Attenpts to Sol ve the Measurenent Probl em
Mor e About Decoherence and Erasers

The neasurenent problem described earlier has received nuch
attention. W return now to a description of sone of the many
attenpts that have been nmade to solve it. There is no genera
agreenent as to where the actual solution lies, so our discussion
will not lead to any definite conclusions.

Smal | Detectors and Big Detectors: Decoherence

We di scussed one formof this effect earlier. Let us return to our
analysis of the infinite regress that devel ops when we attenpt to
descri be a nmeasurenent. Recall our comrent that, in going fromstate

where ionization did or did not take place to state where detector
did or did not catch atom
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an inportant new el enent has entered the situation, nanely, we nmade a
transition frommcroscopic to macroscopi c objects.

Recall also fromearlier that |arge objects, unless they are of a
very special sort, are subject to process of decoherence.

A nunber of physicists have argued that this solves the neasurenent
problem Their claimis that decoherence does away with need for

proj ection postul ate.

Is this claimtrue?

We now state the essential points of decoherence, with one change
fromearlier discussion - everywhere we used word system before, we
use the words nmacroscopi c detector.

The essential elenents of decoherence are as foll ows:

(1) The environnment a nacroscopi c detector is enbedded is constantly
and irregularly fluctuating.

(I'1) If a macroscopic detector is described by a superposition,

different terns in superposition will interact differently with
environment. In particular, they will have different interaction
ener gi es.

Ther ef or e,

(1'11) The time evolution of each of the ternms in the superposition is
constantly and irregularly fluctuating

and

(I'V) This state is indistinguishable froma m xture.

Pagel



Up to now in our discussion of neasurenent, we have tacitly assuned
that the macroscopi ¢ detector behaves in sane way as do m croscopic
obj ects such as photons and at ons.

But phenonenon of decoherence shows this assunption was unwarrant ed.
Let us now correct this error by repeating our earlier discussion.

W i magi ne a macroscopi ¢ nmeasuring device as being conposed of two
parts.

The first part describes all the inperfections of a real neasurenent
process, one nmade by a | arge-scal e object. The second part consists

of the sort of absolutely perfect device we have been considering up
to now We will call first part a "confuser,"” and second an "i deal

detector.” The figure diagrans configuration we have in m nd.
ideal
iIncoming confuser detector
quantum
state output
— ] -

A Macroscaopic Detector

In the diagram the confuser represents all the unwanted interactions
of the large-scale detector with the environnent and with its own
internal states, which thenselves constitute an irregularly
fluctuating intrusion into its behavior(it mmcs the coupling

bet ween a macroscopic detector and its irregularly fluctuating

envi ronment) .

We have no information about these interactions, which neans that
t hey cannot be included in the quantum nechani cal treatnment of the
detector's behavior. W can only treat them as unknown and
uncontrol | abl e perturbations.

How does such a two-part neasuring device work?
As before, the decay photons are emtted by our atons into a certain
state. This can be any of the states we treated in our three cases
above:

an eigenstate

a mxture

or
a superposition
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In any event, state is well-defined. But now these photons enter the
confuser, and at this point everything changes. An el enent of
randommess enters our description, arising from process of

decoher ence.

Recall that the effect of this randomess is to nmake a superposition
i ndi stinguishable froma m xture. And as case 2 made clear, if state
bei ng nmeasured is a m xture, the projection postulate is not
required.

No matter what input state goes into the confuser, its output wll
effectively be a m xture.

This state now enters second conponent of our |arge-scale neasuring
device, the perfect detector.

And as we have seen, in this situation we sinply do not need

proj ection postulate. In this way, the argunent goes, the phenonenon
of decoherence sol ves the neasurenent problem by elimnating the need
for this strange and unsati sfactory postul ate.

Does Decoherence Real ly Sol ve the Measurenent Probl enf
What about the Quantum Eraser?

Not all physicists agree that decoherence sol ves the neasurenent
problem At this tinme, there is intense debate as to whether the
above argunent that we have sketched is valid.

There is no debate over fact that macroscopic detectors are
intimately connected to a conplex and fluctuating environnent; and
there is no debate over fact that a conplex, fluctuating
superposition state is indistinguishable froma m xture for certain
pur poses.

But there is nmuch debate as to whether this state is in principle the
sanme thing as a mxture - and nmany think that the neasurenent problem
is one of principle, not of practice.

