RAPID COMMUNICATIONS

PHYSICAL REVIEW A, VOLUME 62, 06010(R)

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 numbd(s): 03.65.Bz, 42.50.Ct, 03.67a

Interaction-free measurementd-Ms) are a particularly It is well known that the quantum superpositions that of-
puzzling example of the “paradoxes” illustrating the tentimes characterize the state of an object are more sensitive
strangeness of quantum physics. In a nutshell, they are meto interactions than its energy. In order to gain a full under-
surements that offer a way to detect the presence of an objestanding of IFMs, it is therefore important to analyze their
without any apparent interaction with the measuring deviceimpact on such states. In addition, quantum superpositions

The history of IFMs can be traced back to 1960, whenconstitute a major ingredient of quantum entanglement. As
Renningel2], realized that at the quantum level, the nonob-such they play a central role in quantum information process-
servation of a result does have a physical impact in that itng, including teleportation[11], quantum computing
implies a collapse of the wave function. This point was fur-[12,13, and cryptography14,15. Decoherence is one of the
ther investigated by Dickg3] in the framework of nonscat- major obstacles to quantum information processing, and the
tering of photons by particles. In 1993, Elitzur and Vaidmanimpact of IFMs on quantum coherence is an important ques-
(EV) proposed a measurement scheme illustrating particuion in this context.
larly vividly the IFM paradox: They demonstrated that one  The goal of this paper is to analyze the impact of IFMs on
can to a certain extent determine the presence of a classicgliantum coherence, as well as their interplay. Our main con-
or quantum-mechanical object in an interferometer patkclusion is that even “energy exchange free” is an overly
without touching it with a probe photon, and without prior simplified description of the situation. IFMs do generally
information about the location of the object. The EV schemechange the state of the system, as evidenced, e.g., in the
was soon experimentally realizéd] and its efficiency was destruction of the quantum superposition of two internal
subsequently increased by use of the quantum Zeno effestates as well as of the quantum entanglement of two atoms.
[5]. Recent research has been directed towards applicatiofdowever, we also show that carefully designed IFM schemes
of the scheme; e.g., in the interaction-free imaging of maccan provide a powerful and nondestructive tool to probe
roscopic objects with less than the classically expecteduantum superpositions and entanglements. Potential appli-
amount of light[6]. cations include the determination of the presence of ions in a

Of course, IFMs are not really interaction free: If the in- linear trap without disturbing their entanglement, and hence
teraction Hamiltonian between the object and the “measuran ongoing quantum computer calculation.
ing stick,” in most experimental cases a light beam, were to  The situation that we consider is an extension of the EV
be set equal to zero, then nothing would happen. But pasicheme, considering a multilevel atom in a coherent super-
this rather trivial and easy way out of the problem, a moreposition of electronic levels. Our goals a@ to determine
interesting question is to try and quantify the meaning ofwhether an IFM can detect the presence of an atom without
interaction free. “Energy exchange fred’7] is now well  destroying that superposition, afig) to quantify the impact
established as a more precise way to characterize IFMs in thgf that superposition on the outcome of the IFM measure-
case of classical objects. This concept has also been appliggents.
at the quantum level, where two-state systems have been An essential ingredient of the EV scheme is the fact that if
investigated[1,8,9]. In a recent paper, Whitet al. [10]  the photon path is along the arm of the interferometer where
showed that a true IFM is not possible in the optical detecthe object is located, it will be irreversibly absorbed by this
tion of two-level atoms, due to the nonzero rate of forwardobject. Figure 1 illustrates a model atomic system that has
scattered photons. This gives a first indication that thehis same property. It consists of a four-level atom, initially
quantum-mechanical situation is indeed more subtle than thi@ a general superposition of the two metastable sfates
classical IFM. and |m,). The atoms can absorb single photons with unit

efficiency, inducing a transition to the excited lej@), from
which they can irreversibly decay to the ground state If
*Email address: sierk.poetting@wotan.opt-sci.arizona.edu the frequency of thée)«|g) transition is much larger than
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le> We denote the photon creation and annihilation operators
by af, anday,, respectively, wher&={u,I} stands for
photons of polarization following the upper or lower path

in Fig. 2. Hence, the keﬁﬁ#|0> describes a photon of polar-
ization u in the lower interferometer arm. We consider both
circular polarizationso.., in which casep={+,-}, and
linear polarizationgu={x,y}, the atomic selection rules be-
ing such that thém_)«|e) and|m )« |e) are excited by
left- and right-circularly polarized light-_ ando . , respec-
tively. The absorption of a photon by the atom can therefore
be described by the transition

FIG. 1. The atomic level scheme: The metastable states
and|m. ) are coupled to the excited std& via circularly polar-
ized light. The statée) rapidly decays to a stable ground stige
that is far off-resonance from the metastable states. Once in this |S>|g>

for u==,
state, the atom is transparent to the light in the interferometer path. At
P d P a .[0)[m,)—

