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ABSTRACT

We describe a variation of Franson's Experiment to test a sub-class
of the physical 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 of back-action between the distant
detectors. These are realistic theories which imagine that the collapse
of the wave packet is physical. It will test such theories with any
transmission velocity whatsoever. The sub-class includes theories for
which the extended object or collapse is confined to the physical paths

in the experimental apparatus and does not exist between the paths.



I ~INTRODUCTION

There exists physical viewpoints that a particle may In some sense
be an extended object compared to the size of the apparatus. Such views
permits one to invent local realistic explanations for the results of
the polarization correlation experiments and the interference
experiments of both second and fourth order. By a local theory we mean
one with any finite velocity of transmission be it greater or less than

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

The purpose of this article Is to describe a variation of Franson's
experiment that would test a sub-class of local reallstic theorles which
assume that a particle Is In some sense an extended object or that there
is some sort of back action between the distant sides of the measuring
apparatus. These are theories which imagine that there is a physical
explanation for the collapse of the wave packet. The theories may have
any transmission velocity whatsoever. The sub-class includes theories
for which the extended object or collapse is confined to the physical

paths in the experimental apparatus and does not exist between the
paths.

Let us consider some informal examples of the types of theories

that we have in mind. Consider Franson's Experlmentl'z’s as shown in

Figure 1, which Is described In Section II.

l. We may imagine that when a photon pair is created in the non-linear
crystal it Is actually one object that spreads out in both the left and
right arms including the two interferometers. When a photon Is detected
on one side of the apparatus it physically collapses the entire system
resulting in two detection events. To be consistent with Aspect's
Experiment‘. one would take this collapse to take place at superluminal
velocities. This logically permits the information about phase and

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



2. Instead we might imagine the existence of a medium and that photons
maintain their individual identity at all times. As the photons travel
in the medium they cause some sort of global "vibration". Here the
"vibration" is the global object. So when a photon is located just
before a detector there exists a extended correlated vibration in both
arms. When a photon is detected there occurs a physical collapse In the
"vibration" which transmit information from one side of the apparatus to

the other as in the previous case.

3. This example is not one of a extended object, but would still be
tested in the below proposed experiment. Assume the photons of the
photon pair have Individual identity and also that they are small
localized objects. Imagine that when a photon 'is detected it sends a
signal along its previously traveled path and down the other arm. Thus
information flows from one side of the apparatus to the other, but here

there is no collapse, there is instead a kind of back-action.

There exist theories that imagine that a particle is extended that
will not be tested by the proposed experiment as will become obvious
below. For example, we may imagine a particle pair to be as in Item (1)
above, but also filling in the entire space between the two sides of the
apparatus and not just restricted to the possible physical paths of the
particles.



Il -REVIEW OF FRANSON'S EXPERIMENT

Franson's Experiment may be shown as in Figure 1 which we now review
in the case of strictly ldeal counters, mirrors, etc.. There iIs a
source of photons of frequency w with bandwidth Aw. We know the
emission time only to within some time, At.=l/Aw, Which {s taken to be
very large compared to any of the other times used in the below®. When
a photon enters the non-linear crystal it may produces simultaneously,
for all pratical purposes, two photons at frequency wrand A with
bandwidths Awrand Au| respectively by a process called parametric down
conversion®. The index 1r) represents the left (right) hand side of
the apparatus in our notation. From conservation of momentum and energy
and the crystal properties these pairs will be emitted in a cone of
longer wavelength radiation. Slits, which are not shown in the figure,
are placed in front of the crystal to obtain two fixed correlated beams
(i.e., one of the possible sets of beams). By conservation of energy
u-urw|. which may be satisfied In many different W and . The
bandwidths Aur and Aw. may be much larger than Aw, and in practice they
are usually restricted to a fixed value by putting bandwidth filters
(not shown in the flgure) at the windows where the beams exit from the
crystal. We take Awrand Awl to be this fixed value. So there are
exactly two photon exiting from the crystal, one in each beam, which
were created simultaneously. Of course, most of the photons entering
the crystal will not produce a pair of photons that can exit from the
fixed slits. It is also assumed that the distances from the two windows

to the two interferometers are equal and that the interferometers are
identical.

Each right photon, w, enters the interferometer with one arm much

longer than the other arm. Let AL denote this difference in arm leagth.
It Is assumed that

AL » c/Awr (1)

where ¢ is the velocity of light. That Is, the coherence length of the
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beam Is much smaller than the difference In the arm lengths of the
interferometer so that there will be no ordinary (i.e., second order)
interference between the beams in the two arms of the Interferometer.
Each photon must {deally be detected at one of the counters RI or lil2
with a .5 probability. The situation is the same for each left photon,

1
angles of the phase shifters that are placed in the long arms of the

w on the left hand side of the apparatus. o| and 9r are the phase

interferometer as shown in 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 pair with exactly one
photon each traveling through the right and left interferometers.
Ideally they each must then be detected In one of the counters on thes

left and right respectively.

