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Comparing quantum and classical correlations in a quantum eraser

A. Gogo, W. D. Snyder, and M. Betk
Department of Physics, Whitman College, Walla Walla, Washington 99362, USA
(Received 14 February 2005; published 18 May 2005

We have demonstrated the operation of a quantum eraser based on a polarization interferometer. Which-path
information is erased not by modifying the interferometer apparatus, but instead by modifying the information
obtained from measurements performed on a second beam, whose polarization is correlated with that of the
interferometer beam. We compare the results obtained when the two beams are in an entangtrchstata
correlation$ and in a mixed statéclassical correlationsWe find that classical correlations can mimic most,
but not all, of the quantum-mechanical behavior.
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[. INTRODUCTION the path of the signal photon through an interferométera
) ) ____double sli} is determined by its polarization, then a suitable
When light passes through an interferometer, the visibilitymeasurement of the idler polarization yields full which-path
of the resulting fringe pattern depends on the amount ofnformation for the signal. This destroys any interference. In
“which-path” information available to the experimenter. If order to observe interference, which-path information must
the experimenter is able to determine, by any means, whiche erased from the idler as well as from the signal; this is
path the light takes through the interferometer then there islone by a suitable modification of the idler measurement
no interference. If the experimenter has no information abouf5,6]. This example does constitute an ideal quantum eraser,
the path(and cannot evein principle determine which path because only the idler measurement is changed to affect the
the light took then high visibility interference can be ob- available which-path information.
served. In general partial path information leads to partial Quantum erasers with geometries different from those de-
interference(visibility between 0 and JL[1], but here we scribed above have also been implemeriedl(. Here we
concern ourselves only with the extreme cases of high or lovlemonstrate ideal quantum erasure in a polarization interfer-
visibility. ometer using two different sources of polarization-correlated
In some experiments it is possible to switch between havphoton pairs: an entangled state source and a mixed state
ing full which-path information and having no which-path source. The signal beam traverses the polarization interfer-
information by a subtle modification of the experimental ap-ometer, while the idler beam passes through a polarization
paratus. In cases where the which-path information is no@analyzer before being measured. We look for interference in
available, the which-path information is said to be “erased,’the measured coincidence counts between these beams;
and this erasure can allow the observation of high visibilityhence interference depends not only on the properties of each
interference fringes. An interferometer with these propertiegndividual beam, but also on the correlations between them.
is frequently referred to as a “quantum eraser.” For exampleAs described above, we must erase which-path information
a wave plate or polarizer inserted into one arm of an interobtainable from the idlefas well that from the signglin
ferometer can be used to modify the polarization of thatorder to see interference. Our experiments are quite similar
beam. With suitable polarization analysis after the interferto those proposed by Kwiat and Engléti].
ometer, rotations of this wave plate or polarizer can either We find that the visibility of the measured interference
yield or erase which-path information, hence changing thepattern does indeed depend on how the polarization of the
visibility of the observed interference pattefh-3]. How- idler beam is analyzed; this is true for both the entangled-
ever, using the criteria of Kwiadt al. this example does not state and the mixed-state sources. However, we find that the
constitute an “ideal” quantum eraser because it involvegesults obtained with these two sources are not identical in
modification of the interferometer itself, as opposed to sim-all respects. For the entangled-state source we find that inter-
ply modifying the measurement apparafds ference is lost when which-path information for the signal
It is also possible to perform experiments with correlatedoeam can be obtained by measuring the polarization of the
photon pairs. When using parametric downconversion, thédler beam. For our mixed-state source which-path informa-
correlated photons are known as the signal and the idler. Ition is never available; the lack of an interference pattern
this case it is often possible to obtain which-path informationwhen using this source is due to the inability to separate two
not only from the signal beam traversing the interferometerpverlapping interference patterns which are out of phase with
but also by performing appropriate measurements on theach othef11].
idler beam. For example, consider the case in which the po-

larizations of the signal and idler are perfectly correlated. If Il EXPERIMENT

A. Entangled state

The experimental apparatus for measurements using an
*Electronic address: beckmk@whitman.edu entangled-state source is depicted in Fig. 1. We use a pair of
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notes a beam displacing prism.