)

al.|0)[m;) for u==,
that of the|m_.)«|e) transitions, then the branching ratio of ’

these transitions is extremely high, and reabsorption can bahere|S) is a scattered photon. We assume that this high-
neglected. As a result, the absorption of photondedacto  frequency photon escapes the system without possible reab-
irreversible, the statgy) being the “exploding bomb” state sorption, and can additionally be filtered away from the de-
of Ref.[1]. Filtering of the high-frequency spontaneous pho-tectors.

tons circumvents the problem of forward scattering described As in the original EV setup, a single photon enters the

in Ref.[10]. interferometer via the lower input port in the state
As illustrated in Fig. 2, the IFM scheme of Rdfl] is :
extended in such a way that the atom in the lower arm of the |lplight,in>:al,;¢|0>- ()

interferometer is in a superposition of the internal metastable ) ] o } )
states, the initial state of the atomic system taken for Cc,njl'wo_ identical nonpolarizing _50-50 beam splitters constltu_te
creteness to be the input and output of the interferometer. The phase shifts

upon transmission are chosen so that the upper detBgtor
1 fires with unit probability in the case where no atom is in the
|¢atom>zﬁ(|m+>+|m—>)' oY) interferometer. In that case, the annihilation operaﬁqjﬁ
before anda,, | after each beam splitter are related by
This superposition can be interpreted as describing an atom R )
that is half absorbing and half transparent for a given photon a, 1 (i 1\[ay,
polarization. While at first sight similar to the superposition ~, :E 1 il ] 4
states of being “there” or “not there” of Ref[1,9], our & &

“half-absorbers” are both located inside the mterferometerindependently of the photon polarizatipe].

path and thus the polarization dependence of the wo ransi- o, qjqer first the case of@, -polarized photon entering
tions involved provides an additional degree of freedom. An ; . LS
. ; ! o -~ the lower port of the first beam splitter, so that the initial
appropriate choice of field polarization enables us to simul- . .
X . state of the atom-field system is
taneously probe both constituents of the superposition. This
opens up the way to additional control on the outcome of the P >—é’f 10 aron) )
IFM, and in particular to the possibility of a nondemolition Yin) =2+ atonv:
measurement of the quantum superposition of @g. As
such, it permits the IFM of a “quantum bomb” in a super-

position of its “armed” and “unarmed” states.

As the photon propagates through the interferometer, Egs.
(2) and (4) show that the system evolves to the final state

= 1 .
¥ =—Z|8)g)+=——=a] ,|0)|m
|O> P . \\\ Inut>]i/ D—Ji)u |¢0Ut> 2| >|g> 2\/§ I,+| >| +>
e | 1. 1.
gl h o~ D, t t
) TS ———a, .|0)my)——=a, .|0)m_). (6
[V, > ~- IlPout>1 Dj:‘ 2\/5 u,+| >| +> \/E u,+| >| > ( )

Since the interferometer tuning is such that the upper detec-
tor D, clicks with unit probability in the case where no atom
is present, the register of a click on the lower detector indi-
FIG. 2. “Interaction-free” measurement on multilevel atoms. In cates with certainty the presence of an atom in the lower arm.
addition to single atoms in internal superpositions one can alsé\S a result of the form of the interaction between the atom
consider two entangled atoms, only one of them being in the interand the light field, this click can be interpreted as resulting
ferometer path. from a “photon propagating through the upper arm,” hence
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an IFM. Eq.(6) shows that the probability for such an event photon. The associated selective measurement then leaves
is 1/8, a factor of 2 less than in the classical absorber anthe atom in the desired quantum superposition.

two-level atom cases. This is because, in the present case, theWe proceed by reexpressing the normalized dtditg, ),

atom can be thought of as a “half-absorber,” a point toin terms of linearly polarized light components as

which we shall return shortly. After detection of a click on

D,, the normalized reduced atomic density operator is i

o |l/fout>lzﬁ al,|0y(Jm.)+|m_))
Patomout“TrIight{l‘/fout><l//out|ar,+al,+}:|m+><m+|- ( )
7 1
At
——a; ,|0)(m;)—|m_)). 11
Hence, the IFM destroys the initial quantum superposition of V2 "y| y(m-)=Im-)) Ay

the atomic state, leaving it in the energy eigenstate).

