi t ron emissions. The sources were made  of ~ in .  diameter ,  ~ in. 
thick na tura l -copper  discs, which ~vere neut ron  irradiated.  Na tu ra l  copper 
could be used since it contains 69 % 63Cu. (The i r radiat ion was per formed at  

the  Indus t r i s l  Reac tor  Laborstor ies . )  
For  energy cal ibrat ion we used the  122 keV 57Co line and the  511 keV 2~Na 

line. Two pairs  of sources were made,  one for each counter.  These p~irs were 
held at  s t andard  posit ions with respect  to the  counters during cal ibrat ion runs. 
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2"2.2. S o u r c e  h o l d e r  a n d  c o l l i m a t o r .  The  source was suppor t ed  b y  
a brass  holder which slid into a rec tangular  hole in the  lead col l imator ,  
]?ig. 2. (This rec tangular  hole is perpendicular  to the  plane of the  paper . )  The 
posi t rons were s topped and  annihi la ted in the  source and in a th in  layer  of 
the  surrounding holder mater ia l .  Holes in the  lead of 0.2 in. d iamete r  colli- 
m a t e d  the annihi lat ion pho tons ;  these holes were enlarged to 0.5 in. d iamete r  
near  the  source to avoid the  events  shown in pa r t  b) of the  Figure.  

I f  one of the  annihi la t ion photons  underwent  large-angle Compton  scat- 
ter ing inside the  coll imator,  its m o m e n t u m  would no longer be opposi te  the  
other  pho ton ' s  m o m e n t u m ,  so bo th  photons  could not  escape the  col l imator .  
This event  would not  be  counted and  was of no concern. 

A photon  could sca t ter  through a small  angle in the  coll imator,  emerge 
and  reach the scat terer .  To set a l imit  on how m a n y  did so, we examined  the  
energy  spec t rum of the  emerging photons,  using a l i th ium-dri f ted ge rman ium 
detector .  We required a coincidence between the  Ge(Li) detector  and  a plast ic  
scinti l lator placed below the  collimator.  The spec t rum was compared  to the  
spec t rum taken  wi thout  the  coll imator.  Scat tered photons  comprised a t  most  
a few percent  of all those reaching the scat terer  position. Furthermore~ photons  
scat ter ing through such smal l  angles lose only a few percent  of thei r  polar iza-  
tion. Hence,  the net  effect of smMl-angle Compton  scat ter ing in the  col l imator  
is only  (a few per  cen t )~- -10  -3, which is negligible in this exper iment .  

2"2.3. S c a t t e r e r s .  The length of each scat terer  was large enough  (1.5in.) 
for 33 ~ of the  enter ing photons  to Compton-scat ter ,  bu t  it was necessary  to 
keep the  d iameter  small  to minimize the chance of the  photons  sca t te r ing  a 

second t ime.  
We used a conical scat terer  surrounded b y  a slightly larger conical l ight 

reflector, coated on the  inside with MgO (for efficient, diffuse reflection), Fig. 1. 
Tota l  internal  reflection in the  scintil lator tends to send light t oward  the  light 
pipe,  and  the MgO reflects mos t  of the  remaining  light. The resolut ion for 90 ~ 
sca t te red  photons was 30 % full width a t  half  the  m a x i m u m  of the  peak.  

2"2.4. A z i m u t h a l  a n g l e  d e f i n i n g  s l i t s .  The  slits were made  of lead 
and  were 0.48 in. thick. The inside edges were (~ a imed  ~> at  the axis of the  col- 
l imator  to minimize scattering.  The top slit and  the  detector  behind it were 
m o u n t e d  so they  could ro t a t e  about  the  axis of the  collimator.  The slits sub- 
t ended  an angle of abou t  20 ~ a t  the  source. 

2"2.5. D e t e c t o r s  a n d  e l e c t r o n i c s .  The detectors were 2 in. d iameter  
b y  2 in. long N a I  crystals  made  b y  t t a r s h a w ,  used with Radio Corpora- 
t ion of America (R.C.A.) t y p e  8575 bi-alkalai  12 stage phototubes.  The func- 
tion of the electronics was to collect the  numbers  required to calculate R 
(defined in eq. (3)) for a given set of values of eL and  e~, the  measured  energies 
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of the  two scattered photons after  scattering. These include a two-parameter  
el vs. e2 spectrum of the 4-fold coincidence events, el and e2 spectra for the  3-fold 
coincidence events and the  to ta l  number  of 2-fold coincidences between the  
scatterers only. 

A simplified block diagram of the electronics is shown in Fig. 4. Discrim- 
inators connected to the fast  outputs  of the photomultipliers generated the 
fast  logic pulses $1 and S~ f rom the two scatterers,  and 1)1 and D2 f rom the two 
l~aI detectors. The fast  ($1S2) logic pulses were generated from the $1 and 
$2 pulses by  a fast AND (21 ns resolving time) and counted by  a scaler. The 
fast logic pulses ($1S2D1) and (S1S~D2) were also generated. 

The slow outputs  of the photomult ipl iers  were stretched and amplified to 
form the  slow analogue pulses sl and s~ from the scatters, and dl and d2 from 
the l~aI detectors. Because of the high singles ra te  in the scatterers,  the  
Sl and s2 stretchers were gated by  the (S1S~D1) and ($1S2D2) coincidence 
pulses respectively. This made  it necessary to run  the inputs of these two 
stretchers through delay lines. 

The sl and dl analogue pulses were then  summed. This gave the to ta l  energy 
left  in the  scatterer and detector  by  a scattered photon,  which should add up 
to e~----one electron mass (0.511 MeV). An observed spectrum of these sum 
pulses is shown in Fig. 5. The sum was fed to a single-channel analyzer  (SCA). 

0 0.5 1.0 1.5 
e/e H 

Fig. 5. - Typical sum energy spectrum, e=energy deposited in scatterer and energy 
deposited in detector; e~=energy of annihilation gamma-ray. 

When the sum pulse was between 0.83e~ and 1.17e~ the logic pulse Z:I was 
generated.  Then the slow logic pulse (S1S2D1Z1) was generated, and sent to 
a scaler and the gate of the  :Y ADC (analogue to digital converter) of the MCA 
(mult ichannel  analyzer).  Similar, the slow logic pulse (SIS2D~Z~) was gen- 
erated and sent to a scaler and the X ADC gate. 

The analogue pulses dl and d2 were fed to the analogue inputs of the I7 
and X ADC's respectively. The ADC's digitized dl and d2 to form e~ and e2 
whenever  a logic pulse appeared at  their  respective gates. I f  one and only 
one of the ADC gates was opened, the corresponding el or e2 pulse would be 
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added to the  appropr ia te  1 -pa ramete r  spectrum. I f  bo th  ADC gates were 
opened in coincidence (within 1.5 ~s), the  (e~, e2) pulse pair  would be added 

to the  2 -pa ramete r  spectrum. Thus,  the logic requ i rement  on the pulses in 
the 2 -pa ramete r  spec t rum was 

[($112D1~1)" (S~82D2~2)] = (SIS2D~D2)ZaZ2 , 

the desired 4-fold coincidence requirement .  The 1 -paramete r  spectra  did not  
ac tual ly  contain  all the  pulses which satisfied the  3-fold coincidence requirements  

[(S~S2D~Z~), (S~$2D2-~2)]; the  4-fold coincidence events  were missing. The 
missing events  were added later  using the  compute r  in the  !VKCA. 

