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Complementarity and quantum erasure with entangled-photon states
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A quantum-erasure experiment was performed on superposition states of two photons in either of two
spatiotemporal modes. Symmetrical tapping of energy from the two-mode state creates a four-mode entangled
state. A direct measurement of one photon in two of the modes reveals the path of the second one, thereby
eliminating the possibility of observing interference between the two remaining modes. It is shown that a
unitary rotation of one of the two-mode states erases the path information; as a consequence, the visibility of
the other two-mode state can be resurrected.

PACS numbeps): 03.65.Bz, 42.50.Dv, 42.65.Ky

[. INTRODUCTION ther position nor momenturi21,27,28. In particular, Luis
and Sachez-Sotd27] showed that in experiments in which

Complementarity, the presence in a physical system ofhe path determination can be described within a two-
two properties that cannot simultaneously be known predimensional Hilbert space, the “kicked” observable is phase
cisely, has attracted great interest since the early days (_gtifference rather than momentum. The experiments reported
quantum mechanics. Wave-particle duality, which represent® Refs.[11-15, and the experiment reported below, fall
the complementary nature of the wavelike and particlelikewithin this category whereas, for example, the experiment
behaviors of a quantum system, is perhaps the example thatiginally proposed in Ref.19] and the experiments reported
has garnered the greatest share of attention. The waveliig Refs.[16,17], do not.
behavior is manifested in interference experiments. How- In this paper we report an even more dramatic experiment
ever, when avelcher-wegwhich-path measurement is car- in Which a large and deliberate change is applied to the in-
ried out on an interfering system, the system becomes erternal state of the object. Nevertheless the complementary
tang|ed with the measuring apparatus, so that the paths of tﬁé'!aracter of the wavelike and partiCle”ke behavior is main-
system become distinguishable, and the fringe visibility vaniained.
ishes. In recent years several quantitative expressions of this
specific duality have been discusgddd-10] and experimen- Il. A QUANTUM-ERASURE EXPERIMENT

tally confirmed[ll—la.llf _the yvhich_—path detector is also a BASED ON ENTANGLED-PHOTON STATES
guantum system, the distinguishability could be erased while

the interference is restored. Experiments along this line, first Central to the discussion about what physical mechanism
proposed by Scully and Dhli [19], are called quantum- enforces complementarity has been the extent of momentum
erasure experiments, and have been discussed extensivelytiansfer imparted by a which-path measurement. In this pa-
connection with complementarify,10,13,14,16—-18,20,21  per we present a scheme where the state before the which-
One aspect of complementarity that has been particularlpath measurement is a superposition state with two photons
debated is the particular physical mechanism that enforcesiiih either of the paths, or more correctly, in either of two
[6,7,22—24, and further to what extent complementarity, ex- spatiotemporal modes. By symmetrically tapping energy
pressed for example by the inequality derived by Endft from both of the modes, one of the two photons can be used
[Eq. (4) below], is a statement of complementarity indepen-to gain path information about the remaining photbiy. 1).
dent of the Heisenbel@5] or Schralinger-Robertson uncer- On an identically prepared ensemble we measure the visibil-
tainty principles[7,9,21,22,26 The two issues are intercon- ity of interference fringesFig. 2).
nected, as it has been argued that the which-path By postselection, using a coincidence technique, only
measurement is always connected by a random momentustates in which one photon is reflected and one photon is
kick that destroys the possibility of obtaining interferencetransmitted by either of the beam splitters (B8 BS;), are
fringes[7,22]. This issue has been shown to be rather subtlehosen. In the following discussion the reflected photon will
as quantum mechanics allows the possibility of differentbe denoted the “meter photon” and the transmitted photon
definitions as to what constitutes a random Ki2i]. It has  as the “object photon.” This choice is arbitrary, as seen
recently been argued, in fact, that many which-path androm the symmetry between the transmitted modes and the
guantum-erasure measurements involve measurement of neeéflected modes. When the meter is set to give which-path
information, i.e., when beam splitter B®as zero or unity
reflectance, the fringe visibility of the object vanishes. A
*Electronic address: gunnarb@ele.kth.se unitary transformation by the meter state “quantum erases”
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wherew,,, denotes the probability that the meter photon is