relations by performing a test of a Bell inequality, and find-
........... ing a 30 standard deviation violation of local realigh2,13.
The polarization interferometer is shown in Fig. 2. A
beam displacing prisfBDP) (simply a piece of birefringent
calcite splits the beam into vertically and horizontally polar-

FIG. 1. (Color onling The experimental arrangement of a quan- !zed components, with the horizontally polarized piece walk-

tum eraser with polarization entangled photons. Hel2 denotes a N9 Off. A half wave plate flips the polarizations, so that a

half wave plate, QP denotes the quartz plate, DC denotes the dow§€cONd BDP causes the two polarizations to walk back to-

conversion crystals, Pl denotes the polarization interferometeidether. Upon exiting this BDP the beams are overlapped, but

SPCM's denotes the single-photon counting modules, and PBS délo not yet interfere because they have orthogonal polariza-

notes a polarizing beamsplitter. tions. A second\./2 plate rotates both polarizations by 45° so
that they interfere on the polarizing beamsplitteBS. The

0.5-mm-thick BBO crystals, each cut for type-I downconver-!Dathlength differencérelative phasgbetween the two arms

sion. They are stacked back-to-back, with their crystal axe¥ adjus_ted by ro;ating the _second BDP. .
oriented at 90° with respect to each otiée,13. The first _ As discussed in Sec. |, interference can (_Jnly occur if the
crystal converts vertically polarized pump photons into hori-Sr']gnaLp?Oth Iiakes EOT I;()ath.?hthrough ”lf] |nt<ta;]ferc;ﬂwet?r:. I
zontally polarized signal and idler, while the second crystaF ISP ofon IS noylxin ofa (;el erhone pﬁl forh €o ?r hen
converts horizontally polarized pump photons into verticallyno |r_1tecrj etrenc_e V\g _fogicur. | m_cet_t € _pa:( oft et sEna 51 o
polarized signal and idler. The crystals are pumped using n 1S determined 1T 1ts polarization 1s known 1o be either
50-mW, 405-nm laser diode polarized at 45° in order to orizontal or vertical, there will be no interference if it is
pump b’oth crystals. The half wave plaig2, and the quartz possible to determine that the signal photon is horizontally or
plate (QP) in front of the downconversion crystals are usedvertlcally polarized.

to adjust the pump polarization, and the relative phase be- We illustrate this lack of interference in Fig. 3, where we
tween the horizontal and vertical polarizations. The downPl0t the measured number of coincidence counts between the

converted light is collected by lenses and focused into mulf‘ andB k()jettectorstlr:lABt,Was a func]:ut%n (_)ftth? pathltteng?kgf-
timode fibers which are used to direct the light to single-'S'€Nce beween the two arms of in€ Interterometer.

photon counting modulesSPCM'S. The SPCM's have plate in the idler beam is oriented so that horizontally polar-
RG780 filters in front of them, which pass the downcon-ized photons are detected&tgnd vertically .polar.ized pho-
verted light but block scattered pump photons. Further delons are detected & If a horizontally polarized idler pho-

tails about our experimental apparatus can be found in Refon 1S (_Jletec_ted aB, _for example_, tr_]en the polar|z_at|on
[14]. correlations inherent in the stat#) indicate that the signal

photon must be also be horizontally polarized. In this case
we know which path the signal photon took through the in-

Our source produces photon pairs in the polarization en
tangled state,

1 800
= SR +[VV)), (1) 2 ao
where H refers to a horizontally polarized photon, aikd g a0 -
refers to a vertically polarized photdri2,13. Any given 3 200 - _
23

photon has a 50/50 chance of being either horizontally or
vertically polarized. However, if one photon of a pair, for " A A A Il
example, the idler, is found to be horizontally polarized then o ) N N 4
we know that_ the secon(!;lgnab.photon will also be hori- Pathlength Difference (m)
zontally polarized. The correlations between the two beams

as expressed in the entangled state of Eg.are purely FIG. 3. The measured number of coincidence colys as a
quantum mechanical, and cannot be mimicked by any locaunction of the pathlength difference between the two arms of the
hidden variable theorti.e., by any strictly classical theory interferometer. Here the source is in an entangled state, and detector
We have verified that our source produces true quantum coB measures horizontally polarized idler photons.
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FIG. 4. The measured number of coincidence colMfg in (a),
andN,g in (b)] as a function of the pathlength difference between ~FIG. 5. (&) The sum of the measured number of coincidence
the two arms of the interferometer. Here the source is in an encOUNtSNag+Nag as a function of the pathlength difference be-
tangled state, and detecBmeasures +45° polarized idler photons, tween the two arms of the interferometer. Here the source is in an
while detectorB’ measures —45° polarized idler photons. entangled state, and detec®measures +45° polarized idler pho-
tons, while detectoB’ measures —45° polarized idler photo(is).

