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Towards Quantum Superpositions of a Mirror
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We propose an experiment for creating quantum superposition states involving of the order of 1014

atoms via the interaction of a single photon with a tiny mirror. This mirror, mounted on a high-quality
mechanical oscillator, is part of a high-finesse optical cavity which forms one arm of a Michelson
interferometer. By observing the interference of the photon only, one can study the creation and
decoherence of superpositions involving the mirror. A detailed analysis of the requirements shows that
the experiment is within reach using a combination of state-of-the-art technologies.
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FIG. 1. The proposed setup: a Michelson interferometer for a
single photon, where in each arm there is a high-finesse cavity.
The cavity in arm A has a very small end mirror mounted on a
micromechanical oscillator. The single photon comes in
through I. If the photon is in arm A, the motion of the small
photon on the mirror. The initial superposition of the
photon being in either arm causes the system to evolve

mirror is affected by its radiation pressure. The photon later
leaks out of either cavity and is detected at D1 or D2.
Introduction.—In 1935 Schrödinger pointed out that
according to quantum mechanics even macroscopic sys-
tems can be in superposition states [1]. The associated
quantum interference effects are expected to be hard to
detect due to environment induced decoherence [2].
Nevertheless, there have been proposals on how to create
and observe macroscopic superpositions in various sys-
tems [3–7], as well as experiments demonstrating super-
position states of superconducting devices [8] and large
molecules [9]. One long-term motivation for this kind of
experiment is the search for unconventional decoherence
processes [5,10].

In several of the above proposals a small quantum
system (e.g., a photon [4–6] or a superconducting island
[7]) is reversibly coupled to a large system (e.g., a move-
able mirror [4–6] or a cantilever [7]) in order to create a
macroscopic superposition. The existence of the quantum
superposition of the large system is verified by observing
the disappearance and reappearance of interference for
the small system, as the large system is driven into a
superposition and then returns to its initial state. The
challenge is to find a feasible implementation of this idea.

Our proposal develops on the ideas in Refs. [4,5]. We
also use results from Ref. [6], which relies on coupling
between atoms and photons in a microcavity to create
and detect superposition states of a moveable mirror. In
particular, the formalism used in Ref. [6], based on
Refs. [11,12], is applicable to our case. The main purpose
here is to show that our purely optical proposal has the
potential to be performed with current technology.

Principle.—The proposed setup, shown in Fig. 1, con-
sists of a Michelson interferometer which has a high-
finesse cavity in each arm. The cavity in arm (A) contains
a tiny mirror attached to a micromechanical oscillator,
similar to the cantilevers in atomic force microscopes.
The cavity is used to enhance the radiation pressure of the
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into a superposition of states corresponding to two dis-
tinct locations of the mirror. The observed interference of
the photon allows one to study the creation of coherent
superposition states of the mirror.

The system can be described by a Hamiltonian [6,11]

H � �h!ca
ya� �h!mb

yb� �hGaya�b� by�; (1)

where !c and a are the frequency and creation operator
for the photon in the cavity, !m and b are the frequency
and phonon creation operator for the center of mass
motion of the mirror, and G � �!c=L�

�����������������������
� �h=2M!m�

p
is

the coupling constant, where L is the cavity length and
M is the mass of the mirror.

Let us suppose that initially the photon is in a super-
position of being in either arm A or B, and the mirror is in
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FIG. 2. Time evolution of the interference visibility V of the
photon over one period of the mirror’s motion for the case
where the mirror has been optically cooled close to its ground
state ( �nn � 2, solid line) and for T � 2 mK, which corresponds
to �nn � 100 000 (dashed line —see also inset). The visibility
decays after t � 0, but in the absence of decoherence there is a
revival of the visibility after a full period. The width of the
revival peak scales like 1=

���
�nn

p
.
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its ground state j0im. Then the initial state is j �0�i �
�1=

