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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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. INTRODUCTION a particle without disturbind,(r)) or |¢,(r)) can be rep-

resented by the expansion of the Hilbert space of the system
Wave-particle duality, a manifestation of the complemen-in the following way:

tarity principle, proposes many questions about the behavior
of particles in interferometers. It has long been known that
which-path information and visibility of interference fringes 1
are complementary quantities: any distinguishability between W)= EH Pa(r)) M)+ (1)) M2)], (2)
the paths of an interferometer destroys the qualitsibility )
of the interference fringes. The incompatibility between
which-path information and interference effects has beervhere|M ;) is the state of the which-path marker correspond-
quantified through inequalities by various authdfs-6].  ing to the possibility of passage through the pattThe
Originally, it was thought that the uncertainty principle waswhich-path marker has become entangled with the two pos-
the mechanism responsible for the absence of interferencsible particle states. A 100% effective which-path marker is
fringes due to a which-path measurement. The first and peprepared such thaM,) is orthogonal tdM,). In this case,
haps most famous example of this idea is the Einstein-Bohg measurement dfl reduceg¥) to the appropriate state for
dialogue at the Fifth Solvay Conference in Brussels concernthe passage of the particle through path 1 or 2. However, the
ing Einstein’s recoiling double-slit gedanken experiment, indisappearance of the interference pattern is not dependent on
which the momentum transfer from incident particles to thesuch a measurement. The which-path marker’s presence
double slitis measured to determine the particles’ trajectorieglone is sufficient to make the two terms on the right-hand
[7,8]. However, Bohr showed that the uncertainty in theside of Eq.(2) orthogonal and thus there will be no cross
knowledge of the double slit's initial position was of the terms in|(r|W)[?. Therefore, it is enough that the which-path
same order of magnitude as the space between the interfarformation is available to destroy interference. Moreover,
ence minima and maxima: interference fringes wereprovided thaf #1(r)) and|y,(r)) are not significantly per-
“washed out” due to the uncertainty principl&]. turbed by the observer, one camasethe which-path infor-
More recently, Scully and Dhl have shown that, in cer- mation and recover interference by correlating the particle
tain cases, we can attribute this loss of interference not to thgetection with an appropriate measurement on the which-
uncertainty principle but to quantum entanglement betweepath markers. Such a measurement is knowrgasntum
the interfering particles and the measuring apparg@us=or  erasure In addition, if the which-path marker is capable of
example, disregarding internal degrees of freedom, we castoring information, the erasure can be performed even after
represent the state of particles exiting an interferometer bythe detection of the particle. The possibility of delayed era-
sure generated a discussion with respect to its legitimacy,
1 with the argument that it would be possible, in this way, to
|y = —T[|a(r))+|a(r))], (1)  alter the pasf11,12. This argument is founded on an erro-
V2 neous interpretation of the formalism of quantum mechanics
[13,14. In recent years, there have been a number of ideas
where|¢1(r)) and|¢,(r)) represent the possibility for the and experimentgperformed and proposgéh which which-
particles to take path 1 or 2, respectively. The probabilitypath information is accessible without causing severe pertur-
distribution for one-particle detection at a poinis given by  bations to the interfering particlg40,9,15-30. Among the
[(r|W)|?; the cross terméy,(r)|r){r|,(r)) and(y,(r)|r)  proposals, we distinguish the ones due to Scully anchDru
X(r|y(r)) are responsible for interference. The introduc-[9] and to Scully, Englert, and Walthgt0] because of their
tion of an apparatus! capable of marking the path taken by originality and pedagogical content.
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Because of their momentum, time, and polarization correhave, in principle, a which-path marker with necessary char-
lation properties, photon pairs generated by spontaneouwscteristics for a quantum eraser. However, this scheme is far
parametric down-conversion play an important role in thefrom being practical. As well as the difficulty of setting the
experimental demonstrations of quantum erasuravave plates free to rotate, the separation between the energy
[17,18,20,21,28,2PAlthough the quantum erasure phenom-levels of a rotor with the mass and dimensions of a wave
enon is present in all reported experiments, only[@8& can  plate is of the order 10°° eV. In addition, decoherence ef-
be considered an optical analog of the original proposal ofects may make it impossible to use macroscopic quantum
Scully and Drinl [9]. In this paper we report a quantum rotors to mark the path of a photon. This idea is similar to the
eraser experiment which actually uses a Young double slit thaunted measurement” of Greenberger and Ya[$8].
create interference. The experiment is analyzed in connection By enlarging the system, however, it is possible to create
with the proposal of Scully, Englert, and Walth€8BEW)  an adequate which-path detector. Let the beam of photons
[10,31. To the authors’ knowledge, this is the first demon-incident on the double slit be entangled with a second beam
stration of a quantum eraser in which interference is obtaineéteely propagating in another direction, so as to define a Bell
from the passage of the particles through a real double slitstate