The scalers were ga ted  with the  (( busy  ~ ou tpu t  of the  ~ C A  so t h a t  they  
would only count  when the  MCA was accept ing pulses. 

2"3. Corrections to R.  

2"3.1. T y p e s  of  c o r r e c t i o n s  c o n s i d e r e d .  Wi th  point  scat terers  and 
detectors and  perfect  collimators, the  measured  rat io  of coincidence count ing 
ra tes  R as defined in eq. (3) would be given b y  eq. (4), which m a y  be rewri t ten  as 

R =  A +  B cos2(~2--  q~l) 

with A = 1 and  B ---- m(el)m(e2). 
Our nonideal  geomet ry  in t roduced two classes of corrections to this ex- 

pression. F i r s t  there are effects which s imply change the  value of A and B. 
These include the  effective angular  widths  of the slits which select pho ton  
az imutha l  angle, the combined effect of the  finite-energy resolution of the 
detectors and  the  energy intervals  selected for analysis,  the  possibil i ty of pho- 
tons scat ter ing more  t han  once in the  scat terer  and  the  (( axial  ~) correlat ion 
between the  points  where the  two photons  scatter.  Then there  are corrections 
for factors  which change the  fo rm of the angular  dependence of R. These factors 
include the  (~ radial  ~) correlat ion be tween the  points in the  two scatterers where 
the  photons  scatter ,  caused by  the  180 ~ angular  correlat ion be tween the photons,  
chance coincidence rates  which appa ren t l y  v a r y  with angle because the average  
source s t rengths  happened  to be different when measuremen t s  were made  a t  
different angles, and  apparen t  va r ia t ion  with angle of the  energy intervals  
selected b y  the  mul t ichannel  ana lyzer  because of electronic drift. 

All of these effects were carefully considered and are discussed elsewhere (7). 
Most of t h e m  gave  corrections a t  the  1 %  level or lower. The mos t  impor t an t  
of t hem will be discussed below. 

2"3.2. E f f e c t  o f  a n g u l a r  w i d t h s  of  t h e  s l i t s .  The effective widths 
of the slits which selected pho ton  az imutha l  angles were measured  two ways.  
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Firs t  the  slit dimensions were measured  wi th  a ruler  to obta in  (( geometr ic  
widths  ~>. Then the  (( b o t t o m  ~ slit and detector  were moved  to the top  of the 
coll imator,  keeping the  distance between the  slit and  the  col l imator  axis 
constant .  They  were ro t a t ed  to a position a p p r o x i m a t e l y  opposite the  (~ top ~) 
slit and  detector,  and a 2~Na source was placed on the  coll imator axis. Since 
the  annihi la t ion photons  emerge a t  180 ~ f rom the ==Na source, (( empir ical  )> 
slit widths  could be ob ta ined  by  measur ing the  coincidence ra te  in the  two 
detectors  as the angle be tween the detectors was varied.  Simple calculat ions 
showed tha t  the geometr ic  and  empirical  widths led to 6 ~o and 5 % reduct ions  
in B respect ively;  a value of (5 q-0.5) % was used. 

2"3.3. E f f e c t  of m u l t i p l e  s c a t t e r i n g  in  t h e  s c a t t e r e r s .  I t  is dif- 
ficult to compute  the  effect on R of photons  t h a t  scat ter  more t h a n  once in 
the  scat terer ,  and  this was responsible for the  ma jo r  pa r t  of the unce r t a in ty  
in B. The number  of photons  which sca t ter  twice and  emerge with an  energy  
of e~/2 (the same energy as photons  which sca t te r  once through 90~ e~ ~ one 
electron mass) was computed ,  assuming tha t  the  cross-section for each of the  
two scat ter ings was independent  of the az imutha l  scat ter ing angle, in other  
words, polar izat ion in format ion  was assumed lost. 

The value of B was accordingly mult ipl ied b y  (1--  (no. double scattered)/(no.  
single scattered)} to give an upper  l imit  on the  reduct ion in B. The l imit  

ob ta ined  was 7 ~o: accordingly,  we took  the  reduct ion  in B to be (3.5 -}- 3 .5)%.  

2"3.4. E f f e c t  of c h a n c e  c o i n c i d e n c e s .  These were calculated for all 
of the  A~TD gates and  for each run. Necessary corrections were made ;  the  

m a x i m u m  correction was ] .3 %.  

2"4. Data reduction and results. 

2"4.1. E n e r g y  s p e c t r u m  of t r i p l e - c o i n c i d e n c e  e v e n t s .  A typ ica l  
energy spec t rum of the  triple-coincidence events  is shown in Fig. 6, wi th  sche- 
ma t i c  drawings of events  associated with different par ts  of the  spec t rum.  The 
factor  re(e) of the  angular  dependence t e rm  of eq. (2) is also shown in the  Figure.  
For  single scat tered photons  the  spec t rum should have  the  shape of re(e) mult i -  
plied b y  the  effect of solid angle and efficiency of the  detectors for scat tered 
photons  of energy e. The spec t rum should go to zero a t  e~ and  e~ where the  
photons  will miss the  counters.  A typica l  t rue  event ,  with scat ter ing angle 
0 ~ 90 ~ has an energy of 0.5e~ (era is one electron mass) and is shown as c) 
in the  Figure.  However ,  there  is a b u m p  at  e :  0.25era which cannot  be 
caused b y  t rue  events.  

There are two major  contr ibut ions  to this bump.  First ,  there are events  
in which the  photon which has  scat tered in the  scat terer  proceeds to Compton-  
sca t t e r  in the  detector  and  escape, thereby  leaving only pa r t  of its energy in 
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the detector as shown in a) in the Figure. These events have a spectrum which 

would normal ly  extend from 0 to about  0.25era, except tha t  the lower-energy 
events are vetoed by the sum energy requirement. Of the order of 15% of 

the events with energy 0.25e,~ leak through because of the finite resolution of 

the detectors. The common event shown, in which a photon scatters through 

90 ~ and then baekscatters out of the detector, has an energy of exactly 0.25e,, ,  

the energy of the bump. 

re(e) 

0'~" --  rn (e )  

0 +_+E + + +  K +1 + ., 
0 0.5 1.0 

b) c) c~) 

e/% 

Fig. 6. - Spectrum of threefold (( nl ))-coincidence events n(e) and typical events con- 
tributing to various parts of the spectrum. The amplitude of the (cos 2~)-dependence 
of R is proportional to the theoretical function re(e) shown as ~ solid line. 

Then there are events in which the photon scatters twice in the scatterer 

before being to ta l ly  absorbed by  the detector as shown in a'). These have 

an energy spectrum which extends from 0.2 to 1.0e .... The energy spectrum 

of these events rises at  low energies, with peaks expected near 0.25e~ and 0.5era. 
Thus these events, especially the event shown as a'), contr ibute to the 0.25era 

bump. In  Subseet. 2"3.3 and upper limit of 7% for the contr ibut ion of the 

false events near 0.5era was obtained. 