���
2

p
��j0iAj1iB � j1iAj0iB�j0im. After a time t the state

of the system will be given by [6,12]

j �t�i �
1���
2

p e�i!ct
j0iAj1iBj0im

� ei�
2�!mt�sin!mt�j1iAj0iB

� j��1� e�i!mt�im�; (2)

where � � G=!m, and j��1� e�i!mt�im denotes a coher-
ent state with amplitude ��1� e�i!mt�. In the second term
on the right-hand side the mirror moves under the influ-
ence of the radiation pressure of the photon in cavity A.
The mirror oscillates around a new equilibrium position
determined by the driving force. The parameter � quan-
tifies the displacement of the mirror in units of the size of
the ground state wave packet.

The maximum interference visibility for the photon is
given by twice the modulus of the off-diagonal element of
the photon’s reduced density matrix. By tracing over the
mirror one finds from Eq. (2) that the off-diagonal ele-
ment has the form 1

2 e
��2�1�cos!mt�ei�

2�!mt�sin!mt�. The first
factor is the modulus, reaching a minimum after half a
period at t � �=!m, when the mirror is at its maximum
displacement. The second factor gives the phase, which is
identical to that obtained classically due to the varying
length of the cavity.

In the absence of decoherence, after a full period, the
system is in the state �1=

���
2

p
��j0iAj1iB � ei�

22�j1iAj0iB� �
j0im, such that the mirror is again disentangled from the
photon. Full interference can be observed if the photon is
detected at this time, provided that the phase factor ei�

22�

is taken into account. This revival, shown in Fig. 2,
demonstrates the coherence of the superposition state
that exists at intermediate times. For �2 * 1 the super-
position involves two distinct mirror positions. If the
environment of the mirror ‘‘remembers’’ that the mirror
has moved, then, even after a full period, the photon will
still be entangled with the mirror’s environment, and thus
the revival will not be complete. Therefore the setup can
be used to measure the decoherence of the mirror.

Here we have assumed that the mirror starts out in its
ground state. We will argue below that optical cooling
close to the ground state should be possible. However, in
Ref. [6] it was shown that this is not necessary for ob-
serving the revival, although for a thermal mirror state
with an average phonon number �nn � 1=�e �h!m=kT � 1� the
revival peak is narrowed by a factor of

���
�nn

p
, leading to

stricter requirements on the stability; see Fig. 2 and the
discussion below. We now discuss the experimental re-
quirements for achieving a superposition of distinct mir-
ror positions and for observing the revival at t � 2�=!m.

Conditions for displacement by ground state size.—We
require �2 * 1, which implies the momentum imparted
by the photon has to be larger than the initial quantum
uncertainty of the mirror’s momentum. Let N denote the
number of round-trips of the photon in the cavity during
130401-2
one period of the mirror’s motion, such that 2NL=c �
2�=!m. The condition �2 * 1 can be written

2 �hN3L

�cM�2
* 1; (3)

where � is the wavelength of the light. The factors enter-
ing Eq. (3) are not all independent. The achievable N,
determined by the quality of the mirrors, and the mini-
mum mirror size (and hence M) both depend on �. The
mirror’s lateral dimension should be an order of magni-
tude larger than � to limit diffraction losses. The thick-
ness required in order to achieve sufficiently high
reflectivity depends on � as well.

Equation (3) allows one to compare the viability of
different wavelength ranges. While the highest values for
N are achievable for microwaves using superconducting
mirrors (up to 1010), this is counteracted by their longer
wavelengths. On the other hand, there are no good mir-
rors for highly energetic photons. The optical regime is
optimal, given current mirror technology. We propose an
experiment with � around 630 nm.

The cavity mode needs to have a sharp focus on the tiny
mirror, which requires the other cavity end mirror to be
large due to beam divergence. The maximum cavity
length is therefore limited by the difficulty of making
large high-quality mirrors. We propose a cavity length of
5 cm, and a small mirror size of 10� 10� 10 �m,
leading to a mass of order 5� 10�12 kg.