OBJECT detected by detectan and that the object photon is detected
v by detectoro, and wherem ando are either *+” or * —”
BS, 8 N (see Fig. 1L A normalized quantitative measure of the

_———
Rd

| defined by[9]

<\ R N . . Lo S ;
T> ? .D \ which-path information is given by the distinguishabiliy

\ ' ' /I
N4 D=2L—1=|w,,—w, |+|w_,—w__|. (2

-

A
|4— METER The setup for measuring the visibility of quantum interfer-
/ ence is shown in Fig. 2. The visibility is given by

~ Maxg(w. +)—Miny(w, ;)
Max (W 4 ) +Ming(w, )’

FIG. 1. Distinguishability measurement. The photon pair pro- 3

duced by spontaneous parametric down-convers®RADQ im-

pinges on beam splitter BSBeam splitters Bgand BS are used

to tap one photon. The modes of the reflected phetoe “meter ~ Where, e.g., May(w, ;) denotes the maximum value of the

photon”) are mixed by beam splitter BS The beam splitters probabilityw, , as the phase shifb is increased from zero

BS;, BS,, and BS have 50%-50% reflectance and transmittanceto 7=. Due to the symmetry of the setup, the value of this

whereas the reflectance of B8y vary. The single photon detec- expression is identical under the transformatier- — for

torsD,, andD,_ monitor whether the “object photon” takes the either or both indices.

“+" or “ =" path. Similarly the detectordy. and D, tell The which-path information given by the distinguishabil-

which path, “+" or “ —," is taken by the “meter photon.” ity D, and the phase information given by the visibility is
limited by the inequality8,9]

the which-path information while providing conditioned

fringe visibility, and hence information about the phase dif- V2+D2<1. (4

ference is revealed. In the depicted setup this unitary trans-

formation is accomplished by choosing the reflectivity of

BS, to be 50%. In this case there is no way of knowing from

which of the two ports of BSthe photon originated.

Our path determination measurement does not preser
the photon number of the object modes, and therefore th
momentum of the object will change as a consequence of th
measurement. In the present experiment the change is su
stantial: half of the momentum of the initial statthe two-
photon superposition statés lost to the meter mode. This
large, and deliberate, object disturbance in comparison with
previous quantum-erasure experiments is the principal inter-

Consider an ideal experiment such as that depicted in Figs. 1
and 2. IfD=1, the paths of the object are completely dis-
\}@guishable and the interference is lost, i\é= 0. If, on the

ther handD =0, the outcome from the meter measurement

oes not reveal any information about the path of the object,
ut interference is fully restored, i.&/=1.

When a pair of down-converted photons with the same

energy and polarization interacts with a 50%-50% beam
plitter, a Schrdinger-cat-like state is produced:

est of our scheme. We discuss the implications below. 2)_ (2)_i i
Given the outcome of the meter measurement the likeli- VE=[1L)=v= \/§(|2’0>+|0‘2>)’ ®)
hoodL of guessing the right path for the object[&9]
L=Max(W, . ,W, _)+Max(w_, ,w__) (1)  the notation|a,b) indicates that is the photon number in

131

the “+” path andb is the photon number in the+" path.

A measurement of the photon numbers in the outgoing ports
of the beam splitter reveals that the photons are grouped.
When the state propagates through a phase shiftexr total
relative phase of @ is accumulated. This is a manifestation
of the de Broglie wavelength of the two-photon state, as
pointed out in Refs[29-31]:

OBJECT

1
v@=—(e2¢2,00+10,2). 6
ﬁ(e 12,00+10,2) (6)

In the original Hong-Ou-Mandel experimef9], the inter-
ference effects associated with the state in @®gis shown.

