Interaction-Free Measurements (Elitzur–Vaidman, EV IFM)

317

an ad hoc restriction on observables. Thus, one may ask: ‘Does also relaxing the IP
allow an even richer classification of statistics by the transformation properties of
states and observables under the action of particle permutations?’
And indeed it does, as Espinoza et al. [8] have recently shown. Bose and Fermi
particles – what are usually called ‘quanta’ – are of course still examples of the types
now classified, as are parastatistical particles and quantum Maxwell–Boltzmann
particles, and a countable infinity of others. In every case categorized by Hartle,
Stolt and Taylor (except for bosons and fermions which necessarily satisfy the indistinguishability postulate) there is an associated distinguishable case now possible
in which non-symmetric observables are allowed. Any two systems with different
statistics – whether they differ in the transformation properties of their states or
observables or both – will have different partition functions and hence different
thermodynamic behaviors. In particular, whether the indistinguishability postulate
holds makes a real physical difference for a system of identical particles – or at least
it would were we to discover identical yet distinguishable particles in nature.
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Interaction-Free Measurements
(Elitzur–Vaidman, EV IFM)
Lev Vaidman

The interaction-free measurements proposed by Elitzur and Vaidman [1] (EV IFM)
is a quantum mechanical method to find an object that interacts with other systems
solely via its explosion without exploding it. In this method, an object can be found
without “touching it”, i.e. without any particle being at its vicinity.

I

318

Interaction-Free Measurements (Elitzur–Vaidman, EV IFM)

The basic idea of the method is as follows. A quantum test particle is being split
into a  superposition of two separated states. One of these states is being split
again into a superposition of two output states while the other is being split into a
(different) superposition of the same output states. The phases of the various parts
are tuned in such a way that there is a destructive interference at one of the outputs.
At this output there is a detector. This is the EV device ready for action.
The simplest EV device is the Mach–Zehnder interferometer, Fig. 1. To use it,
the device should be placed in such a way that only one of the intermediate states

a

b

Fig. 1 The Elitzur–Vaidman scheme (a) When the interferometer is empty and properly tuned,
photons do not reach the detector. (b) If the exploding object is present, the detector has the probability 25% to detect the photon sent through the interferometer, and in this case we know that the
object is inside the interferometer without exploding it
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Fig. 2 The Kwiat et al. scheme. (a) If the cavities are empty, the photon after N bouncing moves
completely from the left cavity to the right cavity. (b) If the object is present in the second cavity,
after the same N bounces it will remain in the first cavity with probability close to 1 for large N

interacts with the object. If the object is present, the destructive interference is
spoiled and the detector might click announcing that the object is present. In this
case, no explosion has occurred, since the particle can be found only in one place.
The particle can also be “found” by the object, so in half of the cases the object
explodes. The probability of finding the object on the first run is just one quarter, so
the efficiency of the method is low, but given that the detector clicks, the object is
present with certainty.
The EV method was improved using the  quantum Zeno effect [2] and the
probability of the explosion could be made arbitrary small. This, however, requires
more time: the quantum test particle has to traverse the interaction region many
times. Conceptually, the simplest implementation of this improvement is a device
consisting of two identical cavities A and B connected by a highly reflective wall,
see Fig. 2. If we place a photon in one cavity, the evolution brings it to another cavity
after N bounces in one cavity. At this moment, a detector tests for the presence of
the photon in cavity A. This is the device which is ready for action. We place it
in such a way that the interaction region of possible explosive object is cavity B.
The detector will click with probability close to 1. (The probability for the failure,
which is an explosion of the object, is of the order of 1/N). It will not click for sure
if the object is absent.
Setups similar to the EV device were considered before by Renninger [3] and
Dicke [4]. However, they did not realize the effect because in their analysis the
object and the test particle were reversed: they pointed out the peculiar property that
the EV test particle changes its state while the EV explosive object (their measuring
device) has not changed at all, it was a negative result experiment.
The EV method can find in an interaction-free manner not only exploding objects, but any opaque object. This experiment, however, is somewhat more difficult
to implement. For finding an explosive device we could use, instead of a single
particle source, a weak laser beam. If the click happens before the explosion, we
know that the object is there. For an opaque object, we need a single particle source:
if we get a click sending only one photon, we know that there is a opaque object
somewhere inside the interferometer and that it did not absorb any photon.
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One of the most paradoxical features of the EV IFM is that the test particle in
some sense never passes in the vicinity of the interaction region. How can we get
information about a region when nothing passed through it and nothing came out of
it? Indeed, when we hear the click announcing the presence of the object, there is
no record of any kind in our world showing that the test particle was near the object.
A way to resolve this paradox is to note that of our intuition regarding causality
in our world is based on physical laws. These laws, however, describe our Universe
which includes many worlds, including the one in which the test particle visited
the interaction region (and there was an explosion). In this picture it is easy to
understand why there is no interaction free method for finding out that the interaction region is empty. Since there is no parallel world in which an explosion occurs,
we cannot verify that the region is empty without passing through it.
Let us consider now what happens when the EV IFM device is used for finding
a quantum object. If the  wave function of the quantum object spreads over space
such that only part of it overlaps with the interaction region, the successful EV
IFM localizes the object to the interaction region without changing its internal state
(without exploding it). The momentum of the object is changed in this procedure.
In this respect it is no different from any other nondemolition measurement of the
projection on the interaction region. The name “energy exchange free measurement”
frequently associated with the EV proposal, thus does not reflect the unique features
of the EV IFM [5, 6].
Energy exchange is relevant for the Penrose modification of the EV IFM [5],
in which the goal is different: We are to distinguish between objects which explode
whenever their trigger is touched and duds where the trigger is locked to the object
which do not explode. The dud serves as a mirror in the Mach–Zehnder interferometer which produces a destructive interference in its detector. A good exploding
device cannot serve as a mirror and thus the detector might click announcing that
the object is not a dud. Penrose’s explanation of the core of the IFM is counterfactual [7, p. 135]: the object caused the detector to click because it could have
exploded, although it did not. This is the origin of the name counterfactual computation [8, 9] for a quantum computer which yields the outcome without “running”
the algorithm. Note, however, that as we cannot establish the absence of an object
in an interaction-free manner, we cannot have a counterfactual computation for all
possible outcomes [10].
In Penrose’s IFM, when the detector clicks, we can claim, as before, that the
quantum test particle was not at the vicinity of the exploding object. However, when
the EV IFM device is used for finding a quantum object, the click of the detector
does not ensure that the quantum test particle was not present in the interaction region. It might that the whole quantum wave of the test particle passes the interaction
region. This happens when the observed quantum object is the “test particle” of the
EV IFM measuring the presence of the original test particle. This setup is known as
Hardy’s paradox. This consideration shows that the claim that the EV IFM localizes
quantum objects to the interaction region is strictly speaking incorrect. But limitation is minor: anyone observing the location of the object (and not a superposition
of localized states) after the EV IFM announcement about its location, will find that
EV IFM method is not mistaken.
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Fig. 3 The Paul and Pavičić scheme. (a) If the cavity is empty, the photon passes through it with
very high probability. (b) If the object is present in the cavity, the photon is reflected with very high
probability

