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Scattering-Free Optical Levitation of a Cavity Mirror
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We demonstrate the feasibility of levitating a small mirror using only radiation pressure. In our scheme,
the mirror is supported by a tripod where each leg of the tripod is a Fabry-Perot cavity. The macroscopic
state of the mirror is coherently coupled to the supporting cavity modes allowing coherent interrogation
and manipulation of the mirror motion. The proposed scheme is an extreme example of the optical spring,
where a mechanical oscillator is isolated from the environment and its mechanical frequency and
macroscopic state can be manipulated solely through optical fields. We model the stability of the system
and find a three-dimensional lattice of trapping points where cavity resonances allow for buildup of optical
field sufficient to support the weight of the mirror. Our scheme offers a unique platform for studying
quantum and classical optomechanics and can potentially be used for precision gravitational field sensing
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and quantum state generation.
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Recently much effort has been directed toward the
development of new fabrication methods and experimental
techniques for controlling optomechanical interactions at
the quantum level [1-6]. Optomechanical effects have
been observed in mechanical objects with masses ranging
from femtograms, as in nano-opto-mechanical systems [7],
to kilograms in the case of gravitational wave antennas [8].
The interest in these systems stems from their suitability
for a range of applications including precision measure-
ment [9], creation of a mechanical quantum harmonic
oscillator [1,10-12], control of quantum macroscopic
coherence [13], the generation of squeezed light for quan-
tum information [14,15], reversible mapping of quantum
states of light into mechanical excitations [16], tests of
large-scale quantum decoherence [17], and probing models
of gravity [18,19]. The main barrier to reaching the quan-
tum regime is thermalization resulting from intrinsic cou-
pling to environmental reservoirs. This is generally hard to
avoid since most mechanical oscillators are supported by
some mechanical structure that acts as a bridge for
thermal fluctuations. One method to limit thermalization
is to operate in cryogenic environments. Nevertheless, the
dissipation of energy through the mechanical support still
contributes significantly to the decoherence of the
mechanical state [20]. Fabrication of a phononic-band
gap structure into the substrate [21] has been proposed as
one way to reduce the dissipation. Optical trapping [22]
and levitation [23-27] have also been suggested as possible
routes to low-dissipation quantum optomechanics.

In this paper we propose a new approach toward reach-
ing the quantum-optomechanical regime. We consider a
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vertical geometry where the upper cavity mirror floats
on the radiation pressure exerted by intra-cavity fields,
as shown in Fig. 1. As with other levitation proposals
[23-27], this system eliminates thermal coupling through
material supports. The crucial difference is that the levita-
tion is scattering-free, and the mirror is supported only by
modes of the high-finesse cavities underneath the mirror.
This coherent coupling between the mirror motion and the
optical field means that the motion of the mirror is
imprinted into the cavity modes that support the mirror
without any added noise. This opens the door to fully
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FIG. 1 (color online). Arrangement of the tripod optical cavity
with the convex end mirror levitated on the three optical springs.
The three lower mirrors are identical: q;, q,, and q3 are the
centers of curvature of the three lower mirrors; cavity lengths L,
allowed by this configuration for optical stability are between 17
and 20 cm.
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coherent control of the mirror motion, better allowing
preparation of quantum states. Furthermore, since the
restoring force that holds the mirror in position is fully
optical, the spring constant and damping coefficient will be
selectable through choice of optical frequency and power.

Optical forces and stability.— The optical spring effect
has been observed in various systems [28-30] where the
measured mechanical resonant frequency (w,,) depends on
the optical power. We propose to create an optical spring,
not just to provide additional rigidity to a weak mechanical
spring, but to actually support a cavity mirror using radia-
tion pressure alone. Stable suspension of the mirror can be
attained through the use of a tripod-beam configuration
shown in Fig. 1. Each beam will be the fundamental mode
of a high-finesse cavity formed between the levitated mir-
ror and one of the fixed lower mirrors. Appropriate use of
active or passive damping, combined with the optical
spring effect, will stabilize the suspended mirror on the
optical fields.

The optical spring mirror that we propose is a convex
mirror with radius of curvature of R, = 3 cm and diameter
of 2 mm that is coated with high reflective dielectric
materials and has reflectivity of 99.98%-99.998%. Such
high-reflective coatings typically have a laser damage
threshold = 30 MW /mm?, much greater than the intensity
anticipated on the mirror. The mirror substrate is made
out of fused silica and has a mass around 0.3 mg. The
three lower mirrors are high-reflective coated with
99.8%-99.98% reflectivity and have radius of curvature
R, =20 cm. The cavity decay rate is given by k =
amc/(FLy), where Ly is the mean length of the cavity,
and F is the cavity finesse.

