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ABSTRACT 

We descrlbe a varlation or Franson's Experlment to test a sub-cJass 
of the physlcal viewpoints which Imagine that a photon is in some sense 

an extended object compared to the size of the apparatus, or which 
assume that there Is a kind or back-action between the dlstant 

detectors. These are realistlc theorles whlch imagine that the collapse 

of the wave packet ls physical. lt wlll test such theorles with any 

transmisslon velocity whatsoever. Toe sub-class lncludes theorles for 

which the extended object or collapse ls confined to the physlcai paths 

ln the experimental apparatus and does not exlst between the paths. 
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l -INTRODUCTION 

There exlsts physlcal vlewpolnts that a partlcle may ln some sense 
be an extended object compared to the size of the apparatus. Such vlews 

permits one to lnvent local realistlc explanations for the results of 

the polarization correlation experiments and the interf erence 

experlments of both second and fourth order. By a local theory we mean 

one with any f inite velocity of transmission be it greater or less than 

the velocity of light . and we ignore any questions related to Lorentz 

invarlance here. 

Toe purpose of thls artlcle Is to descrlbe a varlatlon of Franson's 
experlment that would test a sub-class of local reallstic theorles whlch 
assume that a partlcle Is ln some sense an extended object or that there 

is some sort of back actlon between the distant sides of the measuring 

apparatus. These are theories whlch imagine that there is a physlcal 

explanation for the collapse of the wave packet. The theories may have 

any transmlssion velocity whatsoever. The sub-class lncludes theories 

for whlcb the extended object or collapse is confined to the physical 

paths ln the experimentei apparatus Md does not exist between the 

paths. 

Let us consider some Informal examples of the types of theories 
1 2 3 that we have ln mlnd. Consider Franson's Experiment ' ' as shown ln 

Figure 1, whlch Is descdbed ln Sectlon 11. 

l. We may imagine that when a photon pair is created ln the non-llnear 

crystal lt is actually one objec t that spreads out ln both the left and 

rlght arms includlng the two lnterf.erometers. When a photon Is detected 

on one side of the apparatus lt physically collapses the entire system 
resulting ln two detectlon events. To be consistent wlth Aspect•s 

Experiment 4, one would take this collapse to take place at superluminal 

velocitles. This logically permits the information about phase and 

counter detection to be communicated from one side of the apparatus to 

the other. 
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2. Instead we might imagine the existence of a medlum and that photons 
maintaln their individual identity at all times. As the photons travel 
ln the medi um they cause some sort of global "vlbratlon". Here the 

"vibration" is the global object. So when a photon Is located Just 

before a detector there exlsts a extended correlated vibratlon ln both 

arms. When a photon is detected there occurs a physical collapse ln the 

"vibration" whlch transmit information from one side of the apparatus to 

the other as ln the previous case. 

3. This example is not one of a extended object, but would stlll be 
tested ln the below proposed experiment. Assume the photons of the 
photon palr have individual identity and also that they are small 

locallzed objects. Imagine that when a photon is detected it sends a 

signal along its prevlously traveled path and down the other arm. Thus 

information flows from one slde of the apparatus to the other, but here 

there Is no collapse, there 1s lnstead a klnd of back-action. 

There exist theorles that imagine that a particle is extended that 

wlll not be tested by the proposed experlment as will become obvlous 
below. For example, we may imagine a partlcle pair to be as ln Item (1) 

above, but also filllng in the entlre space between the two sides of the 
apparatus and not Just restricted to the possible physical paths of the 

particles. 
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li -REVIEW OF FRANSON'S EXPERIMENT 

