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This paper is dedicated to Prof. Paolo Tombesi on the occasion of his 70th birthday.

Modern experimental developments allow to address the fundamental challenges of quantum physics on
new, macroscopic scales. How far can such experiments be pushed with current technology? We discuss
three specific examples, long-distance photonic entanglement, matter wave interferometry and superposi-
tion states of mechanical resonators, and discuss possible extensions to these experiments. It turns out that
there is ”plenty of room at the top” for macroscopic quantum experiments, even with presently available
technology.

c© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

The counter-intuitive properties of quantum mechanics for individual systems have probably first been
publicly discussed in Albert Einstein’s famous 1909 presentation in Salzburg to the Annual Meeting of
the ‘Deutsche Gesellschaft der Ärzte und Naturforscher’ [1]. There, Einstein pointed to the conceptual
challenges related to the idea of light quanta if interference also persists on the level of individual photons.
At Einstein’s time this fact was not yet experimentally confirmed, but today, interference of single pho-
tons, or more generally single particles is standard practice in many laboratories world-wide. In all these
experiments, the predictions of quantum theory have been perfectly confirmed and even extended to multi-
particle interference and entanglement. These results require a drastic revision of our intuitive world-view.
We argue that extending quantum experiments into hitherto untested parameter regimes will help to sharpen
our view on this question and will shed new light on our understanding of quantum theory – for example
by closing remaining loopholes in existing Bell experiments, by providing even more drastic examples of
counter-intuitive quantum phenomena in the spirit of Schrödinger’s cat [2] or by establishing new incom-
patibility theorems in the spirit of Bell’s inequalities that are related to macroscopic properties [3]. In the
following we will discuss prospects for such extensions for quantum experiments with entangled photons,
with matter waves and with massive mechanical resonators.

2 Extending experiments with entangled photons

The first quantum experiments involving truly single particles have been performed with photons (for a
review see for example [4] and references therein). A common method to ensure the presence of single
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photons in an apparatus exploits the emission of photon pairs as are provided by atomic decay cascades
[5, 6], or optical parametric down-conversion [7]. In these experiments, one photon in the pair is used to
indicate the presence of the other photon, which may then be subject to an interference experiment. The
first investigations of that kind were performed by Clauser, who sent each particle through a separate beam
splitter [5], and by Aspect and Grangier, who submitted one of the two photons to interference while the
other one was serving as a trigger to indicate the presence of the single second photon [6].

Quantum mechanics also allows the superposition of two or more individual particles or properties, i.e.
entanglement, and many experiments have confirmed the predictions of quantum mechanics in great detail.
In particular, entanglement has always been identified as a key to the understanding and interpretation of
quantum physics. It is therefore important to devise experiments which help us to confirm established
assumptions and to close the loopholes that may still exist for a local realistic, non-quantum, world-view.
Here, we will briefly discuss the particular question how to rule out the hypothetical possibility that separate
events in such experiments are still determined by some earlier common causes.

In order to eliminate any unknown communication between two measurement apparatuses [8, 9] or
between the source (emission) and the detector [10], experiments have been performed with space-like
separated random number generators [9, 10]. In these investigations care was taken to exploit the best
possible random number sequence, which relies on the well-tested stochastic nature of the photon partition
noise at an optical beam splitter [11]. And yet we still have to consider the possibility that even the two
remotely located random number generators might be influenced by some common cause. Certainly, the
confirmation of such a hypothesis would be a major upheaval of the quantum view of the world, but this is
exactly what is at stake in such experimental tests.