FIG. 2. Visibility measurement. The setup is identical to thatIn our experiment we tap out one photon from the state in
shown in Fig. 1 except that the modes of the transmitted phoben ~ EqQ. (6) with beam splitters BSand BS. The state then is
“object photon”) are mixed by the 50%-50% beam splitter8S  transformed to a four-mode entangled state
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q,(z):% i11,0,1,0 + |2(\)/§OQ _ |O(\)/§20> e2id BBO
+(i|0,1,0,]}+ 10.20.9 |0’0'0’3) , @) c

where the notatiofa,b,c,d) indicates the followinga is the i
photon number in the +” path of the object,b is photon |1,1)
number in the ‘=" path of the objectc is the photon num-

ber in the “+" path of the meter, andl is the photon num- L02,o>+|0,2))@45°
ber in the “~" path of the meter. We look for the distin- 2 COINGIDENCE
guishability between the +” and *“ —"” modes of the object

and the visibility when the %+ and “ —" modes of the FIG. 3. A photon pair produced in BBO via type-1l spontaneous
object interfere, on condition that one photon is detected byparametric down-conversion impinges on a compensator (@ate
either the “+” or “ —" meter detector. In the experiment, (used to make the two photons overlap in naad thence on a
we record the coincidence counts only from the events whefilter F (used to narrow the spectral width of the pain a basis
one of the object detectors fires and one of the meter dete¢otated by 45°, the photon pair is described by a Stimger-cat-

tors fires; thus by post-selection the state in &g.reduces like state. A quarter-wave plate inserted with the fast axis at 45°
to with respect to the vertical axis gives rise to a phase shifi/@f

By rotating analyzerA; to 45° or 135° a distinguishability mea-
1 surement similar to that shown in Fig. 1 is performed. Whgris
\If(z):—(|l,0,1,0e2i"’+ |O,1,0,]}). (8) setto 0° or'90°, the §etup corresponds to that.shown in Fig. 2. The
\/E analyzerA, is set at different angles=45°— 0 with respect to the
vertical axis; this corresponds to a variable transmittafce

After the meter photon passes through,Bith reflectance = €0s ¢ of beam splitter B§in Figs. 1 and 2.
R,= sirf(6), the post-selected state is

\/E \/E /%@450 BS A,
]
Fr .%
]
i

the distinguishability is erased and the interference is re-
stored, both contingent on the use of the meter-state mea-

1 .
\If(z):ﬁ[ll,@(cos( 0)|1,00+i sin(6)|0,1))e? ¢ surement.

+ |0,1>(CO$ 0)|0,1>+i sin( 0)|1,0>)]. (9) Ill. EXPERIMENTAL ARRANGEMENT AND RESULTS

Spontaneous parametric down-conversi@PDQ is a
By varying the reflectanc®,, we can observe that the ob- method that has often been used to produce photon pairs. In
ject, conditioned of a Sharp measurement of the meter statghis process a pump photon is converted into a pair of pho_
will demonstrate a transition from particlelike to wavelike tons with lower energy. SPDC is possible in nonlinear, bire-
behavior. fringent materials via the conservation of energy= ws
The distinguishability computed using @) will thenbe -+, and momentunk,=k¢+k; , where the subscripts refer
to the pump(p) and the down-converted photons, usually

D=|cos(6) - sir’(6)|=|cog26)], (100 denoted signals) and idler ). There are two types of
SPDC; in type-l SPDC the signal and idler have the same
whereas the visibility, given by Ed3), is polarization, whereas in type-Il SPDC they are orthogonally
polarized. To minimize the influence of mechanical vibra-
V=2|cog #)sin( )| =|sin(26)|. (11)  tions and drift we used an interferometer in which the pho-