2"4.2. ) / [ e n s u r e d  a n g u l a r  c o r r e l a t i o n s  of s c a t t e r e d  p h o t o n s  (R). 

First  the angular-correlation funct ion R was computed using the total  numbers 

of threefold and fourfold coincidence events in eq. (3). That  is, included in ~V, 
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nl and n2 were all events which satisfied the appropriate  t ime coincidence and 
sum energy requirements.  The numbers were obtained from the correspond- 

ing sealers. 

There were corrections which changed the form of the theoretical  R vs.  

curve (see Subsect. 3"3.1) due to correlation between the points where the two 

photons  scatter, and accidental coincidences. Each  experimental value of /~ 

was moved  by an amount  equal in magni tude bu t  opposite in sign to the cor- 
rect ion to the corresponding theoretical value of R. These corrections were 

small, N 0.0l, but  comparable to the statistical accuracy. After these cor- 

rections are made, /~ should exhibit a (cos2~)-dependence; therefore, the ex- 

per imental  values o f /~  were plot ted against ~. As expected, the points could 

be fitted by  

/~ = A -- B cos 2~ ,  A = 1.0071 4- 0.0036 (corrected data) 

B = 0.3419 4- 0.0051 

(x~/degrees of freedom----0.84 (10 degrees of freedom: p =  0.6)) .  

The observed R vs.  9 is plot ted in Fig. 7. Agreement  with the expected cosine 

behavior  is excellent: indeed, better than  we would have expected, since de- 
viations due to misalignments were est imated to be a few percent. We there- 

fore neglected any  error in B due to misalignment.  

I t  was also our intent ion to measure the angular  correlation as a function 

of the energy e (or scattering angle 0) of the scattered photons so R was also 

calculated for restricted regions of the energies el and e~ of the two scattered 

1.5 

1.0 

0 . 5  
--90 

t t I I I 

[ I I I I 
--60 --30 0 30 60 90 

~o(ckegrees) 

Fig. 7. - Plot of experimental values of R vs. relative azimuthal angle. R was computed 
from the total numbers of fourfold and threefold coincidence events. These data verify 
the prediction of quantum mechanics that R vs. cf can be fitted by A +  B cos 2~, 
with~A, B adjustable. The best fit is shown as a solid line (z2/degrees of freedom = 0.84). 
~ = ~ - - ~ 1 ,  o typical=t= la error. 
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photons.  The  coefficient B in the  angular-correlat ion funct ion R is larger for 
these res t r ic ted  regions t han  for the  average over the  whole distr ibution,  bu t  
the  statist ics are na tura l ly  not  as good. 

1.O- -  

e~/e. - 

0 5 - -  

I , I , 1 1  , I ~ I 

0,5 e J %  1.0 

Fig. 8. - The four energy regions chosen to study the amplitude of the cosine depen- 
dence of 1% The quantities el, e2 are the energies of the scattered photons; e~= 1 
electron mass. 

We chose four energy regions, as shown in Fig. 8. Wi th  the  techniques 
just  described R was computed  for each region and  corrections were applied. 
One addi t ional  correction was needed. The limits of the  energy regions 
were fixed a t  cer ta in  channels in the  N[CA, and  as the  exper iment  progres- 
sed, the  ac tua l  energies corresponding to these channels  dr i f ted b y  several  
percent.  To compensa te  for this, cal ibrat ion spectra  were t aken  before and  
af ter  each run;  the  change in R which was caused b y  the  drif t  was calculated 
~tsing the  theoret ical  R vs. energy spectrum.  The da ta  points  were then  moved  
the  same a m o u n t  in the opposite direction. The theoret ical  and  exper imenta l  
values of the  pa ramete r s  A and  B of the  straight-l ine fits are displayed in 
Table I .  Region 1 was chosen a t  the  m a x i m u m  of re(e). Since regions 3 and  4 
are symmet r i c  when the  energies of the  two scat tered photons  are interchanged,  
the R ' s  of these regions were added. Any  sys temat ic  deviat ions f rom the cosine 
form are less t h a n  or equal to the  stat is t ical  uncertaint ies,  so they  cannot  be  

TABLE I. - -  Con~parison o] experimental A and B /A  with theory. 

Region Theory Experiment g~/n ' 

A B /A  A B / A  

1 1.00• 0.415~0.015 1.021• 0.409i0.018 1.1 

2 1.004-0.05 0.372 4-0.010 0.9844-0.019 0.392 =L0.030 0.7 

3+4  1.004-0.05 0.3954-0.015 1.0204-0.010 0.390=t=0.017 1.5 

( n ' :  degrees of freedom = 2) 
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paramet r ized .  Therefore,  the  errors quoted in the  straight-l ine fits, which are 
pure ly  statist ical,  would be doubled to account  for the  possible sys temat ic  errors. 

2"4.3. C o m p a r i s o n  w i t h  t h e  p r e d i c t i o n s  of  q u a n t u m  m e c h a n i c s .  
The fo rm of R given in eq. (4) mus t  be modified b y  the corrections discussed 
in Subsect.  2"3.1 to compare  our results wi th  the  predict ions of q u a n t u m  me- 
chanics. When  this is done, R takes  the fo rm 

(5) R~-- A - - B c o s 2 ~ ,  

wi th  B / A  = (mlA- Aml)(~2-4- Am2)(1 - -  e~)(1 - -  s~)(1 - -  s.), and A ---- 1 -[- correc- 
t ions due to  Z-correlations,  

A ~ I ,  A~2 are the  finite-energy resolution corrections, 

s~ is the  correction for finite angular  resolution, 

sm is the correct ion for photons  sca t ter ing  more  than  once in the  

scat terer  and  

e8 is a correction due to correlation be tween the  points  where the  two 
photons  scatter .  

The values of ml ,  m~, A ~ I ,  A~2 were fomld b y  numerical  in tegra t ion  over 
the  spec t ra  of the  tr iple-coincidence events.  The  in tegra t ion  used to find these 
quant i t ies  can be viewed as finding the weighted average  of re(e), using the  triple- 
coincidence spec t rum as the  weighting function,  l~or the  evaluat ion of R over  
the  entire spec t rum we refer again to Fig. 6, containing a triple-coincidence 
spec t rum and a plot  of re(e). The events in and  near  the  b u m p  at  e~, discussed 
above,  had  an unknown angular  distr ibution.  Therefore, we used the  value 
of ~1 obta ined b y  in tegra t ing  f rom e--~ 0.33e~ to E----e~: ~ - - 0 . 6 0 1 .  Since 
0 < m <  0.69 and the events  below 0.33e~ a m o u n t e d  to 15 % of the  to ta l  counts, 
the  possible error caused b y  the  p u m p  is given b y  

o r  

s imilar ly  

0.51 < ml < 0.60 , 

ml z 0.56 ~ 0.04, 

m2---- 0.58 • 0.03 . 

The values of Am1 and Am~ were found to bo th  be 0.016. The finite-angle 
fac tor  % was found to be 

% =  (4.5 :t: o.5)%. 
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Also, the  reduct ion  in the  effect due to the  annihi la t ion photons  scat ter ing 
more t han  once in the scat terer  was found to be 

sin= (3.5 ~= 3.5)%. 

