Quantum Erasers (Conpl enentarity and Entangl enent)

In our earlier discussions, we saw that closing the locality | oophole
i nvol ved switching between different anal yzer orientations while the
emtted photons were still in flight. The choice between the nature
of the measurenent was therefore delayed with respect to the
transitions that originally created the photons.

s it possible to make this a del ayed choi ce between neasuring
devi ces of a nore fundanental nature?

For exanple, in our discussion of the double-slit nmeasurenents, we
found that if we allow a sufficient nunber of photons individually to
pass through the slits, one at a time, an interference pattern wll
be built up. This observation suggests that the passage of each
photon is governed by wave interference so that it has a greater
probability of being detected (producing a spot on the screen) in the
region of a bright fringe. It would seemthat the photon literally
passes through both slits and interferes with itself. As we noted
earlier, the skeptical physicist who places a detector over one of
the slits to show that the photon passes through one or the other
does indeed prove their point - the photon is detected, or not
detected, at one slit. But then the interference pattern can no

| onger be observed.

Advocat es of |ocal hidden variable theories could argue that the
photon is sonehow affected by the way we choose to set up our
nmeasuri ng device. It thus adopts a certain set of physical
characteristics (owing to the existence of hidden variables) if the
apparatus is set up to show particle-like behavior, and adopts a
different set of characteristics if the apparatus is set up to show
wave interference. However, if we design an apparatus that allows us
to choose between these totally different kinds of neasuring device,
we coul d del ay our choice until the photon was (according to the

| ocal hidden variable theory) "commtted"” to show ng one type of
behavi or. W suppose that the photon cannot change its "m nd" after
it has passed through the slits, when it discovers which kind of
measur enent is bei ng made.

Del ayed Choi ce or Quantum Eraser Experi nment

As we said, QM says systens can change behavi or dependi ng on

measur enents made on themor in response to a decision that has not
yet been made. One part of an entangled pair can affect properties of
its partner instantaneously, no matter where in the universe partner
happens to be.

A so-cal |l ed quantum eraser experinment has now been done...it
dramati zes several aspects of quantum strangeness at once.

These experinents dranmatically show the non-local effects, i.e., the
ability of an experiment in one place to influence the outcone of
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anot her regardl ess of tinme or distance--but without transmtting any
si gnal s.

The idea behind a quantum eraser is to nake paths(li ke those in a
2-slit systen) distinguishable, which elimnates the interference
effect, but then erase the "which-path" information just before the
| ight reaches the screen where we actually observe the interference
pattern.

QM predicts that the interference pattern should then reappear and it
does.

A quantum nmystery of the followi ng sort. A photon approaching slits
will need to know whether or not there is an eraser further down the
path(in its future), so that it can deci de whether to pass through
slits as a superposition of all possibilities (paths are

i ndi stingui shabl e) and produce an interference pattern later on the
screen or that it should behave as a "particle" (paths are

di stingui shabl e) and produce no interference pattern |ater on the
screen!!

An early eraser experinent can be visualized as a two-slit experinment
as shown in the diagram bel ow
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Phot ons passing through a double slit are all vertically polarized

(1 ndi stinguishable paths). They can get to a reconbi nation crystal by
two paths as shown, which remakes a beam that produces an
interference pattern on the screen, i.e., if paths are

i ndi stingui shabl e, then we have a superposition of all possible
paths(2 paths in this case) and we get an interference pattern.

Now we insert a polarization rotator on one path only
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and rotate the polarization of the photons to horizontal in that
pat h. Since the paths now produce distingui shabl e photons, we get
"particle |like" behavior and the interference should di sappear. It
does! Now we add a quantum eraser after reconbination (a polaroid at
45 degr ees)
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The polaroid filter produces equal nunbers of photons with both
vertical and horizontal polarization (with respect to new direction).
Hal f of the new vertically pol arized photons cone fromthe horizontal
pol ari zed photons of the top path and half of the new vertically

pol ari zed photons conme fromthe vertical polarized photons of the
bottompath (simlarly for the new horizontally pol arized photons).
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It is inpossible to tell whether a photon was vertically or

hori zontal ly pol ari zed before the eraser. Thus, the two paths are
once again indistinguishable. If interference pattern reappears, then
a photon approaching the slits sonehow needs to know whet her or not
there is an eraser down the line so it can deci de whether to pass
through the slits as a superposition(wave) and produce interference
effects or as a mxture(particle) and produce no interference. The
pattern reappears i medi ately confirm ng the quantum nmechani ca
prediction. The filter erases the which-path information caused by
the rotator. A truly astounding result.