Qur earlier discussion of decoherence was somewhat equivocal - it was
peppered with phrases such as "equivalent to,"” "indistinguishable
from and the like, rather than sinply "is." This equivocation
reflects the I ack of consensus in the field at present.

It will not be possible to do justice to the subtle argunents that
have been raised in this debate in this sem nar.

Let us go back to the "quantum eraser"”, however, which sheds sone
interesting light on problem

We begin by describing an experinment that enbodies it, after which we

will point out its relevance to problem of neasurenent.

The experinental setup is so conplex that we will approach it in a
different way than before and in stages, reaching the actual design
only in the third stage. In the first figure we illustrate the first
st ep.
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It is sinple Mach-Zehnder interferoneter. A phase shifter which
changes the effective path length in one of arns is varied and
detector D records an interference pattern. This is just the double
slit experinment in a different form Now nove on to the second stage

of the analysis. W insert two nonlinear down-conversion crystals, X

and X,. Each photon, as it enters a crystal, is split into an
entangl ed pair. These are illustrated in second figure bel ow
BS,

phase BS
shifter C
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Here the outputs of the nonlinear crystals that have been placed in
two arns of interferoneter, are nonitored by two additional detectors
dl and d2. The two additional detectors, d and d,, record the
addi ti onal photons.

WIIl initial detector D still register an interference pattern as the
phase shifter is adjusted?

The principles of QMsay that it will not.

The apparatus illustrated in the second figure is capable of giving
us which-path information; therefore it cannot exhibit interference.

To see how this cones about, suppose that we send a single photon
into the apparatus. W know that it is going to split into two

phot ons, because either path it takes |leads to a nonlinear crystal.
One of the two additional detectors, d and d,, is therefore sure to
register a count. And if d clicks, we know the initial photon chose
upper path. Simlarly, if d, clicks, initial photon chose the | ower
path. Thus, whenever D clicks, we ask which of d or d, also clicks.

The answer gives which-path information and thus we cannot see an
interference pattern at D.

The essence of concept of quantum eraser is that this which path
information can be erased —and when it is, the interference pattern
can return.

This is acconplished in the final stage of the experinment in the
third figure, in which we place third beamsplitter BS into the paths

of secondary photons from X, and X,.

BS,

. Ny .

1 - xxxx
BS ; ¥ d,
¥ coincidence
F - - v counter [
Y
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shifter ES:"'
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Here the beam splitter BS "erases" the which-path information that
had earlier been provided by the crystals, and a coi ncidence counter
between D and d, records an interference pattern.

Now we have | ost any neans of know ng which photon it was that made
d, register a count.

By the principles of QM since we have no which-path information, an
interference pattern can now be seen.

But, as we enphasized earlier in our discussion of quantum

nonl ocality, this interference signal does not show up if we record
only counts in detector D. Rather we nust connect D and d, by a
coi nci dence counter, which counts only if D and d, fire

simul taneously. It is this coincidence signal that registers an
interference pattern as phase shifter is varied.

The experinment we have descri bed has been perforned by Mandel and
coworkers at the University of Rochester

Two photon paranetric down conversion supplied the secondary photons,
in this case twice. Thus, a single ultraviolet photon froma powerful
| aser was first placed into a one-photon superposition state of the
usual kind by passing it through a beamsplitter. But then this
superposition state passed through two down-conversion crystals, X
and X,, creating thereby a conplex two photon entangl ed state.
Inserting and renoving the third beamsplitter made this state's
interference properties appear and di sappear.

What is the rel evance of such an experinent to the neasurenent
pr obl enf

It lies in the fact that the interference pattern will only be
observed if we | ook at coincidence counts between two detectors.

Interference, of course, is the characteristic sign of quantum
behavi or and this quantum behavior will not be seen if we do wong
experi nment .

Looking at only single detector D is wong experinent.

It reveals what appears to be cl assical behavior - the absence of
i nterference.

In a normal single-photon Mach-Zehnder experinent diagrammed in first
figure, the detector D is "the" detector, and it reveal s quantum
behavi or as phase shifter is varied. But in the nore conplex two
phot on experinent of third figure it al one does not.

W mght be tenpted to argue that this is because the full experinent
makes use of nonlinear crystals, which are macroscopi c devices,
subject to all the fluctuations of the decoherence effect.