I
There have been numerous experiments performing the EV IFM. The original
EV scheme was first implemented in laboratory by Kwiat et al. [2]. ( Quantum
Interrogation) Later, Kwiat et al. also performed an experiment of their improved
scheme which combines the EV setup with the Zeno Effect [12] reaching efficiency
of about 70%. Technical problems make further improvement difficult. It is not easy
to tune the optical cavities and it is very difficult to put the photon into the first
cavity at a particular moment for starting the process.
When the goal is a practical application of the EV IFM, the best approach is
the Paul and Pavičić setup [13] which is, essentially a Fabry Perot interferometer,
Fig. 3. There is only one cavity build with almost 100% reflecting mirrors, which
is tuned to be transparent when empty. If, however, there is an object inside the
cavity, it becomes almost 100% reflective mirror which allows finding the object
without exploding it. The method has a conceptual drawback that in principle the
photon can be reflected even if the cavity is empty, thus, detecting reflected photon
cannot ensure presence of the object with 100% certainty. But this drawback has no
meaning for actual experiment because noise in an ideal setup is usually larger. This
method was first implemented in a laboratory by Tsegaye et al. [14] and recent experiment reached the efficiency of 88% [15]. The method has a potential to improve
controlled-not gate for quantum information processing [16].
Applying the EV device for imaging semitransparent objects [17–19] hardly pass
the strict definition of the IFM in the sense that the photons ( light quantum) do
not pass in the vicinity of the object, but they achieve a very important practical
goal, since we “see” the object significantly reducing the irradiation of the object:
this can allow measurements on fragile objects.
The EV IFM is one of the quantum paradoxes ( Errors and Paradoxes in
Quantum Mechanics. It is a task which cannot be performed in the realm of classical
physics, but can be done in the framework of quantum theory. Progress in experimental demonstrations of the method shows that it has a potential for practical
applications. See also  Quantum Interrogation.
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16. M. Pavičić, Phys. Rev. A 75, 032342 (2007).
17. J. S. Jang, Phys. Rev. A 59, 2322 (1999).
18. G. Mitchison, and S. Massar, Phys. Rev. A 63, 032105 (2001).
19. H. Azuma, Phys. Rev. A 74, 054301 (2006).

Interpretations of Quantum Mechanics
See  Consistent histories, Ignorance interpretation, Ithaca Interpretation, Many
Worlds Interpretation, Modal Interpetation, Orthodox Interpretation, Transactional
Interpretation.

Invariance
K. Mainzer

Invariance, in general, means that quantities or objects do not change with respect to
transformations [7]. Invariance of quantities and objects can be distinguished from
 covariance which refers to form invariance of laws and equations [8]. In mathematics, a function of coordinates is called invariant with respect to a transformation