The correct ion to B due to correlat ion between the points  where the two photons  

scat ter  was found  to be 

s~ = 0.006. 

The net  result  for the theoret ical  B is 

B = 0.32 4- 0.05 , 

thus the theoret ical  predict ion becomes 

B / A  = 0.32 • 0.05,  

A = 1.00 4- 0.05.  

There is ag reement  within the  quoted uncertainties be tween the theoret ical  
and exper imenta l  values of A and  B / A .  

Similar  calculat ions of A and B where carried out  for the  res t r ic ted energy 
regions and  the  resul ts  are given in Table I .  I n  these cases the  theoret ical  un- 
certainties were smaller, though the  exper imenta l  stat ist ics are not  as good. 
Here  also our results are in good agreement  with the  predictions of quan- 
t u m  mechanics.  

Detai led evidence for the  theoret ical  R vs. eos2~ dependence is best  pro- 
vided b y  the  excellent fit to R for the  to ta l  region Fig. 7, because of its good 
statist ics and  f reedom f rom uncertaint ies  due to energy vs. channel  drift. Evi-  
dence t ha t  the  magni tude  of the  cosine dependence is in accordance with 
the quan tum-mechan ica l  predic t ion is provided b y  the  excellent agreement  
between the  theoret ical  and exper imenta l  values of B / A  for the  energy regions, 
Table I .  

3 .  - C o n c l u s i o n s .  

3"1. Bell 's  theorem. - As was ment ioned  in the In t roduc t ion ,  our results 
are related th rough  Bell 's  t heorem to the possibil i ty of construct ing a physical  
theory  t h a t  describes the (( real  fac tua l  s i tuat ion ~> of EISrSTEI~, PODOLSKY and 
ROSE~. We will ve ry  briefly outl ine the  a rguments  leading up to Bell 's theorem,  
s ta te  the  theorem and define the  t e rms  used in it. 

I t  is, of course, well known t h a t  the  quan tum-mechan ica l  description of 
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a given s ta te  of a physical  sys tem cannot  specify wi th  cer ta in ty  the result  of 
all possible measurements  t h a t  can be made  on the system. For  example ,  if 
the  posi t ion of a part icle is specified with cer ta inty ,  only a probabi l i ty  distri- 
bu t ion  is specified for the  m o m e n t u m .  EINSTEIn, PODOLSKY and ]~0SE~ argued, 
in effect, t ha t  associated wi th  any  physical  sys t em was a set of var iables  which 
de te rmine  with ce r ta in ty  the  results of all possible measurements .  S u c h  va- 
r iables are somet imes referred to as (( h idden variables  ~>. 

I t  might  appear  t h a t  to disprove the existence of hidden var iables  is to 
pe r fo rm the  impossible t a sk  of disproving the  null hypothesis.  Bu t  in :1964 
B~]~L (~o) showed ~hat a cer ta in  ideal exper iment  could rule oa t  all (~ local ~) 
theories of hidden variables.  A local theory  satisfies the  locality postulate: 
a measu remen t  made  on a physical  sys tem does not  influence the  values  of the  
hidden variables  t ha t  de te rmine  the  results of measurements  on another ,  
(~ d is tan t  ,> physical  sys tem.  

Bell 's  theorem m a y  be s ta ted as follows: consider two measur ing instru- 
ments  A and B. I n s t r u m e n t  A performs measurements  on one physical  system, 
and  the  other B per forms  measurements  on a (~ dis tant  ~> physical  system. 
I n s t r u m e n t s  A and B have  (~ knobs ~> which are set to positions a and b, respec- 
t ively.  The locali ty pos tu la te  requires t ha t  the  knob  sett ing a has no effect 
on measu remen t  B and vice versa. According to the  version of his theorem tha t  
BELL proved  in 1970 and discussed in his review of the  hidden-variables  ques- 
t ion (~2), when locali ty holds 

where 

~ is an  output of A and when its knob is a t  posi t ion i, 

fix is an output of B when its knob is at  posi t ion j, 

~fl~ is the  mean  over  m a n y  tr ials  of ~fi~. 

BELL pointed  out t h a t  his inequal i ty  would be violated if ins t ruments  A 
and B <~ perfect ly  ~) measured  the  spin components  (selected b y  knob sett ings 
a and  b) of two spin-�89 part icles  in a s tate  of zero to ta l  spin. ((( Perfect  ~ measure-  
men t s  are defined to produce the  value -~1 or --1 when either value of a two- 
value observable,  such as the  z-component  of spin of a spin-�89 part icle,  is en- 
countered.)  B o ~  (13) had  previously  shown t h a t  such measurements  demon- 
s t ra ted  the  Eins te in-Podolsky-Rosen ~(paradox ~). B o ~  and A~A~O~OV (9) 
poin ted  out tha t  (~ perfect  ~) measurements  of the  l inear polar izat ion of pho- 
tons produced in posi t ron annihi lat ion were essential ly equivalent  to such spin 
measurements .  Suppose we place a source of annihi lat ion photons  be tween 

(~2) j .  S. BELL: Rendiconti S.LF., Course IL (New York, N. Y., and London, 1971). 
(~a) D. BOH~: Quantum Mecha~ics (New York, N.Y. ,  1951). 
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two <~ perfect ~ detectors of linear polarization. Define the quantities a and fi 

in eq. (6) as the outputs  of the two detectors, and a and b as the angles the 

detectors '  axes make with the horizontal  plane. A simple quantum-mechanical  

calculation yelds 

:eft ---- -- cos 2 ( a - -  b); 

if we substi tute 

2 a : 0  ~ , 2b----135 ~ , 2c_--45 ~ , 2 d ~ 9 0  ~ 

into Bell's inequality, eq. (6), we obtain 

The inequali ty is violated. Therefore if the quan tum predictions are correct, 

a hidden-variable theory would be ruled out. 

Unfortunately,  this experiment cannot  be realized. 5;0 ideal polarization 
detectors (1~) have yet  been found for annihilation photons (or for the optical 

photons involved in an analogous experiment discussed by  HOR~E (is) and 
C~,AVSEn, ttOR~E, SI~IMO~Y and HoLT (16)). Consider, for example, Compton 

polarimeters. The output  of a Compton-polarization measurement is either 

<( a photon  was scattered into the gamma detector ~) or <( the photon was not  
scat tered into the gamma detector ~>. I n  order to apply Bell's inequality directly 
to the polarimeter outputs, it is necessary to assign numerical  values to the 

possible outputs.  For  example, the output  A of one detector might  be defined 
as + 1 (-- 1) when the scattered photon hits (does not  hit) the gamma detector;  

and the ou tpu t  B of the other detector can similarly denfied. Also, the quanti- 

ties a, b in t)(a, b) can be taken as the angular placements of the gamma 
detectors. Bu t  when this is done, it turns out tha t  the P(ab) tha t  results does 

not violate Bell's inequali ty (15). Hence, for these definitions of A and B, a 
direct application of Bell's inequali ty to the instrumental  outputs  cannot rule 

out local hidden-variable theories. 