Franson's Experlment may be shown as ln F'lgure 1 whlch we now review 
ln the case of strlctly Ideal counters, mlrrors, etc.. There Is a 
source of photons of frequency w wltil bandwidth b.w. We know the 

emlssion time only to wlthln some time, dt =1/..õ.w, whlch is taken to be 

very large compared to any ,of the other times used ln the below5 . When 

a photon enters the non-Unear crystal lt may produces slmultaneously, 

for all praticai purposes, two photons at frequency w and w with 
r & 

bandwidths ti.w and Aw respectively by a process called parametrlc down 
r 1 

6 conversion . The index llrl represente the left (rlght) hand side of 
the apparatus ln our notation. From conservatlon of momentum and energy 

and the crystal propertles these pairs wlll be emitted ln a cone of 

longer wavelength radlation. Sllts, whlch are not shown ln the figure, 

are placed ln front of the crysta) to obtaln two fixed correlated beams 

(l.e., one of the posslble sets of beams). By conservation of energy 
w=w +w, whlch may be satlsrted ln many 

r 1 
dlfferent w and w. The r 1 

bandwldths t,.w and âw may be much larger than b.w, 
r 1 

and ln practlce they 

are usually restrlcted to a fixed value by putting bandwidth filters 
,(not shown ln the flgur-e) at the wlndows where the beams eKlt from the 
crystal. We take 11w and t:.w to be thls flxed value. 

r 1 
So there are 

exactly two photon exJtlng from the crysfol, one ln each beam, which 

were created simultaneously. Of course, most of the photons entering 

the crystal wlll not produce a pair of ppotons that can exit from the 

flxed slits. .lt is also assumed that the distances from the two windows 

to the two interferometers are equa) and that the lnterferometers are 

ldentlcal. 

Each rieht photon, w , enters the lnterferometer with on.e arm much 
r 

longer than the other arm. Let li.L denote thls difference ln e.rm length. 

It Is assumed that 

til )) c/dw (l) 
r 

where e Is the vetoclty of light. That ls. the coherence length of the 
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beam 1s much smaller than the dlff erence ln the arm lengths of the 

interferometer so that there wlll be no ordlnary O.e., second order) 
lnterference between the beams ln the two arms of the lnterferometer. 
Each photon must ldeally be detected at one of the counters R or R 

1 a 
wlth a .S probabllity. The sltuatlon is the sarne for each left photon, 

Ctl on the left hand slde of the apparatus. 9 and 8 are the phase 
1 1 r 

angles of the phase shifters that are placed ln the long arms of the 
interferometer as shown ln the figure. We may· adjust these to any 

desired phase angle. 

We repeat ourselves. A photon leaves the source and enters the 

crystal. Some of these will create a photon palr with exactly one 
photon each traveling through the rlght and left interferometers. 
ldeally they each must then be detected ln one of the counters on th-, 
left and right respectively. 

What ls measured ln thls experiment is the colncldence between the 
detectlon events in the counters on the left hand side with those on the 

right hand within some fixed time lnterval. T. There are four posslble 

coincidences that can be measured. Let p (8 ,8 ) represent the 
IJ 1 r 

probabillty of simultaneous detectlon events ln the time interval T at 

the counters L and R , 1,J = 1,2 , at the phase angles 8 and 8 . Jt 
1 J 1 r 

Is deslred that T satlsfy the lnequality 

T « t.Uc (2) 

There are four possible cases for the photons paths. The left photon of 

a palr takes the short path and the rlght the long path, vice versa, 

both photons take the short path, and both photons take the long path. 

We denote these cases by short-long, long-short, short-short, and 

long-long respectlvely. Thls inequality guarantees that we can 

distinguish between the cases (short-long, long-short) and (short-short, 

long-long) so there will be no quantum lnterference between them. 