The singles count ratd, under the same conditions.
terferometer, and no interference will be observed. By mea g A

suring the outputs of detectdy in coincidence withB, we  with respect to that obtained from a +45° polarized photon.
can see whether or not these photons will produce an inteBecause these fringes are 180° out of phase, they are some-
ference pattern. In Fig. 3 we see that there is essentially nttimes referred to aantifringes These antifringes are shown
interference 15]. in Fig. 4b). Note that the fringes and antifringes do not

How then can we see interference? Because of the corr€ome from the two output ports of the interferometer. They
lations between the signal and the idler, potential which-pati§ome from the same output port, but are conditioned upon
information must be erased froboth beams. To do this we different polarization states of the idler photon.
orient thex/2 plate in the idler beam so that +45° linearly ~ If we add the number oAB and AB’ coincidencesNag
polarized idler photons are detectedBatand —45° linearly- +Nag, the interference is lost, as is seen in Fig. 5. Why is
polarized idler photons are detectedBdt With this orienta-  the interference lost in this case? We realize that by adding
tion a detection aB, for example, yields no information the ABandAB’ coincidences, we have effectively removed
about whether the idler photdand hence the signal photon the polarization information from the idler beam
was vertically or horizontally polarized. This effectively measurement—it is as if we simply had a single detector in
erases which-path information about the signal photon. Wéhe idler beam, with no polarization analysis. This yields no
expect to see interference if we look at coincident detectiongiformation about the polarization of the signal photon in the
betweerB andA. This interference is shown in Fig(a}, and  interferometer, so one might expect interference. However,
represents evidence of quantum erasure. interference is not seen in this case because one dould

Another way to understand why interference is observedrinciple place a polarizer in front of the idler detector to
for this setting of the wave plate in the idler beam is to notelearn the polarization. In order to see interference there must
the following. An interesting property of the entangled stateb€ no way(even in principl¢ to determine the polarization.
|l//> of Eq. (1) is that it rema|nsentang|ed in the basis con- The only way toguaranteethat the polarlzatlon information
sisting of +45 and —45° polarized photons: is erased is to arrangB and B’ to detect +45 and —-45°
polarizations, and then to perform that measurement. If this
measurement is not explicitly carried out there always re-
mains an in principle method of determining the polarization.
We illustrate this point further in Fig.(b), where we show
So, for example, if we measure the idler photon to be polarthe raw counts on detectéy,N,, taken at the same time as
ized along the +45° axis, the signal photon is projected ontehe data shown in Figs. 4 and&b. These raw counts show
a state with +45° polarization. This +45° polarized signalno interference, because for these counts the which-path in-
photon will take both paths through the interferometer, andormation for the signal is in principle available from a mea-
will then interfere with itself. surement performed on the idler beam.

Note further that a detection & indicates that the idler )
(signa) photon must be polarized at —45°. In this case the B. Mixed state
signal photon should interfere with itself as well; however, Before we discuss the details of our experiments with a
the fringe pattern for this polarization is 180° out of phasemixed state source, it is useful to consider which mixed

|¢>‘ |+45 +45 +|-45,-45). 2
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states we expect to exhibit interference. In analogy to(Eq. | 2 | | | T
we first consider the mixed state given by the density opera- 2 800 0% ﬁ 85% % —
tor 5 600—%:)?33 8686 &, -
.1 £ 400 %° %g o8 %68%0—
pHV_§(|H1H><H!H| +|V1V><V1V|) (3) = 0 go Og 08 [
SR EEA
It is straightforward to see that the mixed state of &) will i n I ] 1 N
never exhibit interference. The superposition of the en- | | | I |
tangled statéy) means that the signal photon contains both 7 soof- "% g 2 ﬁ ﬁ—
horizontaland vertical polarizations; it can take both paths S e0l =8 oo “E% & 8 2 B
through the interferometer and exhibit interference. How- ‘§ ;D g9 ° 3 o %g

ever, a signal photon in the stgig, has either horizontair g 40F g8 g % g @E 7]
vertical polarization; it never takes both paths. Photons in 3 200 —j % w W % -
this state will never exhibit interference. = oh | | | 0
Now consider the mixed staf®s, which is given by the ) ) 3 3 .