This results from the fact that an atom initially in state From this result it is immediately apparent that a
|m_) is transparent tar, -polarized light. Hence, if a signal polarization-sensitive measurement xfolarized photons
is registered at detectd, we know for sure that the atom leaves the atoms in the pure final state
had to be initially in statgm,). A measurement scheme
using circularly polarized light therefore provides “which-
path” information about the atomic state, and leads to a pro- |¢at°m>outzﬁ(|m+>+|m*>)’
jection of its state ontdm, ). Likewise, usingo _-polarized

light projects the superposition fa_) upon detection with  which is precisely the initial superpositidd,.or), While a

D;. detection ofy-polarized photons gives the orthogonal final
The “which-path” information can be erased by using state

linearly polarized light, say along thedirection. Decompos-

(12

ing this polarization into its circular components, the initial 1
atom-field system is now in the state |¢amm)outzﬁ(|m+>_|m—>)- (13
1 . - . S .
biy=—=(al_—al,)|0)|¢ , (8) In each case, the detection probability is readily seen from
[Vin) V2 g 110l Batom Eqg. (9) to be 1/16, a factor of 2 less than previously and a

. _ factor of 4 less than in the case of two-level atoms. We are
and yields the final state able to preserve the initial superposition because each circu-
lar polarized component performs an IFM on a different
1 1. “half-absorber,” located in the same interferometer path.
- e At '
|our) = 2\/§(|S>|g> 819+ 4(au’+|o)|m+> The appropriate measurement of a linear polarization, a su-
perposition of both circular polarizations, then combines
~&[0)lm ) +5 (&L I0m)-EL 10)m)) it is mpo - zat
u,- - 5 Gy, + - u,— + It is important to remark that in the case of polarization-
insensitive detection, the final atomic state is not a pure
quantum superposition, but rather the mixture

— (@10 |m.)—&]_|o)|m_)). ©)

It is the last term of this expression, the maximally entangled pa‘°m°”t:§(|m+><m+| m_Ym-]). (14)
atom-photon state
We see, then, that, the atom-photon entanglement be-
|Wouia) . [0)|m,)y—a] _|o)|m_), (100 tween of the statéy,,), provides us with a tool not just to
perform an interaction-free, quantum-nondemolition mea-
which is of interest to us, since it is associated with thesurement of the state of an atom, but also to map its quantum
detection of light on the lower detect®,. Karlsson and coherence to a prescribed value.
co-workers[8] discussed a similar state in the case of the We already mentioned that, compared to the original EV
IFM detection of a two-level atom and proposed its use toscheme[1], the probability of detecting the presence of an
make a nondemolition measurement of the ground-state atoatom in an interaction-free fashion, either without destroying
number. The present situation is different in that the enits initial state or preparing it in a prescribed superposition, is
tanglement is now in the state of the coupled atom-field syseonsiderably smaller than for two-level atoms. For the spe-
tem associated with the output at just one arm of the intereific example considered here, the reduction is by a factor of
ferometer. As we now show, this entanglement can be used. This results from the multiplicity of atomic and light po-
to perform an interaction-free, quantum nondemolition meaiarization states, i.e., the larger dimensionality of the relevant
surement of the quantum superposition of the atomic stateéHilbert space. Of all the “branches” followed by the wave
More generally, we can make use of the mapping of thdunction of the system during its evolution, only a few are
atomic and photon states associated with the entanglement tiseful to reconstruct the initial superposition state. The situ-
encode an atomic superposition in the state of the measuredion rapidly worsens for larger systems, and it is quite clear
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that decoherence-free IFMs soon become unrealistic. Wherence also implies the destruction of the entanglement. As
note in addition that, unlike in the EV scheme, there is nosuch, decoherence-free IFMs provide a tool to monitor the
way to guarantee the preservation of the atomic state in caggesence of atoms without destroying their state of entangle-
the photon is detected by the upper branch detddtarltis ~ ment.
easily shown that in that case, the postmeasurement probabil- In summary, it is possible to determine the presence of an
ity to find the atom in its initial state is always less thanatom in a quantum superposition of internal states without
unity, due to the fact that there are two orthogonal maximallydestroying it, provided that the measurement scheme does
entangled contributions in E¢9) associated with the upper "0t provide the “which-way” information that would in
detector. Consequently, the initial state of the object has t@NCiple permit one to determine its internal state. This im-
be reset before a subsequent measurement can be performBies that when aimed at measuring multilevel atoms, IFMs
in contrast to the EV situation. have to be designed exceedingly carefully. Compared to the
Despite these difficulties, it should be emphasized that thglassical case their efficiency is very low, and information is

polarization-dependent measurement scheme presents advaiit €ven if the upper detector detects a photon. We also
tages of considerable interest for quantum information proShowed how polarization-sensitive IFMs can be used to map

cessing applications. In particular, it is easily extended to th&he polarization state of the detected photon onto the internal
situation of entangled atoms, as illustrated in Fig. 2. Assumétate of the atoms, and how these measurements translate

for concreteness that the two particles are initially in the Belldiréctly to the domain of entangled atoms. Although our
state scheme does not actively prevent a system from decoher-

ence, it opens up possibilities to better control quantum sys-
1 tems and monitor quantum systems, with potential applica-
E(|m_>1|m+)2+|m+>1|m_>2), tions in quantum information processing.
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