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Quantum-eraser experiment with frequency-entangled photon pairs
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We report a quantum-eraser experiment with frequency-entangled photon pairs generated by nondegenerate
parametric down conversion. The relationship between which-path information and two-photon fringe visibil-
ity has been investigated by means of photon polarizations in a Hong-Ou-Mandel interferometer. Although
photons are not of the same frequency and are not superposed at the beam splitter, the results of the experiment
show the revival of the fringe pattern by removing the path information in the interferometer by means of
polarizations in front of the detectors.
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One of the characteristic features in quantum physic
the complementarity principle, which excludes the possi
ity of situations, which exhibits both the wave and partic
aspects of a quantum object simultaneously@1#. The wave-
like behavior is manifested in the interference fringe, wh
the which-path information is understood to be a parti
property of the light. As stated by Feynman, in discuss
Young’s double-slit experiment, the interference only a
pears in those cases in which it is impossible to determ
which path the photons traversed to reach the screen. H
ever, if we were to succeed in measuring the path of e
photon, then the interference pattern would be destroyed@2#.

A useful tool to study the complementarity of wavelik
and particlelike behaviors of photons is a quantum-era
experiment. Since the first proposal was made by Scully
Drühl @3#, quantum-eraser experiments have been discu
extensively in connection with the complementarity betwe
the which-path information and the fringe visibility@4–7#. In
most optical interferometric studies, it shows that the app
ance of interference results from theintrinsic indistinguish-
ability of the path of the photons~thus, lacking in which-path
information which leads to the interference! @8#. Since the
degree of interference is described by the termfringe visibil-
ity, it vanishes for the distinguishable photon paths in
interferometer. Recently, some efforts have been focuse
to give a quantitative expression for the indistinguishabi
of the interferometer@6,7#.

Several interference experiments based on the conce
the quantum eraser have been carried out with entan
photon pairs produced by the spontaneous parametric do
conversion~SPDC! process@9–15#. The SPDC process ha
been the simplest way for making pairs of photons in
tangled quantum states. In addition, entangled photon p
can be generated with various degrees of freedom which
correlated in time, momentum, frequency, and polarizati
With the help of the photon pairs, various experiments h
been performed to test the fundamental issues in quan
mechanics such as the Einstein-Podolsky-Rosen~EPR! cor-
relation @16#, Bell type inequalities@17#, and more recently
in quantum information@18#.
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To date, all the experiments about the quantum-erase
fect have been done with the photons of the same wa
lengths produced by the degenerate SPDC process. In
paper, we present the experiment with photons of differ
wavelengths, i.e., frequency-entangled photon pairs from
nondegenerate type-I SPDC process. Two spectral filters
used for selection of the two different frequencies in a Hon
Ou-Mandel type interferometer@19#. The center wavelength
of photon pairs are widely separated, so that the two
quency bands of the entangled pair do not overlap. T
complementarity relation between the path-information a
the two-photon interference fringe is investigated by me
of distinguishability of photon polarizations. The quantum
eraser effect is finally examined by removing the polarizat
information in the paths.

Let us consider two pairs of photons, in which each p
has two photons with different frequency modesv1 andv2
in a two-photon interferometer as in Fig.1~a!. A sourceS
emits two photons in a frequency-entangled state such th
one photon is known to be in a frequencyv1 then the other
one is determined with frequencyv2, or vice versa, by the
phase-matching condition. The two emitted photons tra
along two distant and balanced interferometers, indep
dently. In the quantum theory, the initial state is represen
by

uC&v1 ,v2
5

1

A2
@ uv1&Uuv2&L1uv2&Uuv1&L], ~1!

where subscriptsU andL represent upper and lower paths
the two-photon interferometer respectively. The stateuC& de-
scribes a coherent superposition of two distinct pairs of c
related frequencies. In one pair~the black pair!, a photonv1
in the upper path is reflected from a mirror to a beam spli
~BS!, from which it proceeds either to detectorD1 or to
detectorD18 , while the conjugate photonv2 in the lower
path is reflected from the mirror to the other BS, from whi
it proceeds to detectorD2 or D28 . In the other pair~the white
pair!, v2 in the upper path proceeds toD2 or D28 , while v1

in the lower path proceeds toD1 or D18 .
If both BS’s have the reflectivity and the transmissivity

50:50 then the quantum-mechanical probability amplitu
after the BS’s which is associated with coincidence detec
by the detector pairs (D1 ,D2) or (D18 ,D28) is described as
©2003 The American Physical Society02-1
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uc&D1 ,D2
5