density matrix
y Pathlength Difference (um)

pas= 5(| +45, + 45(+ 45, + 45 + |- 45, 45(- 45,- 49).
@

It is important to note thap,s is not simply obtained by
changing the basis oby; it is an entirely different state.
This is in contrast to the entangled state, as Eqs(1) and

FIG. 6. The measured number of coincidence colMfg in (a),
andNag' in (b)] as a function of the pathlength difference between
the two arms of the interferometer. Here the source is in a mixed
state, and detectd® measures +45° polarized idler photons, while
detectorB’ measures —45° polarized idler photons.

- tection of this photon projects the signal photon into a
2) represent the same state expressed in different bases. X P
(2) rep b state polarized at +45°. This signal photon takes both paths

signal photon in the stateys has polarization +45° or —45°, ; i . )
so it alwaystakes both paths through the interferometer. mth_rough the mterf_erome_ter and displays mterfe_rence. With
his wave-plate orientation detectBf measures idler pho-

this mixed state we thus have the potential to see interfer- ! . . ; X
ence. tons polarized at —45°. These detections project the signal

In order to generate the staig; experimentally, we place photon into a —45° state which also exhibits an interference
a liquid crystal variable retardét. CVR) in the pump beam. pattern, as shown in Fig.(6). As was the case for the en-

The retardance of this LCVR is varied by applying a voltagetangled statdy) these two interference patterns represent

to it. This retarder is configured so that for one applied Volt_frmges and antlfrlnges. The mixed staig thus mimics th?

age the pump polarization entering the downconversion Cryé_nterf_erence beh"?“"or of the entangled state shown in F_|g. 4.

tals is vertical, producing pairs of signal and idler photons in It is also po§5|ble to mz_ike the interference pattern disap-

the statdH,H) which emerge from one of the crystals. For a pear. We do this by prlentlng the half wave plate in fron_t of

different voltage the pump polarization is horizontal, produc—the idler bear_n polarizer SUCh. that detedﬁ)!neasures. hori-

ing pairs of photons in the staf¥,V) which emerge from zontally_polar!zed photons. Given a detectiorBahe signal

the other crystal. We alternate back and forth between thes%hmOn is projected onto the state

two pump polarizations at 1 Hz, and average over a 5-s time

interval to sample both polarization states. The state of the 1

signal and idler photons leaving the downconversion crystals ps= §(| +45)(+ 45 + |- 45)(- 45).

thus approximatepy,,. We convertpy, to pss by inserting

half wave plates in the signal and idler beams immediately

after they leave the downconversion crystal. These wavé signal photon is thus equally likely to be polarized along

plates are oriented to rotate horizontal and vertical polariza+45° and —45°; in either case it will take both paths through

tions into +45 and —45° polarizations, creating the sfate  the interferometer and interfere with itself. However, as is
The correlations between the beams expressed in(Bgs. seen in Fig. 6, the +45° and —-45° interference patterns are

and(4) are classical in nature. By this we mean that there i®ut a phase with respect to each other. Since we do not

a local realistic description of these states, and hence theyistinguish between the two possible polarizations, we are

cannot violate a Bell inequality. By repeating the Bell in- effectively sampling both patterns. The two out-of-phase pat-

equality test we had performed using our entangled state, wierns cancel each other out, and the net effect is that the

find that the mixed stat@,, does not violate the Bell in- interference effectively disappears, as seen in Fig. 7. Thus

equality. the mixed statep,s mimics the behavior of the entangled
In Fig. 6 we show interference patterns obtained wherstate|i) shown in Fig. 3.

using the statep,s. In Fig. 6@ we show the interference By removing the half wave plates immediately following

pattern obtained when the half wave plate before the polathe downconversion crystals, we have also verified that the

izer in the idler beam is oriented such that dete®anea- mixed statep,y, of Eq. (3) does not exhibit interference for

sures idler photons polarized at +45°. As is seen in(By. any orientation of the analyzer wave plate in the idler beam.