In Sec. Il we give a brief summary of the SEW quantum
eraser. The theory behind our quantum eraser is presented in 1
Sec. lIl. The experimental setup and results are presented in W)= E(|X>s|y>p+ [Y)slX)p). 3)
Secs. IV and V, respectively.

where the indices andp indicate the two beams, andand
Il. THE SCULLY-ENGLERT-WALTHER y represent orthogonal linear polarizations. If besis inci-
QUANTUM ERASER dent on the double slitwithout wave plates state(3) is

transformed to
The experiment reported here is inspired by the proposal

of Scully, Englert, and Walthgr10], which can be summa- 1
rized as follows. A beam of Rydberg atoms in an excited |‘1’)=‘7(|l/fl>+|lﬁz>), 4
state is incident on a double slit small enough to form a L

Young interference pattern on a distant screen. In front Of/vhere

each slit is placed a which-path marker, which consists of a

micromaser cavity of appropriate length such that the emis- 1

sion probability for an atom traversing the cavity is 1. Then [y = —()salY)p+ [Y)s1| X)) (5)
the presence of a photon in either cavity marks the passage V2

of an atom through the corresponding slit and thus destroys

the interference pattern, because which-path information is 1

now available. The perturbation to the spatial part of the |l//2>=‘E(|X>sz|y>p+|y>sz|x>p)- (6)
wave function of the atoms due to the cavities is ignorable

[10,13,3]. A measurement that projects the state of the cavi
ties onto a symmetricantisymmetri¢ combination of0) (no
photon presentand |1) (one photon presenperforms the
erasure, and an interference pattern is recovered in correlat
detection.

The indicess1l ands2 refer to beams generated by slit 1 and
slit 2, respectively. The probability distribution for one-
hoton detection on a screen placed in the far-field region of
e overlapping beamsl1,s2 will show the usual interfer-
ence:

Iil. AN OPTICAL BELL-STATE QUANTUM ERASER Ps(8)*1+cosé, @)

Consider the following experimental setup. A linearly po- where ¢ is the phase difference between the paths slit 1
larized beam of photons is incident on a double slit. If the— detector and slit 2>detector. Introducing th@/4 plates
double slit is of appropriate dimensions, the probability dis-one in front of each slit with the fast axes at angk®s
tribution for one-photon detection at a distant screen is given=45° andf,= —45° to thex direction, state$y,) and| )
by a Young interference pattern. Suppose that in front ofare transformed to
each slit we place a quarter-wave plate, with the fast axis at
an angle of 45%or —45°) with respect to the photon polar- 1 _
ization direction. Upon traversing either one of the wave |¢1>:5(|L>Slly>p+||R>sl|X>p)i 8
plates, the photon becomes circularly polarized, and acquires
a well-defined angular momentuf82]. Supposing that the 1
wave plate is free to rotate, it should acquire an angular _ - .
momentum opposite to that of the photon, and rotate right or [2)= V2 ([R)2l)p=1[L)s2lX)p). ©
left, depending on the chirality of the photon. If we treat each
wave plate as a quantum rotor, we can say that the photomhereR andL represent right and left circular polarizations.
induced a transition witiAl = = 1. Since the wave plates do Since|y,) and|,) have orthogonal polarizations, there is
not significantly modify the propagation of the beam, weno possibility of interference. In order to recover interfer-
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FIG. 1. Experimental setup for the Bell-state quantum eraser.

