
8, Israel

PHYSICAL REVIEW A 67, 042107 ~2003!
How one shutter can closeN slits
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It is shown that a quantum shutter, preselected and postselected in particular quantum states, can close
simultaneously arbitrary number of slits preventing the passage of a single photon in an arbitrary state. A set of
K preselected and postselected shutters can close the slits preventing the passage ofK or less photons. This
result indicates that the surprising properties of preselected and postselected quantum systems are even more
robust than previously expected.
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Probably the most paradoxical claim of quantum theory
that a particle can be in some sense in several places si
taneously. Without this feature one cannot explain the in
ference picture obtained in multiple-slit experiments p
formed with one particle at a time. A more robust claim
this type can be made about quantum preselected and
selected particle. With utilization of a particular preselecti
and postselection, we can claim that the particle should h
been found with certainty in each one out of several pla
given that it was looked for only in that place@1#. Such
claims became a subject of a significant controversy@2–10#.
Here we discuss another aspect of such preselected and
selected particle which makes the claim that such a partic
simultaneously in several places even more robust.

Consider a photon arriving at a screen withN holes~slits!
at timet, Fig. 1. We have a single particle~shutter! which, if
placed in a slit, prevents the passage of the photon thro
this slit. Our task is to close allN slits at timet with this
single shutter.

We are allowed to perform preselection and postselec
on the shutter: to prepare it at timet1 in stateuC1& and select
it in the stateuC2& at t2 , t1,t,t2. If the postselection mea
surement ofuC2& fails, the experiment fails, but if it suc
ceeds, we should be able to claim that allN slits were closed
for the photon at timet.

If the photon, bouncing of the shutter causes a measur
recoil, then a postselection can achieve this goal in a tri
way. We just observe the shutter at timet2. If we find a
recoil, we may claim that the slits were closed at timet.
Indeed, we know that in this case the photon bounced b
from the screen. However, in the present work we do not r
on this effect. The setup is such that there is no measur
recoil of the shutter.

The existence of a solution for this problem is surprisin
The probability for the photon to be reflected from the s
with the shutter in one slit, or in an arbitrary superposition
all N slits, is 1/N. Nevertheless, the preselected and pos
lected shutter reflects the photon with certainty.~We will see
below that the probability of the postselection is smaller th
1/N.!

To achieve this task we prepare~preselect! the shutter at
t1 in the state

uC1&5
1

A2N21
S (

i 51

N

u i &1AN21uN11& D . ~1!
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We postselect the shutter att2 in the state

uC2&5
1

A2N21
S (

i 51

N

u i &2AN21uN11& D , ~2!

where u i & is a state of a shutter localized in sliti, i
51, . . . ,N and uN11& is a state of the shutter localized i
some specific different location.

In order to prove our claim, let us consider the time ev
lution of the quantum state of the shutter and the pho
during the whole procedure. We assume that the free ev
tion of the shutter betweent1 and t2 can be neglected. Ini-
tially, the photon moves towardN slits, so its state is

uC in&ph5(
i 51

N

a i u i &ph, ~3!

whereu i &ph is the state of a photon moving toward the sliti.
Let us signify the state of a photon reflected from sliti as
u ĩ &ph. Then, aftert, the time of the interaction between th
shutter and the photon, their joint quantum state is

uC&s,ph5
1

A2N21
(
i 51

N

u i &S a i u ĩ &ph1(
j Þ i

N

a j u j &phD
1A N21

2N21
uN11&(

j 51

N

a j u j &ph

5
1

A2N21
(
i 51

N

a i u i &u ĩ &ph1
1

A2N21

3(
j 51

N

a jS (
iÞ j

N

u i &1AN21 uN11& D u j &ph. ~4!

We can see that all states of the shutter appearing in
second term in the last expression~i.e., all states correlated
with a photon which passed through the screen! are orthogo-
nal to the postselected stateuC2&. Therefore, after the post
selection, the photon state will have only reflected wa
components. The screen operates as a perfect mirror;
final state of the photon is
©2003 The American Physical Society07-1
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uC f in&ph5(
i 51

N

a i u ĩ &ph. ~5!

The probability of the postselection of the stateuC2& at
t2, given that a photon arrived at the screen at timet, is

Prob~ uC2&)5uuPC2
uC&p,phuu2

5i 1

2N21 (
i 51

N

a i u ĩ &ph
i2

5
1

~2N21!2 . ~6!

It is important that the probability of the postselection in t
case that there are no photons arriving at the screen doe
vanish, in fact, it happens to be the same,u^C2uC1&u2
51/(2N21)2. The probability for photon reflection irre
spectively of the postselection, 1/(2N21), is larger than the
probability of the postselection. Otherwise, the method co
increase unconditional reflectivity.

We have shown that a single quantum shutter that
been preselected and postselected can close any numb
slits. It acts on the single photon exactly in the same way
N shutters. Conceptually, using this method one can build
whole screen out of a single preselected and postsele
shutter~particle!. This screen will act on a single photon as
real screen made from many particles. In particular, a pho
passing through such a screen will follow a correspond
diffraction pattern.

Not less surprising is a ‘‘dual’’ problem which can b
solved using our method. We have nowN shutters which
close at leastN21 out of theN slits. Nevertheless, we ca
preselected and postselect the state of these shutters in s
way that a single photon will ‘‘see’’N open slits.