There are two possibilities how to address this question. The first one is to involve human decisions,
rather than a physical device, to choose which measurement to perform on the two photons. Evidently, the
reasonableness of such an experiment depends on the nature of decision processes and the human mind.
The proposed experiment is meaningful if we assume that humans have free will in some reasonable sense
of the word. We point out that this assumption is a matter of intense debate in current brain research, but
we suggest that, strictly speaking, the question is not settled yet. We may consider an experiment with
humans making decisions about the measurements on entangled photon pairs, either like in a test of Bell’s
inequality or in an experiment where one photon serves as the indicator for the presence of another photon
traversing an interferometer. A measurement on the first photon then decides whether the second photon
passes a well-defined path , i.e. does not show interference fringes, or whether the path of the second photon
is undetermined and interference fringes occur. Given the fact that the human decision process takes of the
order of tenths of seconds, it is advisable to separate the two experimentalists by distances of the order of at
least half a light second, i.e. 150.000 km. Such experiments could be performed between Earth and Moon,
or possibly even between Earth and a future space station on its voyage to other planets. Clearly, the photon
collection efficiency is a major problem over these distances. This could, for example, be circumvented by
adopting an entanglement swapping scheme [12] to entangle two distant atoms – say, on the ground and in
outer space – conditioned on the projection of the photon pair on an entangled state (Fig. 1a).

A second approach to establishing genuine randomness in such an experiment would rely on the use of
light arriving from distant locations in the Universe to trigger the detector settings in the two measurement
stations (Fig. 1b). This idea offers the advantage that the detectors need not be widely separated any more,
if the triggering random signals arrive from opposite locations in the universe, such as light from distant
quasars, in the extreme case.

3 Extending matter-wave interferometry

The quantum wave nature of matter was first proposed by de Broglie in 1923 [13] and soon confirmed
for electrons [14, 15], atoms and diatomic molecules [16] as well as for neutrons [17]. With the devel-
opment of modern molecular beam machines, ultra-cold atomic ensembles, Bose-Einstein condensates,
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Fig. 1 (online colour at: www.fp-journal.org) Extending entangled photon experiments to long distances.
(a). A possible Bell experiment that involves distant quasars to determine the local measurement settings.
For example, the detection or non-detection of a photon at a certain time could serve as a basis choice. In
that way, alternative explanations that invoke pre-determined settings could be narrowed down significantly.
(b) A possible Bell experiment involving the free will of human observers. To ensure space-like separation
between observers ‘Alice’ and ‘Bob’ will require a separation on the order of several tenths of light seconds.

laser and methods to nanofabricate diffraction masks, interference with atoms clusters and molecules have
experienced a rapid evolution [18].

Recent experiments in Vienna have extended this idea to particles of increasing complexity, mass and
state separation. The augmented complexity allows us to quantitatively probe new decoherence and de-
phasing mechanisms: Large molecules may exhibit such a rich internal complexity and high temperatures
that their internal properties and state changes become measurable as a possible perturbation to the center
of mass evolution, i.e. the de Broglie phases [19,20]. Interferometry with high-mass particles also holds the
promise to establish new bounds on theoretical predictions that envisage modifications of standard quan-
tum mechanics [21–25]. The first coherence experiments with internally hot fullerene molecules [26, 27]
exploited far-field diffraction techniques (Fig. 2a) which were similar to those used for atoms [28] and
Helium dimers [29]. The particle’s polarizability enters, however, the quantum wave diffraction through
the Van der Waals interaction with the diffracting grating walls [30]. This creates a conservative potential
which depends on the molecule wall distance like VvdW ∝ r−3 and which leads to position-dependent and
dispersive matter-wave phase shift. It is therefore advantageous for highly polarizable molecules to replace
material gratings by optical diffraction structures as demonstrated in [31]. Even then a major technological
challenge remains. Diffraction requires coherent matter waves. In the absence of cooling techniques co-
herence can only be provided by spatial filtering. However, collimation enormously reduces the molecular
throughput.