However it is lmpossible to dlstlnguish ln prlnciple and ln practice 

between the cases long-long and short-short slnce the emlsslon, At , is s 
very large. Therefore there wlll be interference between the 

correlatlons from these two posslbilltles. 
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lnterf erence. lf there were no quantum lnterference ali the four 

p (8 ,8 ) = 1/4 would be independent of 9 and 8 . 
lJ l r I r 

lf we restrict p only refer to the events composed of the 
IJ 

palrs long-long and short-short, then quantum mechanlcs predlcts that 

p (e ,e ) = p (a ,8 ) = 1/4 (1 + cos(e +e +c5)) 
ll I r 22 1 r r 1 

(3) 

= p (e ,e ) = 1/4 (1 - cos(e +8 +c5)) 
21 1 r r l 

where c5 is a flxed phase factor. 

Appendix A. 

A derlvation of (3) Is given ln 

ln thls artlcle we are not lnterested ln testlng Bell's 
1 lnequallty , but only ln devlatlons from the quantum mechanlcal 

predlctlans as wlll be seen below. We very brlefly touch on lt only 

for the sake of completeness. If we attrlbute the value +l and -1 to 

detections at the Counters 1 and 2 respectlvely, on either side of the 

apparatus then we may talk about the average value of the colncldences, 

C(8 ,8 ), as a function of the phase angles. ln terms of the p , C is 
l r U 

CC& ,e ) ,. p ce ,e > + p (e ,e ) - p (e ,e > - p ce ,e > 
1 r 11 l r 22 1 r 12 l r 21 l r 

• cos(O +8 +ô) 
l r 

Bell's lnequallty ln the form 

1 C(8 ,e ) - C(8 ,8' ) + C(8' .~ ) + C(8' ,8' ) I :5 2 
lr Ir Ir Ir 

(4) 

(5) 

may be derlved ln exactly the sarne manner as ln the polarizatlon 

correlation experiments. If we choose judlclously the values of these 

phase a,i.gles then Eq. (5) Is vlolated by the quantum mechanlcal 

predlctions given in Eq. (3) after uslng Eq. (4). For example, let 

e "" 1t - a, e = 1t/4, e'1 = n/2 - ~. and e· = 3n/4 
1 r r 

(6) 

where we recall that a 1s a known flxed Vf!lue for a glven apparatus.For 
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these vaJues substttutlng the quantum mechanlcal predlctlons glvt1t1 by 
Eq. (3) vlolates Eq. (5). Toe three already performed experírnents 

cannot test BeU's lnequallty slnce thelr T is not srnall enough to 
satlsfy the rlght hand slde of Eq. (2). So the cases (short-long. 

long-short), cannot be lsolated from the other two ln the sample. This 

leads to a factor of l/2 ln Eq. (3) which is sufflcient to eliminate the 

violation of Eq. (5). The experiment however shows clearly the 

characteristic coslne osdllation ln the correlations ln complete 
agreement with the quantum mechanlcs predlctions. We are u.naware of any 

attempt to perform an Aspect type experiment O.e. wnh time varylng 
analyzers versw, static) to actually try and teet locaUty ln a fourth 

order lnterference experiment. 
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til -THE EXPERIMENTAL PROPOSAL 

We now descrlbe a strictly ideal experlment whlch will test at 
least the types of local reallstlc theorles descrlbed ln the 
lntroductlon. We will dlscuss some practlcal problems ln the next 

sectlon. Consider Figure 2, it is the sarne as Figure l except there is 

a very fast shutter ln the rlght arm along with tirning circults between 

the detectors and the shutter. Assume that the distances from either 

of the detectors on the rlght hand slde to the shutter along the short 

path are equal, and we represent lt by R, Everytflln2 else ln the 

experlment is as descrlbed ln the prevlous section.. The shutter permlt• 
us to compare the detectlon times wlth the time when the shutter la 
closed. Toe baslc ldea of the experlment Is to choose a sub-ensemble 
for whlch the shutter was closed before the photons are detected thus 

8 9 blocklna ' any back communlcatlon or collapse. Thls choosing must be 

done ln such a way that no lnformatlon ls obtalned about whlch paths the 

photons traveled. soas not to destroy the lnterference. 

