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Quantum coherence and interaction-free measurements
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We investigate the extent to which ‘‘interaction-free’’ measurements perturb the state of quantum systems.
We show that the absence of energy exchange during the measurement is not a sufficient criterion to preserve
that state, as the quantum system is subject to measurement-dependent decoherence. While it is possible in
general to design interaction-free measurement schemes that do preserve that state, the requirement of quantum
coherence preservation rapidly leads to a very low efficiency. Our results, which have a simple interpretation
in terms of ‘‘which-way’’ arguments, open up the way to novel quantum nondemolition techniques.

PACS number~s!: 03.65.Bz, 42.50.Ct, 03.67.2a
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Interaction-free measurements~IFMs! are a particularly
puzzling example of the ‘‘paradoxes’’ illustrating th
strangeness of quantum physics. In a nutshell, they are m
surements that offer a way to detect the presence of an o
without any apparent interaction with the measuring dev

The history of IFMs can be traced back to 1960, wh
Renninger@2#, realized that at the quantum level, the nono
servation of a result does have a physical impact in tha
implies a collapse of the wave function. This point was fu
ther investigated by Dicke@3# in the framework of nonscat
tering of photons by particles. In 1993, Elitzur and Vaidm
~EV! proposed a measurement scheme illustrating part
larly vividly the IFM paradox: They demonstrated that o
can to a certain extent determine the presence of a clas
or quantum-mechanical object in an interferometer p
without touching it with a probe photon, and without pri
information about the location of the object. The EV sche
was soon experimentally realized@4# and its efficiency was
subsequently increased by use of the quantum Zeno e
@5#. Recent research has been directed towards applica
of the scheme; e.g., in the interaction-free imaging of m
roscopic objects with less than the classically expec
amount of light@6#.

Of course, IFMs are not really interaction free: If the i
teraction Hamiltonian between the object and the ‘‘meas
ing stick,’’ in most experimental cases a light beam, were
be set equal to zero, then nothing would happen. But p
this rather trivial and easy way out of the problem, a mo
interesting question is to try and quantify the meaning
interaction free. ‘‘Energy exchange free’’@7# is now well
established as a more precise way to characterize IFMs in
case of classical objects. This concept has also been ap
at the quantum level, where two-state systems have b
investigated@1,8,9#. In a recent paper, Whiteet al. @10#
showed that a true IFM is not possible in the optical det
tion of two-level atoms, due to the nonzero rate of forwa
scattered photons. This gives a first indication that
quantum-mechanical situation is indeed more subtle than
classical IFM.
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It is well known that the quantum superpositions that
tentimes characterize the state of an object are more sens
to interactions than its energy. In order to gain a full und
standing of IFMs, it is therefore important to analyze th
impact on such states. In addition, quantum superposit
constitute a major ingredient of quantum entanglement.
such they play a central role in quantum information proce
ing, including teleportation @11#, quantum computing
@12,13#, and cryptography@14,15#. Decoherence is one of th
major obstacles to quantum information processing, and
impact of IFMs on quantum coherence is an important qu
tion in this context.

The goal of this paper is to analyze the impact of IFMs
quantum coherence, as well as their interplay. Our main c
clusion is that even ‘‘energy exchange free’’ is an ove
simplified description of the situation. IFMs do genera
change the state of the system, as evidenced, e.g., in
destruction of the quantum superposition of two intern
states as well as of the quantum entanglement of two ato
However, we also show that carefully designed IFM schem
can provide a powerful and nondestructive tool to pro
quantum superpositions and entanglements. Potential a
cations include the determination of the presence of ions
linear trap without disturbing their entanglement, and hen
an ongoing quantum computer calculation.

The situation that we consider is an extension of the
scheme, considering a multilevel atom in a coherent sup
position of electronic levels. Our goals are~a! to determine
whether an IFM can detect the presence of an atom with
destroying that superposition, and~b! to quantify the impact
of that superposition on the outcome of the IFM measu
ments.

An essential ingredient of the EV scheme is the fact tha
the photon path is along the arm of the interferometer wh
the object is located, it will be irreversibly absorbed by th
object. Figure 1 illustrates a model atomic system that
this same property. It consists of a four-level atom, initia
in a general superposition of the two metastable statesum2&
and um1&. The atoms can absorb single photons with u
efficiency, inducing a transition to the excited levelue&, from
which they can irreversibly decay to the ground stateug&. If
the frequency of theue&↔ug& transition is much larger than
©2000 The American Physical Society01-1
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that of theum6&↔ue& transitions, then the branching ratio o
these transitions is extremely high, and reabsorption can
neglected. As a result, the absorption of photons isde facto
irreversible, the stateug& being the ‘‘exploding bomb’’ state
of Ref. @1#. Filtering of the high-frequency spontaneous ph
tons circumvents the problem of forward scattering descri
in Ref. @10#.

As illustrated in Fig. 2, the IFM scheme of Ref.@1# is
extended in such a way that the atom in the lower arm of
interferometer is in a superposition of the internal metasta
states, the initial state of the atomic system taken for c
creteness to be

ufatom&5
1

A2
~ um1&1um2&). ~1!