It has therefore already been suggested by Clauser [32] that near-field Talbot-Lau interferometry could
be a favorable scheme to explore the wave-particle duality of massive particles. The idea had been imple-
mented for atoms [33] and could be extended to large molecules [34] including biodyes [35]. A Talbot-Lau
interferometer does not allow to separately address the individual partial beams of the superposition state.
And yet, such a device is still well adapted both for fundamental decoherence [19,20] studies and for prac-
tical force measurements [36, 37]. Even in a near-field diffraction arrangement, however, optical gratings
will become unavoidable for highly polarizable particles if the grating openings are of the order of a few
hundred nanometers or smaller. Correspondingly, the combination of mechanical and optical gratings is
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Fig. 2 (online colour at: www.fp-journal.org) Gallery of
interferometers for large clusters and molecules: a far-field
diffraction at a nanomechanical grating, as used for fullerenes
[26, 31]; Kapitza-Dirac-Talbot-Lau interferometer [38] with a
central optical phase grating; All-optical pulsed Talbot-Lau in-
terferometer for massive metal clusters [39].

the basis for a recent development, the Kapitza-Dirac-Talbot-Lau interferometer (Fig. 2b) which allows to
extrapolate matter-wave interferometry to more extended objects [38].

But what will be the ultimate mass limit for de Broglie interference experiments? The answer to this
question depends on the successful development of many techniques, the availability of cold and collimated
molecular beams, diffraction methods that are less sensitive to internal particle properties, efficient and
selective molecule detectors for massive, neutral and slow particles as well as on the elimination of all
dephasing and decoherence effects.

ionization gratings would solve many important issues in interferometry with supermassive metal clus-
ters (see Fig. 2c). For particles in the mass range of around 1,000,000 amu fluorine lasers are expected to
provide still for the foreseeable future the shortest laser wavelength in a commercially available pulsed
and sufficiently intense laser source. For metals in the mass range of around 109 amu the absorption cross
section would already grow to an extent that the high-harmonic generation of available continuous lasers
could possibly also provide sufficient energy for the ionization or neutralization of the clusters. In either
case we aim at creating gratings with a period of about g = 80...100nm and a near-field interferometer
would typically be operated in the Talbot distance, given by LT = g2/λdB. The minimum size of the
apparatus is therefore governed by the maximum de Broglie wavelength that can be achieved. For particles
as massive as 1,000,000 amu cryogenic temperatures of about 10 K should be realizable in the near future.
The most probable thermal de Broglie wavelength λdB = h/

√
2mkBT then amounts to 1 pm, which is

very similar to that of the organic hot molecules in present-day experiments [37]. The Talbot length in such
experiments would amount to LT = 6.5 mm. This short length is related to the use of all optical gratings
and it seems still realistic to scale the interferometer length by at least a factor 100, i.e. to a total size of
about one meter in a moderately sized laboratory.

This simple estimate shows already that matter interferometry with masses comparable to small rhino-
viruses (m < 1 MDa) are no fantasy. However, metal cluster studies have many practical advantages over
organic particle beams and it is also important to see that metals offer practically the highest possible mass-
densities: a tobacco mosaic virus, for instance, is a tube of 300 nm length and 17 nm diameter with a mass
of about 4 × 107 amu [40]. This corresponds to a density of about 1 g/cm3. Metal densities can be more
than an order of magnitude higher, with the density of gold (19 g/cm3) as a realistic maximum. While a
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300 nm long virus would already average over several potential maxima in a grating with a period of 80 nm,
a 10 nm gold particle of equal mass could easily fit the experiment. All-optical gratings cannot be clogged
by material particles, but they may induce gradient forces in the diffracted objects if these are too extended.
We will therefore assume a preliminary hard, but possibly not insurmountable mass limit at a gold cluster
of about 50 nm diameter. This corresponds to mass of roughly 109 amu, which is comparable to that of the
much more extended bacterial DNA [41]. If it is possible to reduce the kinetic energy to the temperature
equivalent of 10 K, the thermal velocity peaks at 1 cm/s and the de Broglie wavelength approaches 30 fm.
This is still within the limits of a compact interferometer of 40 cm length.

