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Double-slit quantum eraser
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We report a quantum eraser experiment which actually uses a Young double slit to create interference. The
experiment can be considered an optical analogy of an experiment proposed by Scully, Englert, and Walther
@Nature ~London! 351, 111 ~1991!#. One photon of an entangled pair is incident on a Young double slit of
appropriate dimensions to create an interference pattern in a distant detection region. Quarter-wave plates,
oriented so that their fast axes are orthogonal, are placed in front of each slit to serve as which-path markers.
The quarter-wave plates mark the polarization of the interfering photon and thus destroy the interference
pattern. To recover interference, we measure the polarization of the other entangled photon. In addition, we
perform the experiment under ‘‘delayed erasure’’ circumstances.
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I. INTRODUCTION

Wave-particle duality, a manifestation of the compleme
tarity principle, proposes many questions about the beha
of particles in interferometers. It has long been known t
which-path information and visibility of interference fringe
are complementary quantities: any distinguishability betw
the paths of an interferometer destroys the quality~visibility !
of the interference fringes. The incompatibility betwe
which-path information and interference effects has b
quantified through inequalities by various authors@1–6#.
Originally, it was thought that the uncertainty principle w
the mechanism responsible for the absence of interfere
fringes due to a which-path measurement. The first and
haps most famous example of this idea is the Einstein-B
dialogue at the Fifth Solvay Conference in Brussels conce
ing Einstein’s recoiling double-slit gedanken experiment,
which the momentum transfer from incident particles to
double slit is measured to determine the particles’ trajecto
@7,8#. However, Bohr showed that the uncertainty in t
knowledge of the double slit’s initial position was of th
same order of magnitude as the space between the inte
ence minima and maxima: interference fringes w
‘‘washed out’’ due to the uncertainty principle@7#.

More recently, Scully and Dru¨hl have shown that, in cer
tain cases, we can attribute this loss of interference not to
uncertainty principle but to quantum entanglement betw
the interfering particles and the measuring apparatus@9#. For
example, disregarding internal degrees of freedom, we
represent the state of particles exiting an interferometer

uC&5
1

&
@ uc1~r !&1uc2~r !&], ~1!

where uc1(r )& and uc2(r )& represent the possibility for th
particles to take path 1 or 2, respectively. The probabi
distribution for one-particle detection at a pointr is given by
z^r uC& z2; the cross termŝc1(r )ur &^r uc2(r )& and ^c2(r )ur &
3^r uc1(r )& are responsible for interference. The introdu
tion of an apparatusM capable of marking the path taken b
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a particle without disturbinguc1(r )& or uc2(r )& can be rep-
resented by the expansion of the Hilbert space of the sys
in the following way:

uC&5
1

&
@ uc1~r !&uM1&1uc2~r !&uM2&], ~2!

whereuM j& is the state of the which-path marker correspon
ing to the possibility of passage through the pathj. The
which-path marker has become entangled with the two p
sible particle states. A 100% effective which-path marker
prepared such thatuM1& is orthogonal touM2&. In this case,
a measurement ofM reducesuC& to the appropriate state fo
the passage of the particle through path 1 or 2. However,
disappearance of the interference pattern is not depende
such a measurement. The which-path marker’s prese
alone is sufficient to make the two terms on the right-ha
side of Eq.~2! orthogonal and thus there will be no cro
terms inz^r zC& z2. Therefore, it is enough that the which-pa
information is available to destroy interference. Moreov
provided thatuc1(r )& and uc2(r )& are not significantly per-
turbed by the observer, one canerasethe which-path infor-
mation and recover interference by correlating the part
detection with an appropriate measurement on the wh
path markers. Such a measurement is known asquantum
erasure. In addition, if the which-path marker is capable
storing information, the erasure can be performed even a
the detection of the particle. The possibility of delayed e
sure generated a discussion with respect to its legitima
with the argument that it would be possible, in this way,
alter the past@11,12#. This argument is founded on an erro
neous interpretation of the formalism of quantum mechan
@13,14#. In recent years, there have been a number of id
and experiments~performed and proposed! in which which-
path information is accessible without causing severe per
bations to the interfering particles@10,9,15–30#. Among the
proposals, we distinguish the ones due to Scully and Dr¨hl
@9# and to Scully, Englert, and Walther@10# because of their
originality and pedagogical content.
©2002 The American Physical Society18-1
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WALBORN, CUNHA, PÁDUA, AND MONKEN PHYSICAL REVIEW A 65 033818
Because of their momentum, time, and polarization co
lation properties, photon pairs generated by spontane
parametric down-conversion play an important role in
experimental demonstrations of quantum eras
@17,18,20,21,28,29#. Although the quantum erasure phenom
enon is present in all reported experiments, only one@28# can
be considered an optical analog of the original proposa
Scully and Dru¨hl @9#. In this paper we report a quantum
eraser experiment which actually uses a Young double sl
create interference. The experiment is analyzed in connec
with the proposal of Scully, Englert, and Walther~SEW!
@10,31#. To the authors’ knowledge, this is the first demo
stration of a quantum eraser in which interference is obtai
from the passage of the particles through a real double s

In Sec. II we give a brief summary of the SEW quantu
eraser. The theory behind our quantum eraser is present
Sec. III. The experimental setup and results are presente
Secs. IV and V, respectively.