1

2A2
~ uv1

L&D1
uv2

U&D2
2ei juv1

U&D1
uv2

L&D2
),

~2!

where the subscripts denote the propagation modes of
tons to detectorsD1 and D2 after the BS’s, and the supe
scriptsU, L describe the upper and lower paths, respectiv
The phase factorei j arises from the phase shift between tw
states by a fine displacement of the BS’s or mirrors. In t
case, the interference effect in coincidence detection w
two detectorsD1 and D2 is expected because the detecto
cannot distinguish between the photon pairsv1

L ,v2
U and

v1
U ,v2

L .
To explore the relation between the which-path inform

tion and the two-photon interference with the frequen
entangled pairs, we now consider the case in which a pa
half-wave plates~HWP! at an anglef/2 to the horizon are
inserted into the upper paths of the two-photon interfero
eters. The compensators~C! are put into the lower paths t
make up for the optical path lengths of the half wave pla
Then, the polarization directions of the photonsv1 andv2 in
the upper paths are rotated byf, making the two Feynman

FIG. 1. ~a! Two-photon interferometer employing frequency e
tangled photon pairs. In this illustration, the simultaneous phot
with different frequencies (v1 ,v2) do not arrive at the same bea
splitter ~BS!, and they do not overlap.~b! Schematic diagram of the
experimental setup. A UV pump~cw He-Cd laser line of 325 nm! is
used to pump the BBO crystal. HWP, half-wave plate; Po
Pol.2, polarizers; IF, interference filters with center waveleng
630.1 nm and 671 nm, respectively;D1 ,D2, single photon counting
module; BS, nonpolarizing beam splitter;M1 ,M2, mirrors; cdt
introduces a phase shift between two paths.
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paths partially distinguishable. In the casef/2545°, the po-
larization directions of the two photons with different fre
quencies reaching the BS are orthogonal. Therefore, the
paths are now completely distinguishable and the amplitu
are squared before being summed. In this special case w
f590°, the two photons after the BS are in a distinguis
able state of photon polarization, in principle:

uc&D1 ,D2

f590°5
1

2A2
@ uv1~H !&D1

uv2~V!&D2

2ei juv1~V!&D1
uv2~H !&D2

], ~3!

whereH andV represent the horizontal and vertical polariz
tions of photons respectively.

A schematic diagram of the experimental arrangemen
shown in Fig. 1~b!, which is a well-known Hong-Ou-Mande
interferometer with different frequencies of photons emitt
by the SPDC process@19#. This setup is topologically
equivalent to the interferometer with two spatial mod
shown in Fig. 1~a!. For the entangled photon source, a c
He-Cd laser line of 325 nm~Liconix 3207N! is used to pump
a 53537 mm3 b-BaB2O4 ~BBO! nonlinear crystal oriented
at 36.6° to the optic axis. In this type-I process, two photo
with horizontal polarization are emitted simultaneously w
different frequenciesv1 andv2 ~or separate spatial modes!
for the vertically polarized pump beam. If one photon
emitted in a signal path with frequencyv1 then the other one
is emitted in a idler path with frequencyv2, or vice versa.
The two photons are incident on the nonpolarizing be
splitter ~BS! which has reflectivity and transmissivity o
50:50. A HWP is inserted in the signal path in order
change the direction of polarization, and a glass plate w
the same thickness is put in the other paths to compensat
optical path length of the HWP. Two avalanche photodio
detectorsD1 ,D2 ~EG&G model SPCM-AQ-141! are located
1 m from the BS, which is about 2 m away from the BB
crystal. Lenses with 10 cm focal length are located in front
small apertures~not shown in the schematic diagram!, which
are used to focus the beam onto the active area (180mm
diameter! of those detectors. The output pulses of the pho
detectors are then sent to single-channel counters and
coincidence counter with a 6.38 ns time resolution~LeCroy
Model 1434A!.

In this experiment, we use frequency-entangled pho
pairs in an arrangement similar to that suggested by Ho
et al. @20#. However, frequency~or mode! selection is imple-
mented by the two interference filters in front of the tw
detectors. The bandwidth of the two filters is centered
different wavelengths of 630.5 and 671 nm, and each fi
has a bandwidth of 10 nm. Therefore, the two frequen
bands do not overlap in spectrum, so that each detecto
sponds to different frequency componentsv1 and v2. The
BS can be displaced from its symmetric position (dt50) by
small distances6cdt for the differences between the arriv
times of the two photons.