One should, however, also be aware of the boundary conditions that a real experiment will face: The
interferometer transit time will be as long as 40 seconds. During this time all external perturbations must
be eliminated and the particles must not be deflected or dispersed by gravity. In the long run a micro-
gravitational environment on board of a dedicated satellite therefore appears to be desirable. Alternatively
future technological developments might also allow us to establish a non-dephasing suspension system
strong enough to compensate Earth’s acceleration but smooth enough not even to induce nanometer spatial
shifts of the cluster trajectory over the entire transit time.

Besides the kinematic arguments given above, many dephasing and decoherence mechanisms will pose
severe technical challenges at a much earlier stage. While further theoretical and experimental work is still
required to provide hard limits, it is clear that the influence of Earth’s gravity and rotation, interferometer
vibrations, the frequency and timing jitter as well as the pointing stability of the diffracting lasers, thermal
radiation from within the clusters and from the walls, collisions with the residual background gas in the
vacuum chamber, fluctuations of external electro-magnetic field gradients and other parameters will have
to be taken care of.

4 Superposition and entanglement in mechanical quantum systems

Another intriguing system for the study of macroscopic quantum phenomena is gradually becoming avail-
able through mechanical resonators. These devices allow us to study the collective center-of-mass motion
of massive objects that contain up to 1020 atoms and that span the size range from hundreds of nanometers
in the case of nano-electro-mechanical or nano-opto-mechanical systems (NEMS/NOMS) to tens of cen-
timeters in the case of gravitational wave antennae [42]. It is currently a hot research topic how to prepare
genuine quantum states of motion of such mechanical devices [42]. In particular the latest development in
micro- and nanomechanical engineering has triggered an enormous experimental progress towards achiev-
ing this enticing goal. The broad variety of existing approaches include the coupling of mechanical systems
to single electrons via spin [43] or charge [44], to Cooper pairs via microwave cavities [44, 45], or to pho-
tons inside an optical cavity [46–51]. For the latter case, quantum optics provides a well-developed toolbox
to control and manipulate the state of the mechanical system via optomechanical interaction – eventually
within the quantum regime.

The relevance of quantum optics for such mechanical experiments has been realized very early on and is
predominantly based on two remarkable facts: first that the single-mode quantum description of an optical
field is essentially equivalent to that of a harmonic oscillator, and second that the interaction between
light and a mechanical oscillator can resemble a nonlinear Kerr-type interaction if the light is confined
in a cavity that is modified by the mechanical motion. The latter may be implemented for example via
direct changes in the cavity length [52] or using dispersion [49]. In other words, quantum optics of two
optical modes that interact via a Kerr-medium can be mapped onto a quantum-opto-mechanical situation
in which an optical mode and a mechanical mode interact via the transfer of photon momentum, i.e. the
radiation pressure inside an optical cavity. Paolo Tombesi has been pioneering and shaping the field of
quantum-opto-mechanics since its very beginning 1. Among his contributions are the very first papers

1 We should not fail to mention that it was actually a talk given by Paolo Tombesi in June 2004 in Vienna that provided the final
spark to start our Vienna opto-mechanics experiments.
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in the 1990’s on the generation of quantum effects through radiation pressure, namely the generation of
squeezed light in an optomechanical cavity via the optomechanical Kerr-nonlinearity [53, 54]. Further
examples include suggestions on how to utilize radiation pressure to perform photon number quantum non-
demolition measurements [55,56], on mechanical quantum noise reduction via feedback techniques [57,58]
– a scheme today known as cold damping or active mechanical cooling – and on the generation of non-
classical states of mechanical systems by optomechanical interactions [59, 60]. With the availability of
high-quality optomechanical devices these early theories have now become an important basis for a whole
new field that aims at exploiting the quantum regime of mechanical resonators (Fig. 3).

aa

bb

cc

Fig. 3 (online colour at: www.fp-journal.org) Quantum optomechanics: Extending quantum experiments
to massive mechanical systems. a. Working principle of cavity-optomechanics. An optical cavity mode in-
teracts with a mechanical mode via radiation pressure. b. Micromirror design by the Vienna group at IQOQI.
The fundamental mechanical mode of such a structure has recently been laser-cooled to 30 thermal quanta
above the quantum ground state. c. The idea of quantum optomechanics. A strongly pumped optomechan-
ical cavity can generate optomechanical interactions that can be tailored via the cavity detuning and that
are in full analogy to quantum optics. These interactions serve as a basic toolbox to prepare mechanical
quantum states by using optical quantum states.