What does this say about the classical idea that it is the two-slit
systemthat is the "real"” cause of the interference pattern?

Wrry : Experinenters, know ng the fundanental inportance of these
results, wanted to | eave no possible source of controversy intact. In
t he above version of the experinent, there is a potential problem
because the which-path information is carried by the same photons
that interfere, making the experinent difficult to interpret.

A new version of experinment... Here which-path information is not
carried by what one would naively call the interfering photon.
Instead, it is carried by 2nd photon and along way it al so
denonstrates the striking non-local effects of QW The experi nent
| ooks li ke:
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High intensity | aser photons are sent into paranetric down-conversion
non-linear crystal such as lithiumiodate. The crystal converts sone
i ncom ng photons(green) into pairs of identical photons with | ower
energy and vertical polarization noving at an angle to the original
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direction. The photons are produced as entangled partners. A
measur enent on one photon automatically tells us about the other with
no direct nmeasurenent on the 2nd photon necessary.

Twi n beans exit crystal at an angle to the original path. These are
the thick red and bl ue lines.
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They are reflected back towards the crystal by mrrors and pass
straight through it to detectors (the intensity is now too weak to
cause down-conversion). These are the thick red and bl ue |ines.

However, not all the laser |light gets converted on 1lst pass.
Some goes straight through the crystal to another mrror(green) and
is reflected back into crystal (still high intensity) where the

crystal creates nore photon pairs which then follow sane path as
ot her beans to detectors. These are the thin red and bl ue |ines.
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As a result, we have two different beans headi ng towards each
detect or each having follow different paths.

Each pair of beans corresponds to a separate double slit experinent
If there is no way to distinguish the photons created on first pass
t hrough crystal fromthose created on 2nd pass(and there is not),
bot h detectors should have interference patterns and they do!!

W now make one returning beamin one | eg distinguishable from other

by inserting a polarization rotator into red path(as shown bel ow)
converting vertical to horizontal polarization in that |eg.
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The interference pattern in the top detector vanishes instantly as it
shoul d since the two (interfering) beans now have di stingui shabl e
pat hs.

Now, however, we also find that interference pattern di sappears in

Wy ?

We have done nothing to disturb these beans so that the beans in the
bottom detector still correspond to indistinguishable paths and

phot ons!!'!

Renenber, however, that the photons are created in entangled pairs,
so when the red-path photons becone | abel ed with which path info, the
sanme i nfo becones available to bl ue-path photons, no matter where
they are!!!

This is non-locality at work.

To erase the "which-path" info, we now add a 45° polaroid in red path,
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just in front of detector.

The interference pattern i mredi ately reappears in top detector as it
shoul d (sane as previous experinent).

It seened however, that pattern did not reappear in bottom detector
One might imagine this is so because erasing red-path photon
i nformati on does not erase any information from bl ue path

In addition, if it did reappear imediately, then we would be able to
send signals faster than Iight with such an eraser

However, as in EPR experinment we find, if we bring two data sets back
t oget her and conpare them the pattern had, in fact, been restored

al ong both paths (need both data sets) to see correlations anong the
i ndi vi dual photons. Alternatively, one can do a coi nci dence
measurenent , which only | ooks at those photons counted in each
detector simultaneously and one can see the interference pattern
return directly, that is, the "which way" and interference effects
are being recorded for single photons.

Thus, inserting or renoving which-path information transforns the
behavi or of |ight throughout the entire system sinultaneously
denonstrating the amazi ng quantum eraser and the dramatic non-| ocal
behavi or of QM

This experinment makes it clear that there is a direct relationship
bet ween tests of conplenentarity and tests of quantum non-locality.
Interference effects are the direct manifestati on of non-Ioca
behavi or. These effects can be "encoded” in the mathematica

structure of quantum entanglenment - in this case, entanglenent of the
states responsible for interference with the state used to detect

"whi ch way" information. These states cannot be di sentangled w thout
forcing the systemto reveal one type of behavior or the other. They
cannot be disentangled to reveal both types of behavior

si mul t aneousl y.

Though still a subject for debate, a consensus is building that
conplenmentarity - and hence non-locality and entanglenent - is the
mechani sm for the nutual exclusivity in the dual wave-particle nature
of quantum obj ects, what Richard Feynman descri bed as the "central
nmystery" at the heart of quantum mechanics.
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