What is measured in this experiment is the coincidence between the
detection events in the counters on the left hand side with those on the
right hand within some fixed time interval, T. There are four possible
coincidences that can be measured. Let pu(el.er) represent the
probability of simultaneous detection events in the time interval T at

the counters L‘ and RJ , 1,) = 1,2 , at the phase angles el and er. It
is desired that T satisfy the inequality

T « AL/c (2)

There are four possible cases for the photons paths. The left photon of
a pair takes the short path and the right 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 respectively. This inequality guarantees that = we can
distinguish between the cases (short-long, long-short) and (short-short,
long-long) so there will be no quantum interference between them.
However it is impossible to distinguish in principle and in practice
between the cases long-long and short-short since the emission, Ats, is
very large. Therefore there will be interference between the

correlations from these two possibilities. This is called fourth order
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interference. If there were no quantum Interference all the four

pu(Bl,a'_) = 1/4 would be independent of el and er.

If we restrict pl‘| only refer to the events composed of the
pairs long-long and short-short, then quantum mechanics predicts that

p“(Ol.Br) = pzz(el.er) =1/4 (1 + cos(9r+al+6))

(3)
pu(el.er) = pz‘(el.er) =1/4 (1 - cos(9'+el+6))

where 8 is a fixed phase factor, A derivation of (3) is given In
Appendix A.

In this article we are not Interested In testing Bell's
lnequallty’. but only in deviations from the quantum mechanical
predictions as will be seen below. We very brlefly touch on it only
for the sake of completeness. If we attribute the value +1 and -1 to
detections at the Counters 1 and 2 respectively, on either side of the
apparatus then we may talk about the average value of the coincidences,

cxel,er). as a function of the phase angles. In terms of the pu. Cis

C(Ol.or) =p,(8.0)+ p (6,0)-p(6,8)-p (6,6)

= cos(6 +6 _+3) (4)

Bell’s Inequality In the form

| Cle,e)-Cle,0e’ ) +Ce ,9)+Ce ,0 )| s2 (5)

I'r G 1 r 1 r

may be derived in exactly the same manner as in the polarization
correlation experiments. If we choose judiciously the values of these
phase apgles then Eq. (5) is violated by the quantum mechanical
predictions given in Eq. (3) after using Eq. (4). For example, let

Blnn-a. Brnu/4. 9;=n/2—6. and 9;-31!/4 (6)

where we recall that 8 is a known flxed value for a given apparatus.For
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these values substituting the quantum mechanical predictions given by
Eq. (3) violates Eq. (5). The three already performed experiments
cannot test Bell's lnequa'llty since their T is not small enough to
satisfly the right hand side of Eq. (2). So the cases (short-long,
long-short) cannot be isolated from the other two in the sample. This
leads to a factor of 172 in Eq. (3) which is sufficient to eliminate the
violation of Eq. (5). The experiment however shows clearly the
characteristic cosine oscillation in the oorf‘elations in complete
agreement with the quantum mechanics predictions. We are unaware of any
attempt to perform an Aspect type experiment (i.e. with time varying

analyzers versus static) to actually try and test locality in a fourth
order interference experiment.



Il -THE EXPERIMENTAL PROPOSAL

We now describe a strictly ideal experiment which will test at
least the types of local realistic theories deseribed In the
Introduction. We will discuss some practical problems in the next
sectlon. Consider Figure 2, it is the same as Figure 1 except there is
a very fast shutter in the right arm along with timing circuits between
the detectors and the shutter. Assume that the distances from either
of the detectors on the right hand side to the shutter along the short
path are equal, and we represent it by R. Everything else in the
experiment is as described in the previous section. The shutter permits
us to compare the detection times with the time when the shutter Iis
closed. The basic idea of the experiment is to choose a sub-ensemble
for which the shutter was closed before the photons are detected thus
blocklng.'q any back communication or collapse. This choosing must be
done in such a way that no information |s obtained about which paths the
photons traveled, so as not to destroy the interference.

It is easier to describe our ideal experiment in terms of the ideal
quantum mechanical ensemble avernge‘o. Consider a large ensemble of
absolutely identical exper.'imental apparatus of Figure 2. In each of the
individual experiments we prepare the source In the same one particle
quantum mechanical state, y, at time to. So in each experiment a single
photon may leave the source at some time undefined, At', which is very
large as given above. We assume that the shutter Is Initially open when
the state is first prepared and Is then closed at some totally random
time, t. , which we know after the fact. In each apparatus there is
only a certain probability that a photon pair will be produced In the
crystal under the right conditions and exit from the slits (not shown in
the figure). Let t.‘l be the detection time on the right hand side, which
is defined for the cases that the right photon passed the shutter before
it was closed. Since we only wish to consider the photons pairs that
took the short-short or long-long paths as in the above, ta is the
simultaneous detection time on both sides of the apparatus. We also

only consider the elements for which t‘ > t.. that is, the photons were
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detected after the shutter closed. Let S be the sub-ensemble which
satisfies the above and the condition

R/c>t -t. (7)
d s

Summarizing it means that S consists 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 satisfied. These conditions are clearly unambiguous in choosing
our sub-ensemble,

It is easy to see that Eq. (7) guarantees that for this
sub—ensemble, S, the shutter gives us no information of whether a photon
took the long or short path“. There will then be fourth order

interference for this sub-ensemble according to quantum mechanics.