Consider the preselected state ofN shutters

uF1&5
1

A2N21
S (

i 51

N

uop& i )
j Þ i

N

ucl& j1AN21)
j 51

N

ucl& j D ,

~7!

FIG. 1. A single photon arrives atN slits, but a single shutte
reflects the photon as if there were shutters in every slit.
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whereuop& i anducl& i are the states of a shutter correspond
to an open or closed sliti, respectively. If now we test the
number of closed slits, we will find with probability (N
21)/(2N21) that all slits are closed, and with probabilit
N/(2N21) that all but one slits are closed. However, we
not test the number of closed slits. We send at timet the
photon in an arbitrary state~3! toward the screen. Then, a
time t2, we postselect the shutters in the state,

uF2&5
1

A2N21
S (

1

N

uop& i )
j Þ i

N

ucl& j2AN21)
j 51

N

ucl& j D .

~8!

A calculation, identical to the one performed above, sho
that a single photon passes the slits without distortion, a
no shutters were present.

In our method a single~preselected and postselecte!
shutter closesN slits for a single photon. What will happen
at timet several photons are trying to pass through the sl
If K photons move toward the screen in a particular cor
lated state

uC&Kph5(
i 51

N

a i )
k51

K

u i &k , ~9!

then the shutter will reflect with certainty all the photons as
reflected one. However, when the photons arrive in an a
trary state, we cannot be sure that even one photon wil
reflected. Indeed, consider an incoming two-photon state

uC&2ph5
1

A2
~ u1&1u2&21u2&1u1&2). ~10!

After the interaction between the shutter and the photon
time t, the state of the shutter correlated with undisturb
state~10! is

1

A2N23
S (

i 53

N

u i &1AN21 uN11& D . ~11!

This state is not orthogonal to postselected state~2!. There-
fore, a successful postselection is possible when both p
tons pass through the slits undisturbed, i.e., the two pho
might pass through the screen with our preselected and p
selected shutter.

In order to closeN slits for a pair of photons we needtwo
preselected and postselected shutters placed one afte
other. The first shutter should be preselected at timet1 in the
state

uC18&5
1

A2N22
S (

i 51

N

u i &1AN22 uN11& D ~12!

and postselected at timet2 in the state

uC28&5
1

A2N22
S (

i 51

N

u i &2AN22 uN11& D . ~13!

The second shutter is preselected and postselected as i
previous example, in states~1! and ~2!.
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If the two photons pass through two different slits witho
disturbance, then the state of the shutter will be orthogona
uC28&. Therefore, given a successful postselection, one p
ton should be reflected by the first shutter. The second p
ton is reflected by the second shutter as explained abov

If the pair of photons pass through the same slit, then
state of the first shutter will not be orthogonal touC28&.
Therefore, the photons in such a pair might both p
through. But, in this case, the second shutter will reflect b
photons with certainty, since it stops any number of phot
arriving together as in correlated state~9!.

Note that there is no possibility of ‘‘trapping’’ the pho
ton~s! between the two shutters. The photon~s! reflected by
the second shutter in a particular slit cannot be reflected b
by the other side of the first shutter, because the arrival of
photon~s! to the second shutter ensures that the first shutte
absent at the slit.

In order to stop three photons we have to add ano
shutter in front of the two described above. The additio
shutter should reflect one photon any time three photons
rive at different slits. To this end, the shutter should be p
selected and postselected in the statesuC19& and uC29&,

uC19&5
1

A2N23
S (

i 51

N

u i &1AN23 uN11& D , ~14!

uC29&5
1

A2N23
S (

i 51

N

u i &2AN23 uN11& D . ~15!

The generalization for larger number of photons is obvio
In this wayK preselected and postselected shutters clos
arbitrarily large number of slitsN for passingK or less pho-
tons in an arbitrary state.

In this paper we have shown a surprising feature of p
selected and postselected shutters. A single shutter can
an arbitrary number of slits preventing the passage o
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single photon in an arbitrary state, whileK shutters can close
the slits preventing passage of any number of photonn
<K. On the other hand,N shutters which close at leastN
21 slits can leave all slits open for a single photon.

For a preselected and postselected state of a single sh
which closesN slits, it was known before@1# that the out-
comes ofweak measurementsperformed in all slits corre-
spond to one shutter being in every slit. The present re
shows that a measuring device, namely, the photon, perfo
ing strong measurement while being in a superposition
different slits also indicates the presence of the shutte
every slit.

This paper considers gedanken experiments which sh
new light on the problem of nonlocality in quantum mecha
ics. The main problem for practical realization of such
experiment is that it requires a gate between two quan
objects: the photon passing through slits and the quan
shutter. If the shutter is a photon too, then today’s technol
allows preparation of the initial state. Indeed, there are s
eral techniques for creating a single photon@11# and linear
optical elements such as beam splitters allow preparatio
an arbitrary superposition. Postselection is even simpler,
just a ‘‘reversed’’ preparation scheme ending with a detec
instead of a single-photon source. However, it is very di
cult to arrange strong interaction between photons, so
choice of photons for both particle and the shutter is
promising. Atoms do interact efficiently with photons in m
crowave cavities, so this maybe a basis for a more reali
proposal, but there are several alternatives for a possible
ficient quantum gate, and it is not clear when and which
them will be realized first.
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