©)
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ized idler photons are detectedEta count aB means that
the signal photon was also horizontally polarized and it is
unaffected by the beam block. Thus whether we insert or

600

wy

5

§ 40 remove the beam block in thebeam, the coincidence count

8 200l - rate Ng Will be completely unaffected. With this orientation

2%’ for the polarization analysis in the idler beam, vertically po-

0 K | | | ] !an;ed idler photons are deteqted Bt A (jetect[on atB’
o ) 5 3 4 |nd_|cates_, the presence of a vertically polarized s!gnal _photon,
. which will be blocked by the beam block. The insertion of
Pathlength Difference (um)

the beam block will cause the coincidence coNpg rate to
FIG. 7. The measured number of coincidence codgas a  drop to 0. _ _ .

function of the pathlength difference between the two arms of the [N our experiments with the entangled state, we have veri-

interferometer. Here the source is in a mixed state, and detBctor fied that the coincidence count rafégs andNag: behave as

measures horizontally polarized idler photons. described above upon the insertion or removal of the beam
block in thev beam. This verifies the interpretation that the
IIl. DISCUSSION detection of a horizontally polarized idler photon forces to

i . o signal photon to take only one path when traversing the in-
By comparing the interference patterns with different po-ta ferometer.

larization analysis applied to the idler bedfigs. 3, 4, 6,

and 7, we see that the mixed stafgs can mimic the inter-  gate every signal photon splits equally into horizontal and
ference behavior of the entangled stage Thus the appear- ertical components at the first BDP. Inserting a beam block

ance or disappearance of an interference pattern is not Nefio they beam will block half of the signal photons, inde-
essarily due to polarization entanglement between the tW@endent of the detection events in the idler beam. We thus
beams, but due to polarization correlations between them. expect the coincidence count ratégs andN g to both drop
Nevertheless, the interpretation of the lack of an interfer«Dy factors of 1/2 upon insertion of the beam block. Our
ence pattern(Figs. 3 and Y is different for the cases of gyperiments indicate that this is exactly what happens, veri-

mixed a_md pure .state[il]. For'the pure state we say that fying the interpretation that signal photons in the mixed state
measuring a horizontally polarized idler photon projects thealways take both paths through the interferometer.
signal photon onto a horizontally polarized state. This signal

photon takes only one path through the interferometer, and
hence cannot possibly display interference. For the mixed

state we say that the signal photon always takes both paths We have demonstrated the operation of a quantum eraser
through the interferometer. However, signal photons of dif-using a polarization interferometer. Interference is made to
ferent polarizations produce out-of-phase fringe patterns, anglppear and or disappear by modification of the measurement
detection of a horizontally polarized idler photon does notapparatus rather than a modification of the interferometer,
distinguish between these two patterns. The simple fact thagdicating that this is an ideal quantum eraser.
we do not observe an interference pattern does not verify The presence or absence of an interference pattern is in-
either of these interpretations. This raises the question, “Caflependent of whether we use an entangled state or a mixed
we verify these interpretations?” state source. However, in the presence of a beam block in
To answer this question we begin by reexamining the poone of the interferometer arms, the measured coincidence
larization interferometer of Fig. 2. The beam in the uppercount rates do depend on whether the source state is en-
arm of the interferometer emerges from the first BDP vertitangled or mixed. In this sense we say that the mixed state

cally polarized; we refer to the beam in this arm as the can mimic most, but not all, of the entangled state behavior.
beam. We refer to the other beam, which emerges from the

BDP horizontally polarized, as thebeam.

Consider first the case of the entangled state. What hap-
pens if we insert a beam block into tlkebeam? With this We thank V. W. Donato and R. E. Davies for their work
beam block in place thé beam is completely unaffected, on some earlier interference experiments. We thank D. Bran-
meaning that count rates corresponding to horizontally polarning, E. J. Galvez, and M. W. Mitchell for helpful discus-
ized signal photons are unaffected. If the polarization analysions. This work was supported by the National Science
sis of the idler beam is arranged so that horizontally polar+oundation and Whitman College.

Now consider the case of the mixed st@ig. For this

IV. CONCLUSIONS
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