This developing field of quantum-opto-mechanics provides – aside from numerous novel sensing and
actuation technologies at and beyond the quantum limit – a unique opportunity to generate superposition
states of massive mechanical systems. Some of the first conceptual ideas on this topic have been motivated
by Dapprich, Penrose and Zeilinger during discussions in Innsbruck in 1997 [61,62]. Concrete experimen-
tal proposals have been suggested in form of a nanomechanical resonator coupled to a superposition state
of a Cooper-pair box [63] and of a micromechanical mirror coupled to a superposition state of a single
photon [64]. The main idea is to achieve sufficiently strong coupling of an individual quantum system
to the mechanical resonator such that a superposition state |0〉q + |1〉q of the quantum system generates
an entangled state |0〉q|0〉M + |1〉q|1〉M between photon/electron and the mechanical system. Here, |0〉M
and |1〉M correspond to two coherent states of different amplitude α0 and α1 of the mechanical mode. If
these two states can be made sufficiently distinct, i.e. M 〈0|1〉M = exp[−|α1 − α0|2] ≈ 0, one arrives
at the canonical situation of Schrödinger’s cat involving two macroscopically distinct motional states of a
mechanical resonator.
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How large can one make this separation Δx ≈ |α1 − α0| in experiments? For a crude quantitative
estimate we can assume that the mechanical displacement Δx is given by Δx = F/k, where F is the
force applied by the quantum system and k = mω2

m is the mechanical spring constant (m: mode mass,
ωm/2π: mechanical mode frequency). Typical forces that should be feasible to achieve are on the order
of some 10−18 N (aN ). For example, a single photon of wavelength λ = 1064 nm inside a 30 mm long
cavity exerts a radiation pressure force of approx. 6 aN to the walls of the cavity 2. If one of the walls
consists of a micromechanical mirror of fundamental resonance frequency ωm, maintaining the force over
a mechanical period T = 2π/ωm results in a displacement of the above Δx. This means that for an optical
cavity finesse of 5 × 106 (i.e. a cavity lifetime of 1 ms) one can generate the maximum displacement for a
mode at ωm/2π ≈ 1 kHz. Assuming a mode mass of m = 1 ng (i.e. a spring constant k ≈ 4×10−5 Nm−1)
the radiation pressure force displaces the mechanics by Δx/xZP ≈ 1 or Δx ≈ 1.5 × 10−13 m, which is
smaller than a typical crystal unit cell (≈ 2–5 Å). In this scenario, significantly larger displacements are
possible only either by increasing the finesse (hence allowing for larger forces at smaller cavity lengths
or for longer photon-lifetimes at smaller resonator frequencies) or by decreasing the resonator mass. For
example, lowering the mass in this explicit scenario by two orders of magnitude, at otherwise unchanged
parameters, would result in Δx/xZP ≈ 10 or Δx ≈ 1.5 × 10−11 m. As one will certainly have to find
a trade-off between size and optical coupling it remains to be seen which combination of experimental
parameters can eventually be realized. It is interesting to note that other coupling mechanisms produce
forces of similar order of magnitude. For example, capacitive coupling of a mechanical resonator to a
Cooper pair box can generate forces of up to 50 aN in today’s devices [44, 45] and magnetic coupling
to single atomic spins can reach similar values [43, 65]3. As a general rule of thumb one can estimate
the displacement Δx/xZP = F/(kxZP) = F/(�1/2m1/2ω