The full position and orientation of the upper mirror is
defined by the position of its centre of curvature r, which
we write in Cartesian coordinates {x, y, z}, and the z-x-z
Euler angles {«, B, y} that define its orientation from the
canonical position. The orientations of the three lower
mirrors are defined by the position of their centers of
curvature (,,, where n = 1, 2, 3 refers to the three cavities.
The optical cavities form between the center of curvature
of the upper mirror and the centers of curvature of the
lower mirrors, with lengths L, = R, — R,+ |l q, — r || .
The laser power P, inside each cavity is given by P, =
P F/[1 + F2sin®(kL,)], where k =2m/A, A is the
wavelength and PE,“ﬂ is the input power of the laser driving
that cavity. This circulating power translates into a force F,
on the mirror with magnitude F, = 2P, /c. A total power
of approximately 3 W in the three cavity beams combined,
a near-paraxial geometry, and cavity finesse of 1000 will
give a force sufficient to suspend the mirror. When the
mean radiation pressure force cancels the gravitational pull
on the mirror any variation in the intracavity power can
produce a damping or restoring force, depending on the
cavity field detuning. If we consider a case where each
cavity field is blue-detuned from the resonance condition,

any shortening of the cavity will result in an increase of
power and therefore of the radiation pressure force, and
lengthening of the cavity will result in a decrease of
the force. This suggests that there will be a restoring
force allowing the floating mirror to be stable for small
fluctuations.

The mechanical stability is best analyzed by construct-
ing a generalized potential U(r, «, B3, y) for the six coor-
dinates describing the top mirror. This potential is
independent of « and 7y, and trivially stable with respect
to B. Setting 8 = 0, it is given by

3 (in) -1
B 2Py tan~![ F tan(kL,(r))]
U= Z] . k + m

For displacements of the top mirror there is a large, three-
dimensional lattice of similar tight-confinement spots. The
potential near the trapping sites is visualized in Fig. 2,
where we see isopotential surfaces in (a), showing that
the stable region can be up to 30 nm wide in the horizontal
directions, and approximately 1 nm wide along the 7 axis.
In the xy plane there is a triangular lattice of trap sites
approximately 15 um apart, as shown in part (b). In
parts (c) and (d) we see 2D sections of the potential near
a central trapping site. The potential depths of these trap-
ping sites scale almost linearly with the finesse and input

6 S 4 3 2 1 0
U@ i T

v

D
-40 -20 0 20 40

v
A

Log(U/Uy)

-40 -20 0 20 40
y (nm)

FIG. 2 (color online). (a) Isopotential surfaces showing the
stability region in space. (b) Triangular lattice of trap sites
showing the trapping potential of the mirror on x-y with trapping
sites spaced from each other by approximately 15 um. The
potential is in logarithmic scale, normalized to its value just
outside of the traps, U,. (c)—(d) Trapping potential on y-z and x-y
around the tight-confinement region. For these plots a finesse of
1000, a total input power of 3 W, and a mirror mass of 0.3 mg
were used.
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power of the cavities; however, increasing the finesse also
reduces the spatial size of the traps in each dimension.
Tuning the frequency of the three beams to find the equi-
librium point could prove very effective, as very small
fractional changes in the laser frequency of each cavity
enable scanning of the entire lattice to reach the trapping
site. Optical stability is obtained when the mirror is pre-
cisely positioned at one of the equilibrium points, corre-
sponding to a cavity detuning of k/2, and the cavity length
will then be self-locked by the radiation pressure gradient.
In principle, no active feedback is required to keep the
cavity stable, although it may nevertheless be desirable.
The optical spring stiffness tensor can be calculated by
taking the second derivative of the work done on the mirror
[31], and from it the mechanical frequency can be deter-
mined. Figure 3(a) shows the 7 axis frequency for four
choices of finesse, as a function of trapping beam detuning.

While the blue-detuned field (trapping beam of detuning
61) will create a strong trapping force, it will also result in
some antidamping force on the mirror [8,32]. To counteract
this we use a second, red-detuned field with detuning &,.
When the cavity linewidth is less than the mechanical
resonance frequency of the mirror (k < w,,), a laser tuned
to the red motional sideband of the cavity will amplify the
scattering of light into the main cavity mode, thus remov-
ing energy from the mirror [33-35]. The detuning of the
cooling beam needs to be equal to the mechanical fre-
quency of the mirror, §, = — w,,, which depends on finesse
as well as the detuning of the trapping beam from the
cavity resonance.