tons are in the same spatio-temporal mode but in orthogonal
If the reflectanceR,=0, or R,=1, the meter reveals full polarization modegvertical and horizontal The setup is
information on which of the paths in Fig. 1 the object photontopologically equivalent to the spatial interferometer shown
takes. For this case there is no interferef€. 2. If R,  in Figs. 1 and 2, and is shown in Fig. 3. Similar setups have
=1/2, the which-path information is fully erased but the vis-been used for other measurements of fringe visib{I&g].
ibility is restored. When the object path goes through a 50%An adjustable birefrigent delay line is used to compensate for
50% beam splitter, as in Fig. 2, full contrast interferencethe dispersion from the birefrigent SPDC crystal. The state
fringes appear for the interference data, which is sorted imfter the nonlinear crystal and the compensator, in the hori-

two sets according to which of the detectd@s,, or D,,_ zontal and vertical (0° and 90°) bases, is
fires. It is clear from Eq(9) that one of the interference data
sets has a maximum where the other set has its minimum:; v@=|1,1y=alal0), (12)

otherwise they are identical for any value éf Therefore, if

the outcome of the measurement of the meter state is ignorewlherea; is the creation operator of the polarization mode at
(i.e., the two sets of data are mixedo interference can be #»° with respect to the vertical axis. The relative phase shift
seen. The measurement constituteguantum erasesince is applied in a rotated base, which has a 45° angle with
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respect to the vertical and horizontal axes. In this coordinate & 1.0
system the photons are in the state given in (&g. o } *
t2_ .t 2 E f { ¢ i
(a5 —a139)[0) 1 5 g

V=== L= (20-02). (13 &
With the notation|a,b) in the current casea denotes the ﬁ 054 ™ VZ ]
photon number of the polarization mode at 45° with respect 5. : 32+ D2 [
to the vertical axis, antd denotes the photon number of the >
polarization mode at 135° with respect to the vertical axis. 5 7] [] s
The functions of the beam splitters B&nd BS, depicted in @
Figs. 1 and 2, are physically combined into one polarization- % . L &
independent beam splitter BS. There are two analyzers, one 0.0 ' ' ' ' ' ' ' —*
for each arm. For the visibility measurement the analyzer 0 15 80 45
of the transmitted beam is oriented either so that vertical ROTATION ANGLE 6 OF A, (degrees)
(0°) or horizontal (90°) light is transmitted, corresponding ) S
to the “+” path or *“ —" path in Fig. 2. For the distinguish- , FIG. 4. Experlmenta_lly_megsureq_va;ue_s of the squareq visibility
ability measurement the analyz&i is oriented at either 45° V_ (Squares squared distinguishabilitp” (circles, and their sum
or 135°, corresponding to the+" path or “—" path in V<+D< (triangles are qlsplayed as a fur_lctlon of the an_gaeof
Fig. 1. analyzerA, shown in Fig. 3, corresponding to a transmittarice

After passing through the phase shift and the beam splitte? cos’ ¢ for beam splitter Bin Figs. 1 and 2.

the state of interest that will be post-selected is
2 Our light source is a single-mode argon-ion laser with a
W'®=cog¢)(|0,1,1,0—(1,0,0,3) wavelength of 351.1 nm. The SPDC crystal 4sBaB,0,
. _ (BBO) with a length 0.5 mm. The crystal is aligned so that
+isin(4)(11,0.1,0-10.1,0.3), (14 collinear orthogonally polarized photon pairs with equal en-

expressed in the horizontal-polarized-object, and vertical€r9y are produced. The pump is separated from the photon
polarized-object, horizontal-polarized-meter, and verticalPairs by a dispersion prism. Pinholes and one interference
polarized-meter bases. In the 45°- and 135°- polarizedt'lter' with a bandwidth (_)f 10 nm and centered at 702.2 nm,
object and 45°- and 135°- polarized-meter bases, the Staﬂ,:_;rther_select photon pairs that have the same energy and that
can be written as travel in the same spatiotemporal mode. Due to the linear
dispersion of the crystal the horizontally and vertically po-
1 larized photons are separated in time. A birefringent crystal-
v@=—(]1,0,0,2€'¢—|0,1,1,0e"'%). (15 line quartz delay line is used to compensate for the linear
\/5 dispersion, which makes the two orthogonally polarized pho-
tons overlap in time[33]. The detectors are actively
quenched single-photon-counting modwE§&&G SPCM.
The experimental data presented are just as collécaed