3/2
m ), as long as the interaction time exceeds

one mechanical period T = 2π/ωm. This raises the intriguing question whether it will be possible to
generate macroscopic displacements that exceed the physical size of the mechanical object. In principle
yes: assuming a mechanical object of mass m = 10−21 kg and resonance frequency ωm/2π = 105 Hz,
which could be realized for example via a carbon nanotube or a silicon nanowire, a force of 50 aN would
be sufficient to generate a displacement Δx/xZP ≈ 300 or Δx ≈ 100 nm, i.e. larger than the object’s
typical extensions of a few nm.

While we have argued above that macroscopically distinct superposition states of mechanical resonators
should be possible in principle, there remain at present several challenges that have to be overcome:

First, the coupling between mechanics and quantum system has to be maintained suffciently long
to achieve the wanted displacement in the mentioned scenarios. To be more precise, the coupling rate
g0 = FxZP

�
has to overcome both the individual systems’ decoherence rates (strong coupling regime) and

the mechanical frequency. The strong coupling regime of a mechanical resonator has only recently been
realized for the first time between a micromechanical system and the high-intensity laser field of an optical
cavity [66]. Achieving the single-photon strong coupling regime is still an outstanding challenge and opti-
cal finesse values exceeding 106 may be required. New experimental approaches involving photonic crystal
cavities could be very promising systems to achieve this [67, 68]. Other interesting proposals to obtain a
strong coupling rely on the magnetic coupling to single spins located in nitrogen vacancy centers [65].

Second, the mechanical thermal decoherence rate Γ = (kBT )/(�Q) (T : bath temperature; kB : Boltz-
mann’s constant; Q: mechanical quality factor) needs to be minimal, ideally well below both the coupling
rate g0 and the mechanical frequency ωm. Current experiments with micromechanical resonators are op-
erated in a 4He environment (4 K) and have achieved Γ ≈ 25 MHz. For typical dilution refrigerator
environments (T ≈ 50 mK) and Q-factors on the order of 106, as has been observed in recent nanoelec-
tromechanical experiments, one obtains Γ ≈ 6 kHz. Current research focuses on further increasing the
mechanical quality factor [69–71].

2 The radiation pressure force is given by the photon momentum transfer per cavity roundtrip time, i.e. FRP = 2�ωc
L

with the
cavity frequency ωc = 2πc/λ.

3 Assuming magnetic field gradients of 107T m−1 and a working distance of 20 nm.
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Third, operation close to the mechanical quantum ground state is desirable to avoid thermally mixed
states. This requires mode temperatures Teff on the order of �ωm

kB
, i.e below 50 nK (5 μK) for a 1 kHz

(100 kHz) resonator. While this is hard to achieve with conventional cryogenic equipment, additional
cooling techniques such as active cooling (cold damping) [58,72,73] or mechanical laser cooling based on
backaction [47, 48, 51, 74, 75] are now available. There, cooling down to 30 quanta for micromechanical
systems coupled to optical cavities [66, 76] and down to 4 quanta with nanomechanical systems coupled
to microwave cavities [77] has been observed. As we (MAs, AZ) have shown in a joint work with Paolo
Tombesi, a proper application of mechanical laser cooling to a suffciently broadband cavity can result in
the direct generation of optomechanical entanglement [78, 79].

On a final note we should mention that detecting such macroscopic mechanical superposition states
might be similarly challenging as preparing them. This is because standard quantum physics predicts that
they decohere at a rate that is proportional to the square of their macroscopic displacement Δx. To be pre-
cise: because of the unavoidable coupling to the oscillator’s environment (such as coupling to the mechani-
cal clamping supports, coupling to internal defects, etc.), the overall quantum mechanical decoherence rate
is given by ΓQM = Γ(Δx/xZP )2 [80–82]4. For the last example given above this means that we have to
expect a speed up of the thermal decoherence Γ by almost five(!) orders of magnitude. Minimal thermal
decoherence rates Γ are therefore indispensable. We are only at the beginning of exploring all these ques-
tions in actual experiments. It is clear that the quantum regime of mechanical systems provides fascinating
opportunities to study macroscopic quantum physics. It is also clear that the absence of quantum phenom-
ena at these scales can easily be created by quantum physics itself and that any such effects in experiments
will require an extremely careful analysis.