II. THE SCULLY-ENGLERT-WALTHER
QUANTUM ERASER

The experiment reported here is inspired by the propo
of Scully, Englert, and Walther@10#, which can be summa
rized as follows. A beam of Rydberg atoms in an excit
state is incident on a double slit small enough to form
Young interference pattern on a distant screen. In fron
each slit is placed a which-path marker, which consists o
micromaser cavity of appropriate length such that the em
sion probability for an atom traversing the cavity is 1. Th
the presence of a photon in either cavity marks the pass
of an atom through the corresponding slit and thus destr
the interference pattern, because which-path informatio
now available. The perturbation to the spatial part of
wave function of the atoms due to the cavities is ignora
@10,13,31#. A measurement that projects the state of the ca
ties onto a symmetric~antisymmetric! combination ofu0& ~no
photon present! and u1& ~one photon present! performs the
erasure, and an interference pattern is recovered in corre
detection.

III. AN OPTICAL BELL-STATE QUANTUM ERASER

Consider the following experimental setup. A linearly p
larized beam of photons is incident on a double slit. If t
double slit is of appropriate dimensions, the probability d
tribution for one-photon detection at a distant screen is gi
by a Young interference pattern. Suppose that in front
each slit we place a quarter-wave plate, with the fast axi
an angle of 45°~or 245°! with respect to the photon polar
ization direction. Upon traversing either one of the wa
plates, the photon becomes circularly polarized, and acqu
a well-defined angular momentum@32#. Supposing that the
wave plate is free to rotate, it should acquire an angu
momentum opposite to that of the photon, and rotate righ
left, depending on the chirality of the photon. If we treat ea
wave plate as a quantum rotor, we can say that the ph
induced a transition withD l 561. Since the wave plates d
not significantly modify the propagation of the beam, w
03381
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have, in principle, a which-path marker with necessary ch
acteristics for a quantum eraser. However, this scheme is
from being practical. As well as the difficulty of setting th
wave plates free to rotate, the separation between the en
levels of a rotor with the mass and dimensions of a wa
plate is of the order 10240 eV. In addition, decoherence e
fects may make it impossible to use macroscopic quan
rotors to mark the path of a photon. This idea is similar to
‘‘haunted measurement’’ of Greenberger and Ya’sin@33#.

By enlarging the system, however, it is possible to cre
an adequate which-path detector. Let the beam of pho
incident on the double slit be entangled with a second be
freely propagating in another direction, so as to define a B
state

uC&5
1

&
~ ux&suy&p1uy&sux&p), ~3!

where the indicess andp indicate the two beams, andx and
y represent orthogonal linear polarizations. If beams is inci-
dent on the double slit~without wave plates!, state ~3! is
transformed to

uC&5
1

&
~ uc1&1uc2&), ~4!

where

uc1&5
1

&
~ ux&s1uy&p1uy&s1ux&p), ~5!

uc2&5
1

&
~ ux&s2uy&p1uy&s2ux&p). ~6!

The indicess1 ands2 refer to beams generated by slit 1 a
slit 2, respectively. The probability distribution for one
photon detection on a screen placed in the far-field region
the overlapping beamss1,s2 will show the usual interfer-
ence:

Ps~d!}11cosd, ~7!

where d is the phase difference between the paths sli
→detector and slit 2→detector. Introducing thel/4 plates
one in front of each slit with the fast axes at anglesu1
545° andu25245° to thex direction, statesuc1& anduc2&
are transformed to

uc1&5
1

&
~ uL&s1uy&p1 i uR&s1ux&p), ~8!

uc2&5
1

&
~ uR&s2uy&p2 i uL&s2ux&p), ~9!

whereR andL represent right and left circular polarization
Since uc1& and uc2& have orthogonal polarizations, there
no possibility of interference. In order to recover interfe
8-2
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DOUBLE-SLIT QUANTUM ERASER PHYSICAL REVIEW A65 033818
ence, let us project the state of the system over the symm
and antisymmetric states of the which-path detector. Thi
equivalent to transforminguc1& and uc2& in a way that ex-
presses them as symmetric and antisymmetric combinat
of polarizations, for example,

ux&5
1

&
~ u1&1u2&), ~10!

uy&5
1

&
~ u1&2u2&), ~11!

uR&5
12 i

2
~ u1&1 i u2&), ~12!

uL&5
12 i

2
~ i u1&1u2&), ~13!