For the reflected arm the analyzgy is set at different angles
£=45— 0 from the vertical axis. The analyzéy,, together
with the detector, corresponds to the-" path of the meter  gatg without any background subtraction. In Fig. 4 the
preceded by a beam splitter with transmittance éder the  squared visibilityV2 and the squared distinguishabiligy?
“—" path of the meter preceded by a beam splitter with 5re plotted as a function of the angleof analyzerA,. When
transmittance sft¥). The state of the object, depending on the analyzen, is set at 0° or 90°, the measurement exhibits
the outcome of the meter, is interference effects and the visibility goes from 008,04

for #=0° to 0.95+0.04 for =45° (squares in Fig. ¥ The
distinguishability goes from 0.190.04 for §=45° to 0.91

The distinguishability between the object statés)) and i20'042f°r.0:0° (pirc[es in Fig. 4. We have also plotted
10,1) (in the 45° and 135° baseis given by Eq.(10). V +D (tr|angle§ |n_F|g. 4 This sh_ows the_complementar-
Projected to the horizontal and vertical bagisrrespond- [ty Petween particlelikéwhich-path informationand wave-
ing to passing through the 50%-50% beam splitteg BShe like (interference behaviors. Wherd goes from 0° to 45°

spatial interferometer in Fig.)3he state of the object is the WhiCh'Path information isquantum erased, and the in-
terference is restored.

v@=jsin(9)|1,0e'*— cog 6)|0,1)e "%, (16)

i11.0 At first glance one would expect that the measured sum
(2)_'| 0 i —id 2., \/2 | h - - h
Y(@)=———(sin(h)e'?— cog h)e '?) D<+V~ would be greatest wheld was maximized, since the
V2 measurement oD essentially follows directly from energy
conservation. The measurement\gfon the other hand, re-

1.0 - : ires interf d h ful mode matching t
_ Sin(0)e'¥+ cog e~ ), 1 quires interference and hence careful mode matching to
V2 (sin(6) €9) ) (17 agree with theory. From Fig. 4 it is seen that we observe the
opposite result, the sum?+V? is actually greatest whewt
and the visibility is the same as E@.1). is close to unity. The reason for this, we believe, is due to
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imperfect dispersion cancellation between the vertically andbject, by definition, ceases to exist. Hence the sty
horizontally polarized photon impinging on thé4 plate. and|0,1) would have no significance, although we know that
Consequently the two photons are slightly distinguishablewith the particular interaction Hamiltonian used in our ex-
and will not form the perfect entangled-photon state of Eqperiment, e.g., the preinteraction sté20), is uniquely as-
(13) Instead the state is in a mixture between the deSil’egociated with the postinteraction Stdtbv0> and that both
entangled-photon state andigl) state(in the 45° and 135°  therefore can be associated with the same object path. The
bases This latter state will lead to an unentangled objectgefinition of the object in terms of a pair of states is also at
and meter state by the subsequent energy tapping by thgyqs with our casual understanding of the term. In our ev-
beam splitter, and deteriorate the quality of the dIStInngh-eryday use of the word we usually disregard the particular

ability measurement. state of the object. Thus, for example, a Rb atom is a Rb

An important issue, which has not been discussed extensiom whether it is in an excited state or in its ground state.