This superposition can be interpreted as describing an a
that is half absorbing and half transparent for a given pho
polarization. While at first sight similar to the superpositi
states of being ‘‘there’’ or ‘‘not there’’ of Ref.@1,9#, our
‘‘half-absorbers’’ are both located inside the interferome
path and thus the polarization dependence of the two tra
tions involved provides an additional degree of freedom.
appropriate choice of field polarization enables us to sim
taneously probe both constituents of the superposition. T
opens up the way to additional control on the outcome of
IFM, and in particular to the possibility of a nondemolitio
measurement of the quantum superposition of Eq.~1!. As
such, it permits the IFM of a ‘‘quantum bomb’’ in a supe
position of its ‘‘armed’’ and ‘‘unarmed’’ states.

FIG. 1. The atomic level scheme: The metastable statesum2&
and um1& are coupled to the excited stateue& via circularly polar-
ized light. The stateue& rapidly decays to a stable ground stateug&
that is far off-resonance from the metastable states. Once in
state, the atom is transparent to the light in the interferometer p

FIG. 2. ‘‘Interaction-free’’ measurement on multilevel atoms.
addition to single atoms in internal superpositions one can
consider two entangled atoms, only one of them being in the in
ferometer path.
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We denote the photon creation and annihilation opera
by âk,m

† and âk,m , respectively, wherek5$u,l % stands for
photons of polarizationm following the upper or lower path
in Fig. 2. Hence, the ketâl ,m

† u0& describes a photon of polar
ization m in the lower interferometer arm. We consider bo
circular polarizationss6 , in which casem5$1,2%, and
linear polarizationsm5$x,y%, the atomic selection rules be
ing such that theum2&↔ue& and um1&↔ue& are excited by
left- and right-circularly polarized lights2 ands1 , respec-
tively. The absorption of a photon by the atom can theref
be described by the transition

âl ,6
† u0&umm&→H uS&ug& for m56,

âl ,6
† u0&um7& for m57,

~2!

where uS& is a scattered photon. We assume that this hi
frequency photon escapes the system without possible r
sorption, and can additionally be filtered away from the d
tectors.

As in the original EV setup, a single photon enters t
interferometer via the lower input port in the state

uc l ight,in&5al ,m
† u0&. ~3!

Two identical nonpolarizing 50-50 beam splitters constitu
the input and output of the interferometer. The phase sh
upon transmission are chosen so that the upper detectoDu
fires with unit probability in the case where no atom is in t
interferometer. In that case, the annihilation operatorsâu,l

before andâu,l8 after each beam splitter are related by

S âu8

âl8
D 5

1

A2
S i 1

1 i D S âu

âl
D , ~4!

independently of the photon polarization@16#.
Consider first the case of as1-polarized photon entering

the lower port of the first beam splitter, so that the init
state of the atom-field system is

uc in&5âl ,1
† u0&ufatom&. ~5!

As the photon propagates through the interferometer, E
~2! and ~4! show that the system evolves to the final state

ucout&52
1

2
uS&ug&1

i

2A2
âl ,1

† u0&um1&

2
1

2A2
âu,1

† u0&um1&2
1

A2
âu,1

† u0&um2&. ~6!

Since the interferometer tuning is such that the upper de
tor Du clicks with unit probability in the case where no ato
is present, the register of a click on the lower detector in
cates with certainty the presence of an atom in the lower a
As a result of the form of the interaction between the at
and the light field, this click can be interpreted as result
from a ‘‘photon propagating through the upper arm,’’ hen
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an IFM. Eq.~6! shows that the probability for such an eve
is 1/8, a factor of 2 less than in the classical absorber
two-level atom cases. This is because, in the present case
atom can be thought of as a ‘‘half-absorber,’’ a point
which we shall return shortly. After detection of a click o
Dl , the normalized reduced atomic density operator is

ratom,out}Trl ight$ucout&^coutuâl ,1
† âl ,1%5um1&^m1u.

~7!

Hence, the IFM destroys the initial quantum superposition
the atomic state, leaving it in the energy eigenstateum1&.

This results from the fact that an atom initially in sta
um2& is transparent tos1-polarized light. Hence, if a signa
is registered at detectorDl we know for sure that the atom
had to be initially in stateum1&. A measurement schem
using circularly polarized light therefore provides ‘‘which
path’’ information about the atomic state, and leads to a p
jection of its state ontoum1&. Likewise, usings2-polarized
light projects the superposition toum2& upon detection with
Dl .

The ‘‘which-path’’ information can be erased by usin
linearly polarized light, say along thex direction. Decompos-
ing this polarization into its circular components, the init
atom-field system is now in the state

uc in&5
1

A2
~ âl ,2

† 2âl ,1
† !u0&ufatom&, ~8!

and yields the final state

ucout&52
1

2A2
~ uS&ug&2uS8&ug&)1

1

4
~ âu,1

† u0&um1&

2âu,2
† u0&um2&)1

1

2
~ âu,1

† u0&um2&2âu,2
† u0&um1&)

2
i

4
~ âl ,1

† u0&um1&2âl ,2
† u0&um2&). ~9!