lt ls easier to describe our ideal experiment ln terms of the ideal 

quantum mechanlcal e11sembJe average•º. Ccnslder a large ensemb1t: ur 
absolutely ldentlcal experimental apparatus of Figure 2. ln each of the 
Individual experlments we prepare the source ln the sarne one partlcle 

quantum mecbanical state, 1/1, at time t . So ln each experiment a slngle o 
photon may leave the source ilt some time undeflned, ât , whtcn is very • 
large as given above. We assume that the shutter Is lni1 lally open when 
the state is first prepared and is then closed at some totally random 

time, t , whlch we know after the fact. ln each apparatus there is • 
only a certain probabllity that a photo~ palr will be produced ln the 

crystal under the rlght condltlons and exlt from the slits (not shown ln 

the figure). Let t be the detectlon time on the right hand side, whlch 
d 

is defined for the cases that the rlght pnoton passed the shutter before 

it was closed. Slnce we only wish to consider the photons pairs that 

took the short-short or long-long paths as ln the above, t 1s the 
d 

slmultaneous detection time on both sides of the apparatus. We also 

only consider the elements for which t > t , that is, the photons were 
d • 
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detected after the shutter closed. 

aatlsfles the above and the condition 

R/c > t - t . 
d 

Let S be the sub-ensemble whtch 

(7) 

Summarizlng it means that S conslsts of the ensemble elements for which 

both photons took the long or short paths. the shutter closed after the 

right photon passed it and before the photons were detected, and Eq. 

(7) is satlsfled. These condltions are clearly unambJguous ln chooslng 

our sub-ensemble. 

lt is easy to see that Eq. (7) guarantees that for thls 
sub-ensemble. s. the shutter gives us no lnformatlon of whether a photon 

li took the long or short path . There wtll then be fourth order 

lnterference for this sub-ensemble accordlng to quantum mechanics. 

Therefore for the sub-ensemble S, we obtain the sarne quantum 

predictions as in the Franson's experiment of Figure 1 as given by Eq. 

(3). Now since the shutter closed before the detectlon event then any 

physlcal collapse or back-actlon would be blocked by our ideal sbutter. 

Theref ore these theorles cannot agree wlth quantum mechanics ln thls 
experiment. Jt is clear that the veloclty of transmission of any 

lmaglned collapse or back actlon is lrrelevant even if lt were 
12 Infinito . Tilat ls, the experiment would test theorles which lmaglned 

that something was flowing from one slde of the apparatus to the oth•!r 

along the paths at any velocity whatsoever. 
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PRATICAL CONSIDERATIONS 

We do not have sufflclent laboratory experience to dlscuss ln detall 
a real praticai experlment. We lnstead content ourselves wlth maklnu 

several comments. 

The first criticai questlon is the shutter switching time. ln the 

experlment performed by F'ranson the dlstance from the source to the 

first beam splltter was 52 meters wlth a colncidence time window, T, of 

3 ns. lf we took R=SO meters, the distance from the shutter to a 

counter, then the time of fllght would be about 166 ns. Slnce Pockel 
cells have a switchlng time, T , of several nano seconds, it would • 
appear to be posslble to lsolate out the sub-ensemble of photon palrs 
that satlsfy Eq. (7). On the other hand the already low coincldence 

rate ln hls experiment would be substantlally reduced slnce a 

sub-ensemble must be lsolated out and one may also have to insert a 

polarlzer before the shutter. 

The second criticai question is whether a Pockel cell (or any 

shutter) wlll actually block an extended object. We know from the 

delayed cholce experlments that lf we put a Pockel ceJI ln one arm of 

an lnterferometer then there wfll be no lnterference for the other 
photons. If somethlng extended exlsts here then lt ls belng blocked. 
Also presumably lf we put a Pockel cell ln one arm of one 

lnterf erometer ln a Franson type experlment with appropriate tlming, we 

will see no fourth order interference for the photons that travei the 

other path. We think that this experiment wlll test the most viable 

candidates for extended object type theories. 

been exarnlned13. 