sively in the context of quantum erasure, is the fact that thef—|ence in a similar experiment to ours, where an excited Rb
necessary entanglement between the object and the meter can "’ '

be essentially of two types. Path identification necessarilﬁom is prepared in a superpo§|t|on of two spaﬂotemporgl
involves a sharp measurement of the object. Howewbagt ode, and a photon is emltteq mtq a S?t Of. meter modeg n
is being measured to establish the path of the object differ§UCh a way as to enable path |de_nt|f|cat|<_)n, it would be quite
from experiment to experiment. In the experiment describeditural to speak about the post-interaction, ground-state Rb
above it involves a photon-number measurement of the tw@{Om as the object but in a different “internal” state. How-
object modes, the- mode and the- mode. It is then pos- €Ver, using photon-number states as object states it is less

sible to classify the interaction Hamiltonidt; responsible natural, but still reasonable, to view the stajes0) and

for entangling the object and meter degrees of freedom int&_)n_l’0> as two_differen_t “ir_]ternal”_states of _th‘_a same ob-
two classes, depending on wheth@br commutes with the ject. Our experiment highlights this contradiction between

L . the two ways of defining the object.
measurement observaldeor not. In general it is desirable We have avoided most of the complicaticheth experi-
that it does commute, because this means thagpithieability Ve avol plicatl Xpert

of finding the object in a particular state does not change a ental gnd semanl)ua;souated with a multiple “|n.ternal”
a consequence of the meter entanglement interactiire state object by excluding all but two orthogonal object states

combined object and metastate on the other hand, must py post-selection. As have been shown, both path determina-
change, going from a factorizable form to a nonfactorizabldion and subsequent quantum erasure works nearly perfectly
form for an entangled stajdn Ref.[21] such a Hamiltonian, (the discrepancy stems from experimental imperfeciahs
which commutes with the appropriate which-path observihough half the energy and the linear momentum of the bi-
able, has been referred to as a quantum-nondemolitioBhotons of the desired entangled-photon st& (13)] are
(QND)-type Hamiltonian since a perfect entanglement of thistaken away by the object-meter-state interaction. Still, the
type, and subsequent sharp measurement of the meter mod&p ways of analyzing the experiment, in terms of informa-
effectively constitutes a perfect QND measurement of thdion gained quantitatively expressed by E@)], or in terms
path. The interaction Hamiltonian in the experiment we haveof phase-difference kicks, predict correctly that total quan-
performed is of the other class. The entanglement isum erasure is possible. This is not so surprising since it has
performed by splitting the state of Eq13) in a beam |ong been known that information must always be repre-
splitter. The interaction HamiltonianH,=m(ac’+a'c  sented by physical systeri34] and, conversely, that infor-

+bd"+b'd)/4 [where the labeling follows that in EG7)]is ~ mation theory can be used to describe pure, closed quantum
of the Jaynes-Cummings form, and does not commute witgystems. If one prefers to interpret this experiment from an
the which-path observables which aﬁgzé’ré and ﬁb information science point of view or a physics point of view
—b'h. Therefore, as discussed in Rdfl0], the object is therefore largely a matter of personal preference.

changes its “internal” state; that is, the probability of find-

ing the object in a certain state changes as a consequence of

interaction between the object and the meter. In this more IV. CONCLUSION

general case, a more extended analys® of complemen-

tarity is required than that expressed by the quantitative ex- To conclude, we have performed a complementarity ex-

pression in Eq(4). periment with a different kind of object. The initial object in
The principal additional complication with the noncom- our case, the entangled-photon state of @) is in a su-

muting scheme is of a philosophical nature, and has to dperposition state of two quanta in either mode while previous

with the definition of the word “object.” The easiest way of quantum-mechanical experiments have all used “single-

dealing with this difficulty is to define the object in terms of particle” objects(it is also possible to perform erasure ex-

a pair of specific states, one representing the object being iperiments that can be explained in terms of classical physics

the upper path and the other representing the object being [i85]). Furthermore, in our experiment the interaction Hamil-

the lower path. In our experiment the pertinent object statetonian between meter and object is not of the QND type, and

would be|2,00 and |0,2). However, this definition of an as a consequence the state of the object changes radically as

object has the complication that if the interaction betweera consequence of the object-meter interaction. Yet, as the

the object and meter changes the state of the object, th@omposite
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