One might  th ink tha t  some other definitions of A and B, or some clever 

arrangement  of m a n y  gamma detectors could circumvent this difficulty. But  
this is not  the case, for it is possible to construct  an ad hoc local hidden-va- 

riable theory  tha t  reproduces all the results of Compton scattering of annihi- 

(14) Actually an ideal analyzer need not exist. There could in principle exist an <( almost 
ideal analyzer ~> which not be perfectly efficient but would produce outputs which would 
violate Bell's inequality. But no one has found such an <( almost ideal analyzer ~> either. 
(15))j[. A. HORI,~E: Thesis, Boston University (1969). 
(1~) j .  F. GLAUSER, M. A. HOR~E, A. SHIMO~Y and R. A. HOLT: Phys. Rev. Lett., 23, 
880 (1969). 
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la t ion photons.  Therefore,  no direct analysis of Compton scattering could 
possibly violate Bell 's inequali ty.  BELL (17) has produced a counter-example 
in which the correlation between the scattering events at the two detectors 
arises f rom their  dependence on a single hidden variable.  The model repro- 
duces the  quantum predictions for all momen tum measurements t h a t  could 
be made  on the two scat tered photons.  Clearly no funct ion of m o m en tu m  meas- 
urements ,  including any  P(ab) ,  could ever violate Bell's inequali ty.  Hence, 
no such Compton-scattering experiment  can absolutely rule out a local hidden- 
variable theory.  Bell 's counter-example does not  apply  when the  photons 
have energies somewhat lower than  the masses of the particles which scatter  
them.  For  this reason BELL suggests t ha t  it  might  be useful to per form the 
exper iment  on photons of different energy. I t  should be noted, though,  t ha t  
another  counter-example,  simpler if perhaps more artificial than  Bell's, is not  
subject  to this restr ict ion on the photon energy:  it is given elsewhere (~.7). 

Eve n  though a Compton experiment  cannot  rule out hidden-variable the- 
ories, it can provide strong evidence against them.  The following assumptions 

can be made:  

1) it is possible in principle to construct  an ideal l inear-polarizat ion 

analyzer,  

2) the results obtained in an experiment  using ideal analyzers and the 
results  obtained in a Compton-scat ter ing exper iment  are correct ly re la ted b y  

quan tum theory.  

Assumption 2) may  be clarified as follows. Suppose one or more photons 
Compton-scatter .  I t  can be shown that ,  according to quan tum theory,  the 
angular  distribution of the scat tered photons can be computed from the results 
which would have been obta ined in an ideal polarizat ion analysis of the photons 
and vice versa. The computa t ion  involves only the Compton-scattering results 
and the ideal-polarization results. N o  specification of the photon state is neces- 
sary. The basis of this proof is given in the Appendix,  and the details of the 
proof are given elsewhere (7). Assumption 2) is t ha t  this relat ion between the 
ideal-measurement  results and the Compton results is correct.  

S~YDER et al. (4) showed tha t  this relat ion is possible because when the 
photons '  polarizations are resolved into components  parallel and perpendicular  
to the  scattering planes, interference effects between the components  vanish 
when the  Compton scat ter ing is computed.  The Appendix uses an a l ternat ive  
argument ,  involving par i ty  and angular -momentum conservation. The exper- 
imental  evidence for the val id i ty  of the theory  of Compton scattering is dis- 
cussed elsewhere (7). 

Wi th  the aid of assumptions 1) and 2) Bell's inequal i ty  for ideal polarization 

(17) J. S. BELL: private communication. Bell's example has been outlined by one of 
us elsewhere: see notes (6.7). 
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Fig. 9 . -  Comparison between experimental (exp) results and quantum (Q~) pre- 
dictions for B, and the upper limits on B derived from Bell's inequality and the Bohm- 
Aharonov hypothesis. This error bars on the experimental points indicate uncertainties 
in instrumental corrections of the various theoretical predictions. 

analyzers was used to calculate corresponding restrictions on the angular distri- 

bution of Compton-scat tered photons. The result was tha t  the value of B 

in our expression for R was limited to no more than 1/~/~ of the value predicted 

by quan tum mechanics. This is shown in Fig. 9. 

3"2. T h e  B o h m - A h a r o n o v  h y p o t h e s i s .  - Consideration of the Einstein- 
Podolsky-Rosen situation have led BOH~ and A_gARO~OV (3) to consider the 

hypothesis t ha t  quan tum theory  breaks down in a part icular  way for widely 
separated particles. JAuctI (is) has shown how considerations involving the 

notion of a state in axiomatic quan tum theory  can also mot iva te  the hypothesis. 
BoH)[ and AHARO~OV examined the following hypothesis:  tha t  quantum 

theory is valid for particles which are close together, but  tha t  after the photons 

are some (~ large distance ~) apar t  their state vector changes into a product  
of state vectors for the individual photons. Then a measurement  on photon 1 

would effect the state vector of 1 but  not  the state vector of 2. JAUCK (19) 

(18) J. M. JAUC~-[: Rendico~tti S . I . ~ . ,  Course IL (New York, N. Y., and London, 1971). 
(19) j .  M. JA~cH: private communication. 
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has r emarked  tha t  in the  case of positron annihi la t ion the  (~ large dis tance ~ 
involved might  be much  larger t han  the coherence length (-~ 7 cm) of the  
annihi la t ion process. 

B o ~ w  and AHAI~0~OV showed tha t  i t  is impossible in pract ice  to rule out  
this hypothes is  b y  means  of posit ion and m o m e n t u m  measurements  on the  
annihi la t ion photons  (or on the  part icles involved in any  scat ter ing exper iment) .  
However ,  the hypothesis  can be tes ted  by  measur ing  the  linear polar izat ions of 
the  annihi la t ion photons.  A direct calculat ion (6) shows tha t  all mix tures  

obeying this  hypothesis  (with rota t ional  and  reflexive symmet ry )  lead to a 
value of B in our expression for R which is less t h a n  �89 the  value p red ic ted  b y  
q u a n t u m  mechanics,  as shown in Fig. 7 (o.o). 

3"3. Conclusions. - I t  would be pleasing to be  able to say t h a t  the  results 
of this exper iment  rule out  local h idden-var iable  theories. We cannot  say tha t ,  
and  in fact  it appears  t h a t  no exper iment  done wi th  current ly  avai lable  tech- 
niques could lead to such a definite conclusion. There  are two main  difficulties, 
which will now be discussed with reference to other  exper iments  as well 
a s  01117 o w n .  