Such theories have not 

ln the above we took our shutter to open at a random time. This 

randomness is not essentlal. One could use, for example, a perlodlc 

shutter analogous to the rotating dlsk ln the experiment of Rauch and 
14 Summhammer (Here a rotatlng disk or any physlcal shutter would be 

orders of magnitude too slow to the best of our knowledge). The above 

analysls may be seen to still apply to the case of a periodlc shutter. 
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Toe ldea of this article would be appltcable to a polarlzatlon 

correlatlon experiment tn principie. ln practlce, thls may not be the 
case sinco one needs to use a very fast shutter which dldn't lnvolve 

polarlzatlon eff ects. Thls would elimlnate the use of Pockel or Kerr 

cells. 

A comment considering alternate locatlons of the initlal triggering 
16 16 of any physical wave collapse is made ln a footnote • . 

12 



ACKNOWLEDGEMENTS 

We would Uke to thank L. Mandei for clarlfylng severa! polnts for 

us and to O. Pessoa Jr. for reading the manuscrlpt and making severa! 

corrections. We also would llke to acknowledge financial support from 
State Research Foundation of São Paulo (FAPESP) and the Natlonal 
Research Councll of Brazil (CNPq). 

13 



APPENDIX A 

A derivation of Eq. (3) is presented here. Let t/J represent the 

normallzed product state of a photon palr at the crystal exit. Slnce we 
ln prlnclple can't distlngulsh between the cases where both photons 

travel the long paths or the short paths our wave function will have the 
formal form 

1/1 • 1/J (long) 1/1 (long) + t/J (short) 1/1 (short) 
l r l r 

(Al) 

at any of the counter palrs L and R . Thls may be expressed more 
2 2 

concretely at a given palr of counters by using the fact that the wave 

function changes by a factor of l on reflection, remalns the sarne on 
11 transmlsslon and Is changed by exp(l8) by a phase shlfter. So, for 

exarnple, if t/J represente the wave functlon just before the first beam 
r 

spUtter on the rlght hand side, then we may thlnk of th• wave functlon 
on the rlght hand slde that traveis the long lnterf erometer arm as 
becomlng 

l 

,/2 
l exp(l8 ) 

r 
1 

r;: 
•1/2 exp[ l (Or + w t ) ] ,/J • ,p (long) r lo r r 

(A2) 

and the part that traveis the short lnterferometer arm as becomlng 

1 1 

,/2 
exp( i w t ) ,,, 

r ah .,, ah 

•1/2 exp( w t ) ,/J a 1/1 ( short) 
r ah r r (A3) 

where \ 0 and \h are the times it take a photon to traverse the long 

and short arms to the counters respectlvely. Substltuting Equations 
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(A2l, (A3) and similar expresslons for 1/J (long) and !/1 (short) ln (Al) wo 

l l 
obtaln 

where 1/1 now represents the jolnt wave functlon at the detectors L and 
2 

R2 only. a =- 1(w + w ) (t - t ) "" w 6Uc whlch ls a constant phase 
1 r lo ah 

factor for a glven apparatus. Then the probablllty of ;,o Joint detectlon 

at Counters L and R as a functlon of the phase angles Is 
2 2 

(AS) 

Thls expression contains a factor of two to normallze lt to lnclude ln 

our sarnple only the short-short and long-long cases. The other 

correlatlons ln (3) be derlved slmllarly. 
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FIGURE CAPTIONS 

Figure 1: This is franson's experiment wlth the design glven ln Ou, 

Zou, Wang and Mandel, except we have included four counters. See 
Sectlon II for detailed lnformation. 

Figure 2: This is the sarne as Figure 1 except there is a shutter ln the 

rlght arm which is closed at random times. There is also a tlming 
circuit which allows us to compare the detectlon times wlth the shutter 
closing times. See Section UI for detailed lnf ormatlon. 
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