QWP1 and QWP2 are quarter-wave plates aligned in front of the 0 ...i......l..........................i.?.
double slit with fast axes perpendicular. POLL1 is a linear polar- 4 3 2 - 0 1 2 3 4
izer. Detector D, position (mm)

ence, let us project the state of the system over the symmetric FIG. 3. Coincidence counts when QWP1 and QWP2 are placed
and antisymmetric states of the which-path detector. This i# front of the double slit. Interference has been destroyed.
equivalent to transformingy/,) and|,) in a way that ex-

presses them as symmetric and antisymmetric combinationghere “+” and “ —” represent polarizations-45° and—45°
of polarizations, for example, with respect tox. Rewriting the complete statd’), we have
_1 1
b=z 1+)3+1=0, A0 [w)= 1+ a=ilH) H et i(-)st i) =)yl
(14
1
)= Ed == (11) According to the above expression, we can recover interfer-

ence projecting the state of photgnover |[+), or [—),.
1 Experimentally, this can be done by placing a polarizer in the
IRY="——(|+)+i|-)), (12) path of beanp and orientating it at-45° to select+),, or at
2 —45° to selec]—),. The interference pattern is recovered
through the coincidence detection of photaredp. Notice

B 1-i that the fringes obtained in the two cases are out of phase.
IL)= — [+)+1=)), (13 They are commonly calleffingesand antifringes
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FIG. 2. Coincidence counts vs detectay @sition with QWP1 FIG. 4. Coincidence counts when QPW1, QWP2, and POLL1 are
and QWP2 removed. An interference pattern due to the double slin place. POL1 was set t6, the angle of the fast axis of QWP1.
is observed. Interference has been restored in fhiege pattern.
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FIG. 5. Coincidence counts when QPW1, QWP2, and POL1 are FIG. 7. Coincidence counts in the delayed-erasure setup with
in place. POL1 was set t6+ /2, the angle of the fast axis of QWP1 and QWP?2 in place in front of the double slit. No interfer-
QWP2. Interference has been restored indhgfringe pattern. ence is observed.

A. Obtaining which-path information the passage o through slit 2. This can be verified experi-
mentally. In the usual quantum mechanics language, detec-

Which-path information can be obtained by considering. .
tion of photonp before photors has prepared photosin a

the polarization of both photons and p. The process of ;
obtaining information can be separated into two schemeg<e€rtain state.

detectingp befores, or detectings beforep, which we refer

to asdelayed erasureThis can be done by changing the B. Delayed erasure

relative lengths of beamsandp. We will assume that one  The possibility of obtaining which-path information after
photon is detected much earlier than the arrival of the othefhe detection of photos leads to delayed choid@4]. De-
photon at the measuring devices. Let us consider the firghyed choice creates situations in which it is important to
possibility. If photonp is detected with polarizatior (say,  have a clear notion of the physical significance of quantum
then we know that photoshas polarizatiory before hitting  mechanics. A good discussion can be found in Réfs-14.
the\/4 plates and the double slit. By looking at E¢$. (8),  In as much as our quantum eraser does not allow the experi-
and(9), itis clear that detection of photan(after the double  menter tochooseto observe which-path information or an

slit) with polarizationR is compatible only with the passage interference pattern after the detection of phogoiit does
of sthrough slit 1 and polarizatioh is compatible only with
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FIG. 8. Coincidence counts in the delayed-erasure setup when
FIG. 6. Coincidence counts in the delayed erasure setQPW1, QWP2, and POL1 are in place. POL1 was sef,tthe
up. QWP1, QWP2, and POL1 are absent. A standard Young interangle of the fast axis of QWP1. Interference has been restored in
ference pattern is observed. the fringe pattern.
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0 The width of the pump beam at the focus is approximately
0.5 mm[35]. The orthogonally polarized entangled photons
leave the BBO crystal each at an angle~@° with the pump
beam. In the path of photgma polarizer cubéPOL1) can be
inserted in order to perform the quantum erasure. The double
slit and quarter-wave plates are placed in path2 cm from
the BBO crystal. DetectorB¢ andD,, are located 125 and
98 cm from the BBO crystal, respectively. QWP1 and
QWP?2 are quarter-wave plates with fast axes at an angle of
45°. The circular quarter-wave plates were santadgen-
tially) so as to fit together in front of the double slit. The
openings of the double slit are 2Q8n wide and separated
by a distance of 20Qum. The detectors are EG&G SPCM
200 photodetectors, equipped with interference filtbesnd-
t S T TN width 1 nm and 300umXx 5 mm rectangular collection slits.
4 % 2 4 0 1 2 3 4 A stepping motor is used to scan detedy.

Detector D; position (mm) The delayed erasure setup is similar, with two chan@es:
detectorD, and POL1 were placed at a new distance of 2 m

FIG. 9. Coincidence counts in the delayed-erasure setup Wheﬁl " L
. om the BBO crystal andii) the collection iris on detector
QPW1, QWP2, and POL1 are in place. POL1 was setfto D. has dimensions 608mx 5 mm.