Firs t ,  polarizat ion measurements  t ha t  are perfect ,  or sufficiently close to 
perfect ion to direct ly demons t ra te  Bell 's inequal i ty ,  cannot  be made .  One 
mus t  m a k e  a measu remen t  with an imperfect  i n s t r u m e n t  and infer f rom the 
m e a s u r e m e n t  what  the ou tpu t  of a perfect  i n s t rumen t  would have  been. The 
reasons why  this is t rue  for a Compton polar imeter  have  been discussed here. 
One migh t  hope to avoid  this problem by  doing an  exper iment  a t  opt ical  fre- 
quencies, where be t te r  polar imeters  are available.  This has beeI1 done. KocHEIr 
and  CoMMI~S (.ol) showed t h a t  l inear-polarizat ion correlat ion measu remen t s  
on cer ta in  a tomic  cascades demons t ra ted  the  Einstein-Podolsky-l~oseu (~ para-  
dox ~>. CLAUSEI~ et al. (16) re la ted  this direct ly to Bell 's  theorem and FI~EE])MA~ 
and CLAVSEIr (2~) carried out  the  optical  exper iment ,  get t ing results in agree- 
men t  wi th  quan tum mechanics.  However ,  as CLAUSER et al. point  out,  the  
efficiency of present -day  detectors  does not  allow a direct violat ion of Bell 's  
inequal i ty  when polarizing filters and optical  pho ton  detectors ~re used to 
measure  polar izat ion correlations. The assumpt ion  t hey  mus t  make  to infer the  
response of ideal analyzers  f rom the response of their  real ones is t h a t  the  prob- 
abi l i ty  of detect ion of a pho ton  is independent  of whether  it has passed th rough  
a polarizer  or reached the  detector  directly. I t  would seem tha t  ~ a t u r e  would 
be ve ry  peculiar if this assumpt ion  were violated.  However ,  the  question raised 

(~o) I t  has also been pointed out by J. F. CLAUSER: Phys. Bey. A,  6, 49 (1972), that 
semi-classical radiation theory gives the same prediction as the Bohm-Aharonov 
hypothesis. 
(21) C. A. KOCHER and E. D. COMMINS: Phys. Rev. •ett., 18, 575 (1967). 
(22) S. ~. FREEDMAN and J. F. CLAUSE:R: Phys. Rev. Lett., 2B, 938 (1972). 
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b y  this a s sumpt ion  is not  tr ivial .  I t  has been pointed  out b y  PEARL (23) tha t  

unless measurements  are made  wi thout  polarizers, and  wi thout  mak ing  such 
an assumpt ion,  a hidden-variable  theory  could be const ructed which repro- 
duces the  predict ions of q u a n t u m  mechanics for such experiments .  

In  our exper iment  we do not  have  to assume any th ing  abou t  the efficiency 
of our detectors  for photons  which do not  scatter.  However ,  we mus t  make  
two different assumpt ions :  first, t h a t  the Compton-sea t ter ing  equat ion cor- 
rect ly  relates the  distr ibution of m o m e n t a  of the scat tered photons to the 
result  t ha t  would have  been obta ined  in an  ideal exper iment  (see Appendix),  
and, second, t h a t  the p robabi l i ty  of detect ing a photon  is independent  of the 
direction in which either photon  scatters.  The first of these assumpt ions  looks 
less in tu i t ive ly  ax iomat ic  t han  the  one assumpt ion  necessary for the F reedman  
and Clauser exper iment .  However ,  if i t  were not  t rue,  our exper iment  would 
be consistent wi th  a local h idden-var iable  theory  only if there were a large error 
in the  predict ions of quan tum mechanics  for Compton scat ter ing (if nowhere 
else) t ha t  had  not  ye t  been noticed. We believe t ha t  the  two exper iments  re- 
quire different assumpt ions  and complement  each other  as tes ts  of local hidden- 
var iable  theories. 

Another  p rob lem is: how far  apa r t  mus t  the measur ing  ins t ruments  be to 
satisfy the local i ty postulate? This p rob lem has been considered by  )/[cGuIRE 
and FRY (54), who show tha t  it is difficult to construct  even a nonlocal hidden- 
var iable  t heo ry  if this distance is much  larger than  the coherence length of the 
process t h a t  creates the photons.  I f  the  coherence length is t aken  as the  length 
of the wave  t ra in  produced during the  mean  life of the s ta te  whose decay pro- 
duces the photon,  this is about  7 em for positrons annihi la t ing in copper and 
more t han  1 m for the  photons  in the  cascade described b y  KOCHER and Co~- 
~ I ~ s  (51) and used in the exper iment  of FREED1V[AN ~nd CnAUSE~ (52).)/[cGuIRE 

and FRY s ta te  t ha t  the source-detector  distance in the  F reedman  and Clauser 
exper iment  is larger than  the coherence length, but  it  would appear  t h a t  this 
is not  so if the  polar izat ion analyzer  is included as pa r t  of the detector  (53). 
I n  our exper iment  the scatterers are d is tant  f rom the source by  abou t  one 
coherence length,  and the detectors  f rom the scatterers b y  about  another  

coherence length. 

A. PPEiNDI X 

The relation between ideal-polarimeter and Compton-polarimeter results. 

Linear-polar izat ion measuremen t s  can be made  on a photon  with ei ther  
1) an (~ ideal ~) polar izat ion analyzer  (in principle), or 2) a Compton  polar imeter .  

(23) p .  9/[. PEARL: Phys. Rec. D, 2, 1418 (1970). 
(24) j .  H. McGuIRE and E. S. FRY: Phys. Rev. D, 7, 555 (1972). 
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An ideal polarization analyzer is de/ined to produce a unique output, 
viz. + 1  (--1), upon measuring a photon with linear polarization parallel 
(perpendicular) to the analyzer axis. In contrast, a Compton polarimeter does 
not give a unique output for any particular polarization state of the photons. 
Instead, such a polarimeter Compton-scatters the photon, and the polarization 
of the incoming photon determines the probability that  the scattered photon 
will be found with various directions of momentum. 

There exists a function Q relating ideal and Compton polarization measure- 
ments. The existence of Q for measurements on a single photon shall now be 
shown to follow from general principles of quantum mechanics, plus parity 
and angular-momentum conservation. This existence proof may be extended 
to measurements on systems of more than one photon and, if we use the Klein- 
Iqishina formula, the explicit form of Q may be written for such systems. The 
details are given elsewhere (7). 

A.]. The existence o/ the relation. - Consider a photon which Compton-scat- 
ters off an electron which is initially at rest. The initial state T1 of the electron- 
photon system is given by 

(A.1) 

where 

~1= li>EqlX> + riP>3 = qlXi> + rill>, 

[i> = an electron with zero linear momentum and spin state i, 

IX>, I]z> = a photon with momentum along the z-axis and linear polarization 
in the x, y-direction, 

q, r = numbers, complex in general, normalized so that 

(A.2) q q * - ~ r r * = l .  

The final state T~ of the system is given by 

(A.3) T~ = Ijk>, 

where 

k = the momentum of the scattered photon, 

j = the polarizations of the recoil electron and scattered photon. 

These are the variables which will be summed over to find the final result. 
Also let 

E, 0, q} = the energy, polar scattering angle and azimuthal scattering angle 
of the scattered photon. 

The probability d~k for finding a scattered photon with momentum k 
is given by 

(A.4) d~k(qr) = q(E)�89 ~ ~ ]<T~]SITI> ]~dEdCd0,  
J 
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where 

~(E) = the densi ty  of final states, 

S = the scat ter ing matr ix,  

�89 ~ = the average over initial electron spin states. 