Such a mirror on a mechanical oscillator can be fab-
ricated by coating a silicon cantilever with alternating
layers of SiO2 and a metal oxide. The best current optical
mirrors are made in this way. A larger silicon oscillator
has been coated with SiO2=Ta2O5 and used as part of a
high-finesse cavity in Ref. [13].
130401-2
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For the above dimensions the condition Eq. (3) is
satisfied for N � 5:6� 106. Correspondingly, photon
loss per reflection must be smaller than 3� 10�7, about
a factor of 4 below reported values for such mirrors [14]
and for a transmission of 10�7, consistent with a 10 �m
mirror thickness. For these values, about 1% of the pho-
tons are still left in the cavity after a full period of the
mirror. For the above values of N and L one obtains a
frequency !m � 2�� 500 Hz. This corresponds to a
spread of the mirror’s ground state wave function of order
10�13 m.

The fact that a relatively large L is needed to satisfy
Eq. (3) implies that the creation of superpositions follow-
ing the microcavity based proposal of Ref. [6] imposes
requirements beyond current technology. A large L is
helpful because, for a givenN, it allows a lower frequency
!m, and thus a more weakly bound mirror that is easier to
displace by the photon.

Decoherence.—The requirement of observing the re-
vival puts a bound on the acceptable environmental deco-
herence. To estimate the expected decoherence we model
the mirror’s environment by an (Ohmic) bath of har-
monic oscillators. The effect of this can approximately
be described by a decoherence rate �D � �mkTEM��x�2=
�h2 governing the decay of off-diagonal elements between
different mirror positions [2]. Here �m is the damping
rate for the mechanical oscillator, TE is the temperature of
the environment, which is constituted mainly by the
internal degrees of freedom of the mirror and cantilever,
and �x is the separation of two coherent states that are
originally in a superposition. This approximation is
strictly valid only for times much longer than 2�=!m
and for �x large compared to the width of the individual
wave packets. Here we assume that the order of magnitude
of the decoherence is well captured by �D. If the experi-
ment achieves �2 * 1, i.e., a separation by the size of a
coherent state wave packet, �x


���������������������
� �h=M!m�

p
, the condi-

tion �D & !m can be cast in the form

Q *
kTE
�h!m

; (4)

whereQ � !m=�m is the quality factor of the mechanical
oscillator. For Q * 105, which has been achieved [15] for
silicon cantilevers of approximately the right dimensions
and frequency, this implies that the temperature of the
environment has to be of the order of 2 mK, which is
achievable with state-of-the-art dilution refrigerators.

Optical cooling.—Cooling the mirror’s center of mass
motion significantly eases the stability requirements for
the proposed experiment. A method for optical cooling of
a mirror via feedback was first proposed in Ref. [16]. By
observing the phase of the output field of a cavity, its
length can be measured with high precision. This can be
used to implement a feedback mechanism that cools the
center of mass motion of the mirror far below the tem-
perature of its environment. A variation of the original
130401-3
scheme was experimentally implemented in Ref. [17],
where a vibrational mode of a macroscopic mirror was
cooled using a feedback force proportional to the natural
damping force, but larger by a gain factor g. The size of g
determines the achievable final temperature for a given
TE. For a tiny mirror, large gain values are realistic using
the radiation pressure of a second laser beam to imple-
ment the feedback force. To analyze cooling to the quan-
tum regime, one has to take into account the fact that
measurement and feedback introduce noise, Ref. [18].