+ /2, the angle of the fast axis of QWP2. Interference has been P
restored in theantifringe pattern.

Coincidence counts in 1000 s

V. EXPERIMENTAL RESULTS

allow for the detection of photos before photorp, a situa- Before the quantum eraser experiment was performed,

tion which we refer to as _delayed erasure. The question ige|s inequality tests were performed to verify that en-
“Does the order of detection of the two photons affect theiangled states were being detecf@é]. Figure 2 shows the

experimental results?” standard Young interference pattern obtained with the double
slit placed in the path of photos, without quarter-wave
IV. EXPERIMENTAL SETUP AND PROCEDURE plates QWP1 and QWP2, and with POL1 absent from detec-

For certain propagation directions, type-ll spontaneou
parametric down-conversion in a nonlinear crystal create
the state

e quarter-wave plates QWP1 and QWP2 in front of the
ouble slit. Figure 3 shows the absence of interference due to
the quarter-wave plates. Nearly all interference present in
1 Fig. 2 was destroyed. The residual interference present is due
|4)=—(lo)sle)p+ ei¢|e>s|0>p), (15 to a small error in aligning the quarter-wave plates. The
V2 which-path information was erased and interference recov-

ered by placing the linear polarizer POL1 in front of detector

whereo ande refer to ordinary and extraordinary polariza- p ' 1o recover interference, the polarization angle of POL1

tions. ¢ is a relative phase shift due to the+crystal birefrin- (@) was set tod, the angle of the fast axis of quarter-wave
gence. If¢y=0 or 7 we have the Bell statd® ™) and[¥ ™),  pjate QWP1. Interference fringes were obtained as shown in
respectively. ) ) . ) Fig. 4. The detection time was doubled in order to compen-
Using this state in the interferometer described in the preg;te for the decrease in coincidence counts due to POLL. In
vious section, the probability of detecting photons in coinci-,:ig. 5, POL1 was set té+ /2, the angle of the fast axis of

%(_J‘r D, . Next, the path of photos was marked by placing

dence is proportional to QWP2, which produced a pattern of interference antifringes.
1 71 & & The averaged sum of these two interference patterns gives a
= +| Z—sirX(0+ @) cog—— sirk( O— a)sinz—}sin 8, pattern roughly equal to that of Fig. 3.
2 |2 2 2 The same experimental procedure was used to produce

(16) Figs. 69 for the delayed-erasure situation. The experimental
results are comparable to the case in which phqtas de-
tected before photos. We use the term “delayed choice”
loosely, in that in our experiment there is no “choice” avail-

: . able to the observer in the time period after the detection of
with respect to the axis. hotonss and before the detection of phot@n We simply

The experimental setup is shown in Fig. 1. An argon laser . N . .
. ish to show that the order of detection is not important, in
(351.1 nm at~200 mW) is used to pump a 1-mm-long BBO concordance with the literatufd3,14,

(B-BaB,0Q,) crystal, generating 702.2 nm entangled photons
by spontaneous parametric down-conversion. The BBO crys-
tal is cut for type-Il phase matching. The pump beam is
focused onto the crystal plane ugia 1 mfocal length lens We have presented a quantum eraser that uses a Young
to increase the transverse coherence length at the double skiouble slit to create interference. The quarter-wave plates in

where§is defined right after expressidi), 6 is the smallest
angle between the fagtlow) axis of the quarter-wave plates
and theo axis, anda is the angle of the polarizer in pa)

VI. CONCLUSION
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our experiment served as the which-path markers to destrayf p, our results show that eollapseof the wave function
interference. We recovered interference using the entanglelue to detection of photos does not prohibit one from ob-
ment of photons andp. Our quantum eraser is very similar serving the expected results. Our experimental data agree
to the that of Scully, Englert, and Walth¢t0]. We have with the proposal of Scully, Englert, and Walther that quan-
shown that interference can be destroyed, by marking theum erasure can be performed after the interfering particle
path of the interfering photon, and recovered, by making arnas been detectddO].

appropriate measurement on the other entangled photon. We
have also investigated this experiment under the conditions
of delayed erasure, in which the interfering phowis de-
tected before photop. In as much as our experiment did not  The authors acknowledge financial support from the Bra-
allow for the observer to choose the polarization angle in theilian agencies CNPq, CAPES, FINEP, PRONEX, and
time period after photos was detected and before detection FAPEMIG.
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