Subst i tut ing for T1 and T~ from eqs. (A.1) and (A.3) we obtain 

(A.5) 4Ek(qr) = ~(E) �89 ~ ]~jklSl( qlX) + r]~))]C l ~ d E d r  �9 
ij  

The differential d0 does not  appear in eq. (A.5) because energy and momentum 
conservation relates 0 to E.  Equa t ion  (A.5) m ay  be expanded as 

(A.6) dFk(qr) = �89 (E) ~ {qq* l(jk ISIXi~ I ~ Jr rr* I<jklS I ~i> 12 + 
~J 

+ qr*(jk]S]Xi) ( jk lS  I Yi)* § rq*(.jk]S[ Y i )  ( jklS]Xi)* } dE dq~, 

which is of the form 

(A.7) dFa =- [o~]q]2~ - fl]rl2 ~- 2 Re (7qr*)] dE d r  

with a and fi real  (and positive). 7 would be complex in general. However,  
we shall now show that ,  because of conservat ion of p a r i t y  and angular mo- 
mentum,  7 is real. 

Now, the electromagnetic  in terac t ion  is invar iant  under  ro ta t ion and par i ty  
t ransformat ion.  Therefore (since the  electrons are not  polarized) the scattering 
probabi l i ty  mus t  be the same for right- and lef t -hand circularly polarized 
photons.  Since 

q, r = 1, i for r ight  circular polarizat ion and 

q, r----], - - i  for left  circular polarization, 

we have 

(A.8) dFk(1, i) = dFk(1 , - - i ) .  

Subst i tut ing eq. (A.8) into eq. (A.7) yields 

o r  

+ ~ + 2 Re (7i) = ~ + ~ + 2 Re ( 7 [ -  i]) 

2 Re(iT) = 0 .  

Hence 7 is real and may  be taken  outside of the (( Re ~) in eq. (A.7) to yield 

(A.9) d~k = [~lq]~+ filr]~+ 2~ Re (qr*)] d E d O  

42 - II  N u o v o  C i m e n t o  B .  
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o r  

- ,  
dEd~b [~ /5 r " 

:Now ro ta te  the x and y axes along which polar izat ion is measured through an 
angle ~ about  the z-axis. Call the new axes x'  and  y'. The quanti t ies q' and r '  
are re la ted  to q and r by  

[q;] : [eos  --sin  lrq 1 
[sin ~ cos ~J[rJ " 

Since the mat r ix  in eq. (A.10) is real, i t  follows tha t  there  exists a ~ such tha t  
d F ,  is diagonal in q' and r ' .  Calling the elements of the diagonal mat r ix  a' 
and fl', we have 

(• d~k(qr) = (E lq' ]o_F f5' Jr'p) dE  d~b ~_ dF'k(q'r'). 

:Note tha t  we have in t roduced  and defined the quan t i ty  dF'k(q'r'). 
Since dF~ depends only on ]q']~- and Jr'p, clF~ can be related to measure- 

ments  made  with the ideal analyzer  defined above. An <( ideal analyzer  ,> gives 
an ou tpu t  L ' =  -4- 1 (--1)  for photons polarized along (or perpendicular  to) the 
analyzer  axis. :Now let the ideM-analyzer axis be oriented parallel to the x'-axis, 
which was defined just  under  eq. (A.10). Then  clearly the mean value of Z'  
for a pho ton  with polarizat ion components  q' and r '  is 

(A.~2) ~'(q'r) = 1q'P(+ 1)-F ] r 'p(- - ] ) .  

But  eq. (A.11) may  be wr i t ten  

dF~(q'r ') ---- � 89  fl,)(]q,]2+ ir, l~.) + (~ ,_ /5 ' ) ( Iq 'P - ] r ' I~ ) ]  dEd~b �9 

I f  we use eq. (A.12) this becomes 

(A.13) dF'k(q'r') = �89 + fl' + (o~'--fl')L'] dEd~b.  

This proves what  we set out  to show tha t  there  exists a function relat ing F~ 
(the probabi l i ty  of a photon Compton scat ter ing in the direction k) and / , '  
(the average output  of an ideal analyzer or iented along the x'-axis.) 

The result  of extending this existence proof to measurements  made  with 
two polarization analyses on two photons is given by  (7) 

(A.14) dF(k~k~) = ](E,)](E2)[1 + m(Ei)m(E2)P(~lqb~)]dEldE2dq51dqb2/4~2 , 

where 

dF(k'~k~)-----the probabi l i ty  of finding the photons scat tered in directions 
k; and k~, 
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P(q)lO2) = Z;L~ wi th  Z1 a n d  Z '  ' 2 the  o u t p u t s  of the  two analyzers ,  
2 ro mo (7 e 

I(E) - 2  E ~  - z(EOE)' 

re(E) ---- - -  s in  20/x(EoE),  

E0 ----the ene rgy  of the  i n c i d e n t  p h o t o n ,  

E ----the ene rgy  of the  s ca t t e r ed  p h o t o n ,  

= t he  angle  b e t w e e n  the  i n c i d e n t - p h o t o n  po la r i za t ion  a n d  the  
s c a t t e r i n g  p l ane ,  

ro ~-- t he  classical e lec t ron  r ad ius  ( ~ 2 . 8 2 . 1 0  -~8 cm) ,  

m. C'  ----the e lec t ron  rest  mass  ene rgy ,  

0 = the  s ca t t e r i ng  angle  r e l a t ed  to E b y  

m . C 2 ( 1 / E +  1/Eo) ---- 1 -  cos0,  

x,(EoE) : E o / E  + E / E o - -  s in  2 0 .  

F o r  pos i t ron  a n n i h i l a t i o n ,  P ( ~ 9 1 ~ 2 ) ~  c082((~2--(/)1) ; w h e n  this is subs t i -  
t u t e d  i n to  eq. (A.14), eq. (2) of the  t e x t  follows (7). 

Note added in proo]s. 

Since this paper was submitted, a report  of another measurement of the same angular 
correlation has appeared in this journal  (G. FARACI, D. GUTKOWSKI, S. •OTARRIGO 
and A. R. P]~NNISI: JLett. Nuovo Cimento, 9, 607 (1974)). We would like to add an 
addendum to our paper on that  work here. 

I t  is stated in the paper of FARACI et al. that  their results agree with our results, 
as reported in Varenna in 1970 (ref. (6)). This is not correct. Our results are in formal 
disagreement with theirs. The prel iminary report of 1970 may not have explicitly 
stated that  our experiment is different in a very important  way from most other measure- 
ments of this correlation. The scattering angle 0 is not defined by the size of the counter, 
requiring averaging over a wide range of angles. Instead, it  is measured for both scat- 
tcrings and, for each event, by recording the energy of the scattered photons. Therefore, 
our average over all scattering angles, which ]~ARACI et al. plot on their  Fig. 2 as a 
measurement taken at a scattering angle of 90 ~ should not be interpreted as a correla- 
t ion at any part icular  angle 0. The values of 01 and 02 for each event had actually been 
measured, but  results were summed together for all 01 and 02 only to better test the 
q0-dependence of the results. A proper measurement of the correlation at a particular 
scattering angle 0 would be our data for particular energy regions, as shown in our 
Fig. 8 and 9. In  region 1, corresponding to a scattering angle region centered on 
0 = 82 ~ we have /3 = 0.400 • 0.018, corresponding in the notat ion of Fig. 2 of FA~ACI 
et al. to R = 2.33 • 0.10, ~ot the value of approximately 2.05 at 90 ~ which is shown. 
This result is nearly three standard deviations above their  value as plotted at about 
the same angle, without applying any geometrical corrections. When geometrical correc- 
tions arc included for both results, the discrepancy becomes greater. 