5 Conclusion

We have provided a brief outlook on possible extensions to current quantum experiments. The discussed
examples include distance in the case of photons and mass, size and complexity in the case of matter-waves
and mechanical systems. These extensions will provide tests of quantum theory in a hitherto untested pa-
rameter regime and with new boundary conditions for alternative explanations – for example by involving
human decisions in a Bell experiment or by guaranteeing noninvasive measurability in a Leggett-Garg
experiment [83]. In that sense, such experiments will allow to address new aspects in the foundational
questions of quantum theory. Evidently, such experiments provide an enormous challenge, but they might
be worthwhile considering the fundamental issues for our world view at stake.
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M. Mayor, and M. Arndt, Nature Physics 3, 711–715 (2007).
[39] E. Reiger, L. Hackermüller, M. Berninger, and M. Arndt, Opt. Comm. 264, 326 (2006).
[40] S. Fuerstenau, J. Mass Spectrom. Soc. Jpn. 51, 50–53 (2003).
[41] S. Benner, How small can a microorganism be, in: Size Limits of Very Small Microorganisms (Proceedings of

a Workshop) (National Research Council, National Academy Press, Washington D.C., 1999), pp. 126–135.
[42] M. Aspelmeyer and K. Schwab, New J. Phys. 10(9), 095001 (2008).
[43] D. Rugar, R. Budakian, H. J. Mamin, and B. W. Chui, Nature 430(6997), 329–332 (2004).
[44] A. Naik, O. Buu, M. D. LaHaye, A. D. Armour, A. A. Clerk, M. P. Blencowe, and K. C. Schwab, Nature

443(7108), 193–196 (2006).
[45] M. D. LaHaye, O. Buu, B. Camarota, and K. C. Schwab, Science 304(5667), 74–77 (2004).
[46] T. J. Kippenberg, H. Rokhsari, T. Carmon, A. Scherer, and K. J. Vahala, Phys. Rev. Lett. 95, 033901 (2005).
[47] S. Gigan, H. R. Bohm, M. Paternostro, F. Blaser, G. Langer, J. B. Hertzberg, K. C. Schwab, D. Bauerle, M. As-

pelmeyer, and A. Zeilinger, Nature 444(7115), 67–70 (2006).
[48] O. Arcizet, P. F. Cohadon, T. Briant, M. Pinard, and A. Heidmann, Nature 444(7115), 71–74 (2006).

www.fp-journal.org c© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



10 M. Arndt et al.: How to extend quantum experiments

[49] J. D. Thompson, B. M. Zwickl, A. M. Jayich, F. Marquardt, S. M. Girvin, and J. G. E. Harris, Nature 452(7183),
72–75 (2008).

[50] C. A. Regal, J. D. Teufel, and K. W. Lehnert, Nature Phys. 4, 555–560 (2008).
[51] T. J. Kippenberg and K. Vahala, Science 321, 1172 (2008).
[52] C. K. Law, Phys. Rev. A 49(1), 433–437 (1994).
[53] C. Fabre, M. Pinard, S. Bourzeix, A. Heidmann, E. Giacobino, and S. Reynaud, Phys. Rev. A 49(2), 1337–1343