FIG. 1. Experimental setup for the Bell-state quantum era
QWP1 and QWP2 are quarter-wave plates aligned in front of
double slit with fast axes perpendicular. POL1 is a linear po
izer.

FIG. 2. Coincidence counts vs detector Ds position with QWP1
and QWP2 removed. An interference pattern due to the double
is observed.
03381
ric
is

nswhere ‘‘1’’ and ‘‘ 2’’ represent polarizations145° and245°
with respect tox. Rewriting the complete stateuC&, we have

uC&5
1

2
@~ u1&s12 i u1&s2)u1&p1 i ~ u2&s11 i u2&s2)u2&p].

~14!

According to the above expression, we can recover inter
ence projecting the state of photonp over u1&p or u2&p .
Experimentally, this can be done by placing a polarizer in
path of beamp and orientating it at145° to selectu1&p or at
245° to selectu2&p . The interference pattern is recovere
through the coincidence detection of photonss andp. Notice
that the fringes obtained in the two cases are out of ph
They are commonly calledfringesandantifringes.

r.
e
-
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FIG. 3. Coincidence counts when QWP1 and QWP2 are pla
in front of the double slit. Interference has been destroyed.

FIG. 4. Coincidence counts when QPW1, QWP2, and POL1
in place. POL1 was set tou, the angle of the fast axis of QWP1
Interference has been restored in thefringe pattern.
8-3
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WALBORN, CUNHA, PÁDUA, AND MONKEN PHYSICAL REVIEW A 65 033818
A. Obtaining which-path information

Which-path information can be obtained by consider
the polarization of both photonss and p. The process of
obtaining information can be separated into two schem
detectingp befores, or detectings beforep, which we refer
to as delayed erasure. This can be done by changing th
relative lengths of beamss and p. We will assume that one
photon is detected much earlier than the arrival of the ot
photon at the measuring devices. Let us consider the
possibility. If photonp is detected with polarizationx ~say!,
then we know that photons has polarizationy before hitting
thel/4 plates and the double slit. By looking at Eqs.~4!, ~8!,
and~9!, it is clear that detection of photons ~after the double
slit! with polarizationR is compatible only with the passag
of s through slit 1 and polarizationL is compatible only with

FIG. 5. Coincidence counts when QPW1, QWP2, and POL1
in place. POL1 was set tou1p/2, the angle of the fast axis o
QWP2. Interference has been restored in theantifringe pattern.

FIG. 6. Coincidence counts in the delayed erasure
up. QWP1, QWP2, and POL1 are absent. A standard Young in
ference pattern is observed.
03381
s:

r
st

the passage ofs through slit 2. This can be verified exper
mentally. In the usual quantum mechanics language, de
tion of photonp before photons has prepared photons in a
certain state.

B. Delayed erasure

The possibility of obtaining which-path information afte
the detection of photons leads to delayed choice@34#. De-
layed choice creates situations in which it is important
have a clear notion of the physical significance of quant
mechanics. A good discussion can be found in Refs.@11–14#.
In as much as our quantum eraser does not allow the exp
menter tochooseto observe which-path information or a
interference pattern after the detection of photons, it does

re

t-
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FIG. 7. Coincidence counts in the delayed-erasure setup
QWP1 and QWP2 in place in front of the double slit. No interfe
ence is observed.

FIG. 8. Coincidence counts in the delayed-erasure setup w
QPW1, QWP2, and POL1 are in place. POL1 was set tou, the
angle of the fast axis of QWP1. Interference has been restore
the fringe pattern.
8-4
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DOUBLE-SLIT QUANTUM ERASER PHYSICAL REVIEW A65 033818
allow for the detection of photons before photonp, a situa-
tion which we refer to as delayed erasure. The question
‘‘Does the order of detection of the two photons affect t
experimental results?’’

IV. EXPERIMENTAL SETUP AND PROCEDURE

For certain propagation directions, type-II spontaneo
parametric down-conversion in a nonlinear crystal crea
the state

uc&5
1

&
~ uo&sue&p1eifue&suo&p), ~15!

whereo and e refer to ordinary and extraordinary polariz
tions. f is a relative phase shift due to the crystal birefr
gence. Iff50 or p we have the Bell statesuC1& anduC2&,
respectively.