Figure 2 shows the measured coincidence counts, w
two detectorsD1 andD2, as a function of the beam splitte
position when HWP angles are oriented at 0°, 22.5°, a
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45° to the horizontal direction, respectively. In the case of
~filled circles!, the two photons are in the same horizon
polarization, so that the two detectors cannot distinguish
tween the photon pairsv1

s ,v2
i andv2

s ,v1
i . The upper hori-

zontal axis corresponds to the relative time delaydt between
signal and idler photons at the beam splitter. Because of
mirror image, the actual time delay doubles the displacem
of the BS. The coincidence counts exhibit a modulation
the form cos(v12v2)dt, and the beat frequency is of th
order of 1.831014 rad/s. The maximum visibility of the bea
fringe is found to be about 0.81.

To make sure that the interference pattern diminishes
the case of some which-path information available, we
tated the polarization direction of the signal photons byf of
the HWP in the signal path. Open squares in Fig. 2 show
measured coincidence counts as a function of the BS pos
when the polarization direction is rotated by 45°. The v
ibility of the interference pattern is reduced to 0.38. Wh

FIG. 2. Coincidence counts as a function of the beam spli
position, ~i! with the angle of HWP at 0°, coincidence fringe vi
ibility V50.81 ~filled circles!, ~ii ! the polarization direction of sig-
nal photons rotated 45° by means of the rotation angle of HWP
22.5°, V50.38 ~open squares!, and ~iii ! the polarization direction
of signal photons rotated 90° by means of the rotation angle
HWP at 45°,V50 ~open circles!, respectively. These results sho
the complementarity between which-path information and the in
ference by polarization distinguishability and fringe visibility.

FIG. 3. Two-photon interference visibility as a function of th
rotation angle of the HWP.
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the polarization direction between signal and idler photo
differs by 90°, the interference fringe does not appear at
~open circles!. The path information, which determines th
path distinguishability in the interferometer, is given by t
angle difference between the two polarization directions.

Figure 3 shows the measured visibility for the differe
angles of the HWP. The solid line is the curve plotted
0.81 cos2f. As we have seen in Eq.~3!, with the HWP at
45°, the two paths leading to the coincidence cou
~reflection-reflection and transmission-transmission! are dis-
tinguishable, and they leave each port in the orthogonal
larization states. Therefore, the probability amplitudes
added incoherently, and there is no interference. These
sults confirm the complementarity relationship betwe
which-path information by polarization directions and t
visibility of the interference fringe in the experiment wit
frequency-entangled photon pairs.

To observe the quantum-eraser effect, we put two po
izers in front of the two detectors to erase the polarizat
information in the paths. If linear polarizers are set at ang
u1 andu2 to the horizontal, respectively, then the probabil
for joint detection of the two photons by the two detecto
D1 andD2 is given as follows:

PD1 ,D2
5

1

8
sin2~u11u2!. ~4!

In this case ofu15u25645°, all the path information can
be removed for the distinguishable path (f590°). The two
photons before the detectors are in adouble entangled state
of frequency and polarization. Figure 4~a! shows the mea-

r
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f

r-

FIG. 4. Coincidence counts as a function of the beam spli
position when the angle of HWP is oriented at 45°,~a! with polar-
izer angles atu15145°, u25245° (V50.86), and~b! with po-
larizer angles atu15145°, u25145° (V50.84), respectively.
The which-path information is effectively erased by the recombi
tion of polarization components in front of the two detectors.
2-3
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sured coincidence counts as a function of the BS posi
when the angle of the HWP is at 45° and the angles of
polarizers are oriented atu15145° andu25245° to the
horizontal direction. These results depict the revival of
interference pattern which has been destroyed by the po
ization distinguishability introduced by the HWP. The o
served interference visibility is about 0.86. Furthermo
when the angles of the two polarizers are atu15145° and
u25145°, we have another interference fringe as shown
Fig. 4~b!. In this case, the coincidence count at zero pa
length difference has the maximum value as predicted in
~4!. These curves provide the facts that the which-path in
mation is effectively erased by the two polarizers, and t
the initial interference pattern is restored for the case of
o

v.
H.

s.
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distinguishable paths, even with nonidentical photons in f
quencies. This is interpreted as that the observed effec
caused by an interference of two-photons in a frequen
entangled state via polarization correlation.

In conclusion, the relationship between path informati
and two-photon interference fringe is examined by means
distinguishability of photon polarizations. The results of t
experiment agree well with the prediction of quantum m
chanics, the complementarity principle, even with differe
wavelengths of photons. This scheme can be applied to E
experiment as well as to other interference experiments s
as the Bell-state analysis based on the frequency and
polarization postselection.

This work was supported by the Korea Research Foun
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