(1994).
[54] S. Mancini and P. Tombesi, Phys. Rev. A 49(5), 4055–4065 (1994).
[55] G. J. Milburn, K. Jacobs, and D. F. Walls, Phys. Rev. A 50(6), 5256–5263 (1994).
[56] M. Pinard, C. Fabre, and A. Heidmann, Phys. Rev. A 51(3), 2443–2449 (1995).
[57] S. Mancini, D. Vitali, and P. Tombesi, Phys. Rev. Lett. 80(4), 688–691 (1998).
[58] P. F. Cohadon, A. Heidmann, and M. Pinard, Phys. Rev. Lett. 83(16), 3174–3177 (1999).
[59] S. Bose, K. Jacobs, and P. L. Knight, Phys. Rev. A 56(5), 4175–4186 (1997).
[60] S. Mancini, V. I. Man’ko, and P. Tombesi, Phys. Rev. A 55(4), 3042–3050 (1997).
[61] D. Bouwmeester, J. Schmiedmayer, H. Weinfurter, and A. Zeilinger, in: Gravitation and Relativity: At the turn

of the Millennium, edited by D. H. and J. Narlikar, chap. Quantum coherence in experiment: from teleportation
to massive objects, Proceedings of the 15th International Conference on General Relativity and Gravitation
(GR-15) (IUCAA, Pune, India, 1998).

[62] R. Penrose, in: Quantum [Un]Speakables – from Bell to Quantum Information, edited by R. Bertlmann and
A. Zeilinger (Springer, Heidelberg, 2001), chap. John Bell, State Reduction, and Quanglement.

[63] A. D. Armour, M. P. Blencowe, and K. C. Schwab, Phys. Rev. Lett. 88(14), 148301 (2002).
[64] W. Marshall, C. Simon, R. Penrose, and D. Bouwmeester, Phys. Rev. Lett. 91(13), 130401 (2003).
[65] P. Rabl, P. Cappellaro, M. V. G. Dutt, L. Jiang, J. R. Maze, and M. D. Lukin, Phys. Rev. B (Condensed Matter

and Materials Physics) 79(4), 041302 (2009).
[66] S. Groeblacher, J. B. Hertzberg, M. R. Vanner, G. D. Cole, S. Gigan, K. C. Schwab, and M. Aspelmeyer, Nat

Phys 5(7), 485–488 (2009).
[67] M. Eichenfield, R. Camacho, J. Chan, K. J. Vahala, and O. Painter, Nature 459, 550 (2009).
[68] M. Li, W. H. P. Pernice, C. Xiong, T. Baehr-Jones, M. Hochberg, and H. X. Tang, Nature 456(7221), 480–484

(2008).
[69] L. G. Remus, M. P. Blencowe, and Y. Tanaka Damping and decoherence of a nanomechanical resonator due to

a few two level systems, arXiv:0907.0431v1 (2009).
[70] M. Eichenfield, C. P. Michael, R. Perahia, and O. Painter, Nat. Photon 1(7), 416–422 (2007).
[71] I. Wilson-Rae, Phys. Rev. B 77, 245418 (2008).
[72] M. Poggio, C. L. Degen, H. J. Mamin, and D. Rugar, Phys. Rev. Lett. 99(1), 017201 (2007).
[73] D. Kleckner and D. Bouwmeester, Nature 444(7115), 75–78 (2006).
[74] A. Schliesser, P. Del’Haye, N. Nooshi, K. J. Vahala, and T. J. Kippenberg, Phys. Rev. Lett. 97(24), 243905

(2006).
[75] T. Corbitt, C. Wipf, T. Bodiya, D. Ottaway, D. Sigg, N. Smith, S. Whitcomb, and N. Mavalvala, Phys. Rev.

Lett. 99, 160801 (2007).
[76] A. Schliesser, R. Riviere, G. Anetsberger, O. Arcizet, and T. J. Kippenberg, Nat Phys 4(5), 415–419 (2008).
[77] T. Rocheleau, T. Ndukum, C. Macklin, J. B. Hertzberg, A. A. Clerk, and K. C. Schwab Preparation and detection

of a mechanical resonator near the ground state of motion, arXiv:0907.3313v1 (2009).
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