Using this state in the interferometer described in the p
vious section, the probability of detecting photons in coin
dence is proportional to

1

2
1F1

2
2sin2~u1a!cos2

f

2
2sin2~u2a!sin2

f

2 Gsind,

~16!

whered is defined right after expression~7!, u is the smallest
angle between the fast~slow! axis of the quarter-wave plate
and theo axis, anda is the angle of the polarizer in pathp,
with respect to theo axis.

The experimental setup is shown in Fig. 1. An argon la
~351.1 nm at;200 mW! is used to pump a 1-mm-long BBO
(b-BaB2O4) crystal, generating 702.2 nm entangled photo
by spontaneous parametric down-conversion. The BBO c
tal is cut for type-II phase matching. The pump beam
focused onto the crystal plane using a 1 mfocal length lens
to increase the transverse coherence length at the double

FIG. 9. Coincidence counts in the delayed-erasure setup w
QPW1, QWP2, and POL1 are in place. POL1 was set tou
1p/2, the angle of the fast axis of QWP2. Interference has b
restored in theantifringe pattern.
03381
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The width of the pump beam at the focus is approximat
0.5 mm @35#. The orthogonally polarized entangled photo
leave the BBO crystal each at an angle of;3° with the pump
beam. In the path of photonp a polarizer cube~POL1! can be
inserted in order to perform the quantum erasure. The dou
slit and quarter-wave plates are placed in paths, 42 cm from
the BBO crystal. DetectorsDs and Dp are located 125 and
98 cm from the BBO crystal, respectively. QWP1 a
QWP2 are quarter-wave plates with fast axes at an angl
45°. The circular quarter-wave plates were sanded~tangen-
tially! so as to fit together in front of the double slit. Th
openings of the double slit are 200mm wide and separated
by a distance of 200mm. The detectors are EG&G SPCM
200 photodetectors, equipped with interference filters~band-
width 1 nm! and 300mm35 mm rectangular collection slits
A stepping motor is used to scan detectorDs .

The delayed erasure setup is similar, with two changes~i!
detectorDp and POL1 were placed at a new distance of 2
from the BBO crystal and~ii ! the collection iris on detecto
Dp has dimensions 600mm35 mm.

V. EXPERIMENTAL RESULTS

Before the quantum eraser experiment was perform
Bell’s inequality tests were performed to verify that e
tangled states were being detected@36#. Figure 2 shows the
standard Young interference pattern obtained with the dou
slit placed in the path of photons, without quarter-wave
plates QWP1 and QWP2, and with POL1 absent from de
tor Dp . Next, the path of photons was marked by placing
the quarter-wave plates QWP1 and QWP2 in front of
double slit. Figure 3 shows the absence of interference du
the quarter-wave plates. Nearly all interference presen
Fig. 2 was destroyed. The residual interference present is
to a small error in aligning the quarter-wave plates. T
which-path information was erased and interference rec
ered by placing the linear polarizer POL1 in front of detec
Dp . To recover interference, the polarization angle of PO
~a! was set tou, the angle of the fast axis of quarter-wav
plate QWP1. Interference fringes were obtained as show
Fig. 4. The detection time was doubled in order to comp
sate for the decrease in coincidence counts due to POL1
Fig. 5, POL1 was set tou1p/2, the angle of the fast axis o
QWP2, which produced a pattern of interference antifring
The averaged sum of these two interference patterns giv
pattern roughly equal to that of Fig. 3.

The same experimental procedure was used to prod
Figs. 6–9 for the delayed-erasure situation. The experime
results are comparable to the case in which photonp is de-
tected before photons. We use the term ‘‘delayed choice
loosely, in that in our experiment there is no ‘‘choice’’ ava
able to the observer in the time period after the detection
photonss and before the detection of photonp. We simply
wish to show that the order of detection is not important,
concordance with the literature@13,14#.

VI. CONCLUSION

We have presented a quantum eraser that uses a Y
double slit to create interference. The quarter-wave plate
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WALBORN, CUNHA, PÁDUA, AND MONKEN PHYSICAL REVIEW A 65 033818
our experiment served as the which-path markers to des
interference. We recovered interference using the entan
ment of photonss andp. Our quantum eraser is very simila
to the that of Scully, Englert, and Walther@10#. We have
shown that interference can be destroyed, by marking
path of the interfering photon, and recovered, by making
appropriate measurement on the other entangled photon
have also investigated this experiment under the condit
of delayed erasure, in which the interfering photons is de-
tected before photonp. In as much as our experiment did n
allow for the observer to choose the polarization angle in
time period after photons was detected and before detecti
ive

. A

r,

03381
oy
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e
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of p, our results show that acollapseof the wave function
due to detection of photons does not prohibit one from ob
serving the expected results. Our experimental data a
with the proposal of Scully, Englert, and Walther that qua
tum erasure can be performed after the interfering part
has been detected@10#.
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