In  essence: With  geometrical corrections, our results agree with the predictions of 
quantum mechanics. Without corrections, they still significantly disagree with the 
results of FARACI et al. One possible reason for this disagreement might be the effect 
of the length of the flight path of the annihi lat ion photons, as discussed in both of our 
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papers. However, the range of flight paths invest igated by FA~ACI et al. included the 
values used in our work, so a disagreement remains. There appear to be two possible 
reasons for this:  

A) because of some error,  our correlation is too large; 

B) because of some error,  the correlation of FARACI et al. is too small. 

If  we assume A) is the case, there are very few possible explanations, since most 
experimental  effects tend to weaken  a correlation. One might suppose tha t  perhaps 
there  was some effect, such as misalignment of the apparatus or variations of counting 
rate from run to run due to some random displacements of the source, which happened 
to increase the counting rate  near ~0--90 ~ or decrease it near ~ : 0  ~ We were 
aware of this possibility during our experiment  and took precautions to avoid it. With  
the normalization described in Subsect. 2"1 of our paper,  any effect influencing the 
annihilation rate or the rate at which photons struck the two scatterers would be removed 
from our results. 

There are several reasons why B) could be the case. We will here discuss only the 
two tha t  appear to us to be the most important .  In our experiment the largest cor- 
rection after  tha t  for geometrical effects was the correction for multiple scattering in 
the scatterer (see Subsect. 2"3.3 of our paper), al though our apparatus was designed 
to minimize this effect. FARAC[ et al. do not discuss this correction. We are not able 
to est imate how large it would be without more detailed information than is given in 
the brief  paper of FARACI et al. If it was not considered in designing the apparatus, 
it could significantly weaken their  correlation. 

Fur thermore ,  FARACI et al. do not mention any check on the total  energy left  in 
the detectors in their  fourfold coincidence events. If  in fact there was no sum energy 
requirement,  events in which a photon has suffered an additional Compton scattering 
between scatterer and detector will be counted. These will also weaken the measured 
correlation. The number of these events would tend to increase as the distance between 
scatterer and detector was increased. This could explain the weakening of the correla- 
t ion with  increased scat terer-detector  distance shown in Fig. 4 of FARACI et al. 

�9 R I A S S U N T 0  (*) 

Si ~ misurata per mezzo dello scattering di Compton la polarizzazione lineare relativa 
dei fotoni provenienti dall 'annientamento in due quanti  di positoni nel rame. Si sono 
eseguite misure della distribuzione angolare di fotoni che arrivano in coincidenza depo 
aver subito lo scattering di Compton in corrispondenza di un esteso intervallo di angoli 
di scattering, sia polari che azimutali. I r isultati  concordano con misure standard 
della meccanica quantistica supponendo che elettrone e positone abbiano parits opposte. 
Questo risultato ha dei risvolti  che riguardano le teorie delle variabili nascoste della 
meccanica quantistica. Un teorema di Bell restringe il campo dei valori che una teoria 
locale delle variabfli nascoste pub prevedere per certe relazioni fra misure eseguite su 
sistemi correlati come le coppie di fotoni provenienti dall 'annientamento di positoni. 
Se si suppongono corrette le abituali formule della meccanica quantistica per lo scat- 
tering di Compton, si mostra che le distribuzioni che si sono osservate non possono 
dare risultati  compatibili col teorema di Bell se si misurano i fotoni con analizzatori 
ideali di polarizzazione. I nostri risultati  quindi forniscono argomenti contro le teorie 
delle variabili  nascoste. 

(*) Traduz ione  a cura della Redazione .  
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~FJlOBftll RoppeJI~HHH aHHHFH,rlHHHOHHbIX ~30TOHOB, HCH~ITaBmHX Is pacce~nHe, 

H cgpblTbIe nepeMeHHbie. 

Pe3mMe(*) .  - -  14crtoym3yn KOMrlTOHOBCKOe p a c c e n r m e ,  n3Mep~exc~  OTHOCnTenbHa~ 

ni, i rm~Ha~ rtOyLqpH3auri~ ~OTOrtOB, 06pa30Bam- ib ix  B pe3ynbTaTe  ~IByX-qbOTOnHO~ a m m -  

rn~12Hrt  nOBrITpOHOB B Me,In.  I 4 3 M e p e a n a  y r ~ o B o r o  p a c n p e n e n e r m n  qbOTONOB, nc r~ I -  

TaBIIIHX KOMIITOHOBCKHe pacccHI-~fl, B cxeMe COBIIa)2eHI4H IIpOBO~/flTCfl B IIIHpOKOM HHTep- 
BaJ]e yFYIOB pacceflHHfl, IIOYI~IpHOFO H a3HMyTaJ]bHOFO, l-IoYlyqeHHt,Ie pe3yYLbTaTbI c o r -  

J1acyIOTC~I C O~bIqHdbIMH KBaHTOBOMeXaHHHeCKHMH BIaIHHCYleHHIIMH, IIpe~tioYlara~[ IIpO- 
THBOIIOYlO)KHyIO ~IeTHOCTb 3YleKTpOHa H II03HTpOHa. ~)TOT pe3yyi/aTaT HMeeT cY/e~CTBtt~I 

~YI~[ TeopHH CKpbITb/X IIepeMCHHbIX B I(BaHTOBOfI MeXaHHKe. Z e o p e M a  Ecyiyia oFpaI-IHqHBfleT 

3HaqeHH~I, KOTOpbIe yt~o6afl YIOKaYtbHafl TeopH~ CKpIaITblX IIepeMeHKbIX MO)KeT npe~cKa3aTb  

~ f l  HeKOTOpb/x COOTI~OIHeHH~i Me~c~Iy H3MepeH/4~IMI4, l'IpOI43B0~eHI-IbIMH C roppe~npo- 
BaHI-UaIMH CHCTeMaMH, TaKHMH KflK q~OTOHI~aYl I Iapa,  0 6 p a 3 0 B a n H a ~  HpH aHHtlFH~LInH 

IIO3HTpOHa. nOKa3bIBaeTC~l, HTO I~a~YlIO~eHHbIe HaMH pacnpe~ene~mfl He MOFyT ~aTb  

pe3yYl/~TaTOB, KOTOpble COOTBeTCTBOBaYIH ~bI TeopeMe ]~eJuia, eCJ/H ~OTOHIaI peFHCTpH- 
Qy~OTC~ C nOMO~rbIO H~eaYlbHbIX IIOYII/pH3aI2I~OHKbIX aHaYIH3aTOpOB, Hpe~iioJiara~/ Hpa-  

BHYIbHOCTb 06blqHbIX qbopMy~ KBaHTOBO~ MeXaHHI(H ~YI~[ KOMHTOHOBCKOFO pacce~lHI4~L 

TaKHM o ~ p a 3 o M ,  HaIIIH pe3yJIbTaTbI CBI/I~eTeJIbCTByI<)T IIpOTHB JIOKaYl/~HI, IX TeOpH~ CKpblTblX 

r lepeMerm~Ix.  

(*) Hepeeec)eno pec)atcque(t. 