The quantum eraser experinent reveals that this, however, is not the
case. In reality, full quantum behavior is still present, but it can
only be seen by performng a different (the correct) neasurenent. By
asking the right question!!!
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I ndeed, the effect of the nonlinear crystals here is not to w pe out
guantum coherence. It is to entangle a photon arriving at the
detector D with sonething else - with another photon arriving at d2.

Simlarly, the effect of incessant, fluctuating interactions to which
all macroscopic detectors are subject is also to entangle themw th
sonet hi ng el se.

In this case, however, the "sonething else" is far nore conplex. It
is the rest of world.

The | esson of this experinment is that only if the right experinent
coul d be perfornmed, one which detects all rmnultitudi nous conponents of
this gigantic entangled state, could quantum behavi or be seen al

over the apparatus or regardl ess of the question asked.

In the decoherence nodel, the conceptual device that we have terned a
"confuser" introduces a conpl ex, random di sruption of quantum state.
This leads to a | oss of interference.

But does | oss of interference nmean that the quantum coherence
(ability to see interference effects) has been | ost?

This is the key issue addressed by eraser experinent.
If this disruption truly destroys the quantum coherence, destroys i
le t

not just in practice but in principle, then it will be inpossib
ever recover an interference signal.

t
o

On the other hand, if disruption |eads rather to the creation of an
ent angl enent, then state has beconme nore conplex but its fundanent al

nature has not altered —it is still a superposition, not a m xture.
In the nmeasurenent process, the projection postulate will be
unnecessary only if the output of confuser is truly a mxture, i.e.,

nearly a mxture is not good enough.

At least in this one experinent, it is clear that the quantum
behavi or has not been destroyed by decoherence.

Coment s:

In real world, detailed analysis of a detector with its attendant
confuser is beyond our reach theoretically. For this reason, it is
difficult to be sure how nuch rel evance this sinple nodel has to the
measur enent probl em

Conmpl ex and subtl e argunents have been brought to bear on this issue,
wi th no general agreenent at present.

We close by briefly nentioning three other ideas that have been put
forward in an attenpt to solve neasurenent problem These are not the
only such attenpts, nor are they necessarily the nost significant.

Rat her, our goal in selecting themis sinply to indicate how wide is
the net that has been cast in the debate on the subject.

Everett, as we have seen, has put forward a re-interpretation of
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guant um nechani cs, commonly known as the many-worlds interpretation,
in which the state vector does not coll apse. The entangl enent of
system and observer is never resolved. |Instead, each neasurenent
mul ti plies the nunber of branches that the system and observer nust
si mul t aneousl y sust ai n.

Each branch represents a real option for universe. In Everett's
interpretation, all the universes or worlds are simultaneously
present with conparable reality.

Grirardi, Rmni and Wber, on the other hand, nodify standard
guantum nechanics in a way that has no effect on m croscopic objects
while at sane tinme changi ng the quantum dynanmi cs of |arge objects
into a "stochastic" nechanics that displays all features of classical
physi cs. They acconplish this by introducing a term describing a
continually fluctuating field whose effect is to cause superpositions
to rapidly evolve into m xtures.

Finally, Wgner has proposed that a neasurenent occurs and state
vector col |l apses, when a person beconmes aware of a detector's state.
In this view, the brain is described by ordi nary quantum nechani cs,
but the mind is not - it stands outside normal physics, and its
wor ki ngs are not subject to physical |aw

The great variety of these suggestions, and the absence of agreenent
on how the neasurenment problemis to be solved, are all the nore
remarkable in that the i dea of neasurenent lies at the very heart of
guantum nechanics. It lies at the heart of probability prescription
that square of sone coefficient evaluated at sonme point gives the
probability that a nmeasurenment will find a particle there. It lies at
heart of prescription we use in QMto cal cul ate average val ue of a
series of neasurenents of an observable. Indeed,the concept is
essential to every scientific theory for it is through neasurenents
that theory makes contact with experinental reality.

Finally, it is commonpl ace that mnmeasurenents take place every day in
| aborat ori es throughout the world. Indeed, if Wgner's proposal is
wrong and consciousness itself flows fromthe workings of the human
brain, and if quantum mechanics applies to the brain just as well as
SQUI DS and macroscopic bits of ferritin - then the very act of

| ooki ng and seeing is a neasurenent. How can so prosaic an act be so
fraught with difficulty for a theory that has proved so wonderfully
successful in every other regard?

This is the area of physics of nmy own research.
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