It is the last term of this expression, the maximally entang
atom-photon state

ucout& l}âl ,1
† u0&um1&2âl ,2

† u0&um2&, ~10!

which is of interest to us, since it is associated with t
detection of light on the lower detectorDl . Karlsson and
co-workers@8# discussed a similar state in the case of
IFM detection of a two-level atom and proposed its use
make a nondemolition measurement of the ground-state a
number. The present situation is different in that the
tanglement is now in the state of the coupled atom-field s
tem associated with the output at just one arm of the in
ferometer. As we now show, this entanglement can be u
to perform an interaction-free, quantum nondemolition m
surement of the quantum superposition of the atomic st
More generally, we can make use of the mapping of
atomic and photon states associated with the entangleme
encode an atomic superposition in the state of the meas
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photon. The associated selective measurement then le
the atom in the desired quantum superposition.

We proceed by reexpressing the normalized stateuCout& l
in terms of linearly polarized light components as

ucout& l5
i

A2
âl ,x

† u0&~ um1&1um2&)

2
1

A2
âl ,y

† u0&~ um1&2um2&). ~11!

From this result it is immediately apparent that
polarization-sensitive measurement ofx-polarized photons
leaves the atoms in the pure final state

ufatom&out5
1

A2
~ um1&1um2&), ~12!

which is precisely the initial superpositionufatom&, while a
detection ofy-polarized photons gives the orthogonal fin
state

ufatom&out5
1

A2
~ um1&2um2&). ~13!

In each case, the detection probability is readily seen fr
Eq. ~9! to be 1/16, a factor of 2 less than previously and
factor of 4 less than in the case of two-level atoms. We
able to preserve the initial superposition because each c
lar polarized component performs an IFM on a differe
‘‘half-absorber,’’ located in the same interferometer pa
The appropriate measurement of a linear polarization, a
perposition of both circular polarizations, then combin
both results.

It is important to remark that in the case of polarizatio
insensitive detection, the final atomic state is not a p
quantum superposition, but rather the mixture

ratom,out5
1

2
~ um1&^m1u1um2&^m2u!. ~14!

We see, then, that, the atom-photon entanglement
tween of the stateucout& l provides us with a tool not just to
perform an interaction-free, quantum-nondemolition me
surement of the state of an atom, but also to map its quan
coherence to a prescribed value.

We already mentioned that, compared to the original
scheme@1#, the probability of detecting the presence of
atom in an interaction-free fashion, either without destroy
its initial state or preparing it in a prescribed superposition
considerably smaller than for two-level atoms. For the s
cific example considered here, the reduction is by a facto
4. This results from the multiplicity of atomic and light po
larization states, i.e., the larger dimensionality of the relev
Hilbert space. Of all the ‘‘branches’’ followed by the wav
function of the system during its evolution, only a few a
useful to reconstruct the initial superposition state. The s
ation rapidly worsens for larger systems, and it is quite cl
1-3
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that decoherence-free IFMs soon become unrealistic.
note in addition that, unlike in the EV scheme, there is
way to guarantee the preservation of the atomic state in
the photon is detected by the upper branch detectorDu . It is
easily shown that in that case, the postmeasurement prob
ity to find the atom in its initial state is always less th
unity, due to the fact that there are two orthogonal maxima
entangled contributions in Eq.~9! associated with the uppe
detector. Consequently, the initial state of the object ha
be reset before a subsequent measurement can be perfo
in contrast to the EV situation.

Despite these difficulties, it should be emphasized that
polarization-dependent measurement scheme presents a
tages of considerable interest for quantum information p
cessing applications. In particular, it is easily extended to
situation of entangled atoms, as illustrated in Fig. 2. Assu
for concreteness that the two particles are initially in the B
state

1

A2
~ um2&1um1&21um1&1um2&2),

where u & i corresponds to atomi. As a result of the local
character of the measurement scheme, it follows tha
choice of polarization-sensitive detection that preserves
quantum coherence of the atom inside the interferometer
preserves its entanglement with the other atom, while de
.

,

s.

u
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herence also implies the destruction of the entanglement
such, decoherence-free IFMs provide a tool to monitor
presence of atoms without destroying their state of entan
ment.

In summary, it is possible to determine the presence o
atom in a quantum superposition of internal states with
destroying it, provided that the measurement scheme d
not provide the ‘‘which-way’’ information that would in
principle permit one to determine its internal state. This i
plies that when aimed at measuring multilevel atoms, IF
have to be designed exceedingly carefully. Compared to
classical case their efficiency is very low, and information
lost even if the upper detector detects a photon. We a
showed how polarization-sensitive IFMs can be used to m
the polarization state of the detected photon onto the inte
state of the atoms, and how these measurements tran
directly to the domain of entangled atoms. Although o
scheme does not actively prevent a system from deco
ence, it opens up possibilities to better control quantum s
tems and monitor quantum systems, with potential appli
tions in quantum information processing.
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