Therefore for the sub-ensemble S, we obtain the same quantum
predictions as in the Franson's experiment of Figure 1 as given by Eq.
(3). Now since the shutter closed before the detection event then any
physical collapse or back-action would be blocked by our ideal shutter.
Therefore these theories cannot agree with quantum mechanics in this
experiment. It is clear that the velocity of transmission of any
imagined collapse or back action 1is irrelevant even if it were
infinite'>.  That is, the experiment would test theories which Imagined
that something was flowing from one side of the apparatus to the other
along the paths at any velocity whatsoever.
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PRATICAL CONSIDERATIONS

We do not have sufficient laboratory experience to discuss In detall

a real pratical experiment. We Instead content ourselves with making
several comments.

- The first critical question is the shutter sztchlng time. In the
experiment performed by Franson the distance from the source to the
first beam splitter was 52 meters with a coincidence time window, T, of
3 ns. If we took R=50 meters, the distance from the shutter to a
counter, then the time of flight would be about 166 ns. Since Pockel
cells have a switching time, T'. of several nano seconds, it would
appear to be possible to Isolate out the sub-ensemble of photon pairs
that satisfy Eq. (7). On the other hand the already low coincidence
rate in his experiment would be substantially reduced since a
sub-ensemble must be isolated out and one may also have to insert a
polarizer before the shutter.

- The second critical question is whether a Pockel cell (or any
shutter) will actually block an extended object. We know from the
delayed choice experiments that if we put a Pockel cell In one arm of
an interferometer then there will be no interference for the other
photons. If something extended exists here then it Is being blocked.
Also presumably if we put a Pockel cell In one arm of one
interferometer in a Franson type experiment with appropriate timing, we
will see no fourth order interference for the photons that travel the
other path. We think that this experiment will test the most viable

candidates for extended object type theories. Such theories have not

13
been examined .

- In the above we took our shutter to open at a random time. This
randomness is not essential. One could use, for example, a periodic
shutter analogous to the rotating disk in the experiment of Rauch and
Summhammer'®  (Here a rotating disk or any physical shutter would be
orders of magnitude too slow to the best of our knowledge). The above
analysis may be seen to still apply to the case of a periodic shutter.
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- The idea of this article would be applicable to a polarization
correlation experiment in principle. In practice, this may not be the
case since one needs to use a very fast shutter which didn't Iinvolve
polarization effects. This would eliminate the use of Pockel or Kerr
cells.

- A comment considering alternate locations of the Initial triggering

of any physical wave collapse is made in a footnote'>'®.
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APPENDIX A

A derivation of Eq. (3) is presented here. Let y represent the
normalized product state of a photon pair at the crystal exit. Since we
in principle can’t distinguish between the cases where both photons

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

¥ = wl(long) wr(long) + wl(short) wr(short) (A1)

at any of the counter pairs Lz and Rz‘ This may be expressed more
concretely at a given pair of counters by using the fact that the wave
function changes by a factor of | on reflection, remains the same on
transmission'’ and is changed by exp(i8) by a phase shifter. So, for
example, if wr represents the wave function just before the first beam
splitter on the right hand side, then we may think of the wave function

on the right hand side that travels the long Interferometer arm as
becoming

i i
—_— exp(ior) | —— exp(i w th)

V2~ V2

=1/2 exp[ i (9r ‘o tlo) ] wr = wr(long) (A2)

and the part that travels the short interferometer arm as becoming

1
exp( i urt.h )y

1
V2 V2o -

=1/2 exp( i w ot ) !Ilr -wr(short) (A3)

where t, and t.h are the times it take a photon to traverse the long

and short arms to the counters respectively. Substituting Equations

14



(A2), (A3) and similar expressions for wl(long) and wl(short) in (Al) we
obtain

v =1/4 {exp[ l(e. - er + 8) ] +1 } wl wr exp[lwt.hl. (A4)

where ¢ now represents the joint wave function at the detectors L2 and
l!z only,. & = (wl+ wr) (tlo— t'h) = w AL/c which Is a constant phase
factor for a given apparatus. Then the probability of 2 joint detection
at Counters L2 and Rz as a function of the phase angles is

2
p,6.8) = |w|® = 174 [l +cos(@ +86 +3) ] (AS)

This expression contains a factor of two to normalize it to include in

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

correlations in (3) be derived similarly.
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FIGURE CAPTIONS

Figure 1: This is Franson's experiment with the design given in Ou,

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

Figure 2: This Is the same as Figure 1 except there Is a shutter in the
right arm which is closed at random times. There is also a timing
circuit which allows us to compare the detection times with the shutter

closing times. See Section lII for detailed information.
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