For our proposed experiment the constant component
of the feedback laser has to balance the force from the
measurement field, since otherwise the mirror would start
to oscillate when the light is turned off. Adapting
Ref. [19], the final energy of the cooled mirror is given by

Ec �
�h!m

2

1

2�1� g�

�
4kBTE
�h!m

� 2# �
g2

$#

�
; (5)

where TE is the temperature of the mirror’s environment,
# � �64�cP=M�m!m��2

cL2�, with P the light intensity
incident on the measurement cavity and �c the cavity
decay rate, and $ the detection efficiency. The first term
in Eq. (5) comes from the original thermal fluctuations,
which are suppressed by the feedback. The second term is
the back action noise from the measurement and feedback
light. It differs from the formula of Ref. [19] by a factor of
2 to include the noise from the feedback laser. The third
term is the noise due to imperfect measurement.
Increasing the light intensity in the cavity improves the
measurement precision, but also increases the back action
noise.

The energy of the mirror can be made very close to its
ground state energy choosing realistic parameter values;
Ec � �h!m can be achieved with g � 6� 105, TE �
2 mK, P � 10�8 W, �c � 3� 107 s�1, � � 800 nm, $ �
0:8, �m � 0:03 s�1, and M;!m; L as before. The neces-
sary feedback force for such a high value of g can be
achieved with a feedback laser intensity modulation of
�Pfb � 10�6 W. To balance the measurement field, the
constant component of the feedback laser should be
�PPfb � 4� 10�6 W. The relatively large value of �c can
be achieved in the cavity used in the superposition ex-
periment by working at a wavelength away from where
the mirrors are optimal.

Once the mirror has been cooled close to its ground
state, which is reached in a time of order 1=��mg� [20],
the measurement and feedback laser fields should be
turned off simultaneously. Then the experiment proceeds
as described above. Reheating of the mirror happens at a
time scale of 1=�m [20] and thus is not a problem for a
high-Q oscillator. After every run of the experiment, the
mirror has to be reset to its initial state by the optical
cooling procedure.

Stability.—The distance between the large cavity end
mirror and the equilibrium position of the small mirror
has to be stable to of order �=20N � 0:6� 10�14 m over
130401-3
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the whole measurement time, which is determined as
follows. A single run of the experiment starts by sending
a weak pulse into the interferometer, such that on average
0.1 photons go into either cavity. This probabilistically
prepares a single-photon state as required to a good
approximation. The two-photon contribution has to be
kept low because it causes noise in the interferometer.
Considering the required low value of !m and the fact
that approximately 1% of the photons remain after a full
period for the assumed loss, this implies a detection rate
of approximately 10 photons per minute in the revival
interval. Thus we demand stability to of order 10�14 m
over a few minutes. Stability of order 10�13 m=min for an
STM at 8 K was achieved with a rather simple suspension
[21]. Gravitational wave observatories using interferome-
ters also require very high stability in order to have a
length sensitivity of 10�19 m over time scales of a ms or
greater, for arm lengths of order 1 km [22]. If the mirror
is in a thermal state, the revival peak is narrowed by a
factor

���
�nn

p
[6], leading to lower count rates in the revival

interval and thus making the stability requirements
stricter by the same factor, cf. Fig. 2.

The experiment also requires ultrahigh vacuum con-
ditions in order to ensure that events where an atom hits
the cantilever are sufficiently rare not to cause significant
errors, which is at the level of about 5=s. Background gas
particle densities of order 100=cm3 have been achieved
[23] and are sufficient for our purposes.

Outlook and conclusions.—In principle the proposed
setup has the potential to test wave function reduction
models, in particular, the one of Ref. [5]. We estimate that
the ratio Q=T needs to be improved by about 6 orders of
magnitude from the values discussed in this Letter (Q �
105 and T � 2 mK) to make the predicted wave function
decoherence rate comparable to the environmental deco-
herence rate. However, temperatures as low as 60 �K
have been achieved with adiabatic demagnetization [24],
whileQ is known to increase with decreasing temperature
[15] and through annealing [25].

We have performed a detailed study of the experimen-
tal requirements for the creation and observation of quan-
tum superposition states of a mirror consisting of 1014

atoms, approximately 9 orders of magnitude more mas-
sive than any superposition observed to date. Our analysis
shows that, while very demanding, this goal appears to be
within reach of current technology.
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