Background gas collisions.—Background gas collisions
with the mirror can increase or decrease the mechanical
energy of the mirror depending on its size. Assuming that
the mirror operates in the free molecular flow regime [36],
the mechanical dissipation rate due to fluid friction is given
by ¥, = 2p,v,S/m, where m is the mass of the mirror,

S its cross section, p, is the density of gas, and v, =

1/ZkBT/ m, is the mean of the magnitude of the velocity
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FIG. 3 (color online). (a) Plot of the mechanical frequency of
the mirror on the optical spring versus cavity detuning of the
trapping beam normalized to the cavity linewidth for four differ-
ent cavity finesses (from darkest to lightest, = 1000, 3000, 5000,
and 10 000). (b) Minimum mean phonon number plotted as a
function of cavity finesse. Both fields are considered, with
detuning &; = 0.5« for the trapping beam and 6, = —w,, for
the cooling beam, and with the former being ten times more
powerful than the latter.

of a gas molecule of mass m, at temperature T in any one
dimension. For regularly available pressures P lower than
1078 bar, a dissipation rate lower than 107> Hz is esti-
mated, which suggests a mechanical Q factor greater than
10'° for a mechanical frequency of 500 kHz. Since the
mechanical Q of the levitated mirror is not limited by
intrinsic mechanical dissipation, lowering the pressure
will linearly enhance the Q factor.

Assuming a gas molecule undergoing an elastic collision
with the mirror, the collision rate can be written as
[,(v,) = PSv,/(kgT). The energy dissipation rate of the
mirror can be calculated by

dE o0 2m?
—g=/ dvrg(v)D(v)ﬁvz, (D
dt 0 m

where D(v) is the Maxwell-Boltzman velocity distribution.
Neglecting the dissipation and noise sources due to black-
body and laser power fluctuations (described below),
one can estimate the thermal phonon numbers (ng) =
E,/(ynhw,,) to be around 50 for a vacuum pressure of
1073 bars. This is already a low initial phonon number
occupation that can be further reduced by laser cooling.

Laser noise.—Laser intensity noise causes fluctuation of
the optical spring constant. To determine the antidamping
rate arising because of this we follow a similar method
as taken in the context of trapping atoms in optical
traps [37,38].

Fluctuations in the intracavity photon number alter the
mechanical frequency of the trap. We shall focus on sto-
chastic fluctuations of the optical spring stiffness. The
dominant parametric heating rate, R,_,,,, arises from the
component of the noise power spectrum at the second
harmonic. The rate of transition for the cavity mirror
from a state with n phonons to a state with m # n
phonons during a time period of 7 is only nonzero
when m =n £2 and can be simplified as R,_,,+» =
(mw2/16)S . 2w,)(n + 1+ 1)(n = 1), where S.(w)=
2/ [§ di coswi'(e(1)){e(t + 1')) is the one-sided power
spectrum of the fractional fluctuation, and e(?) is fractional
intensity noise.

We can see that the shot noise leads to parametric
transitions (where the phonon number n — n = 2 jumps
in pairs) at a rate proportional to the power spectral density
of the fluctuations at frequency 2w,,. The heating rate due
to intensity fluctuations is given by

_ Zn pn(Rn—>n+2 - Rn—>nf2) _ w%n

7 Zn pnhwm(l’l + 1/2) Tsf(zwm)» (2)

where p,, is the probability that the mirror occupies a state
with n phonons. The average energy increases exponen-
tially with an e-folding time of 7, = y;!. Assuming a
mirror oscillation frequency of 500 kHz, an energy
e-folding time of 10 s requires S, ~ 1.3 X 107 Hz !
Hence, if most of the intensity noise were evenly
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distributed over a bandwidth of 300 kHz, the root-mean-
square fractional intensity noise of the laser should be less
than [ [ dwS(@)]/? =7 X 1074,

Blackbody radiation.— A small fraction of the light
incident on the mirror will be absorbed due to its finite
absorption coefficient, and with no means of mechanical
dissipation in vacuum the only way to dissipate this energy
is through blackbody radiation [39]. A fraction of the
absorbed light results in increasing the internal temperature
of the mirror, T}.

The internal heating rate is given by dE,./dt =
S hckR, (k), where R, is the blackbody absorption
rate and the sum is over all blackbody radiation modes
(and polarizations), k is the wave vector of each mode. The
total energy absorption rate is given by

dE s S

di = m ‘/;) dkh62k3nk6b =

mSe,(kyT)*
60c2h3

3)

where n, = 1/(e"*/*sT — 1) is the probability occupation
of each mode, €, is the temperature-independent black-
body emissivity of the mirror. The blackbody emission rate
is then given by —dE,,,/dr where T — T;,. Taking into
account the blackbody absorption and emission as well as
laser absorption heating, a temperature raise of AT, <1 K
can be inferred for an absorption coefficient a =
107> m™! and €, =2 X 10~* [40]. We note that the net
work done by blackbody radiation on the mirror over one
oscillation is zero due to the time-independent nature of the
radiation.

Optical cooling.—Now we investigate the possibility of
cooling the mirror close to its quantum ground state even
when starting from room temperature. It has been shown
that for sufficiently high mechanical frequencies cooling in
cryogenic devices is sufficient [3], although the ground
state can also be achieved using laser cooling [5].

In the resolved sideband regime, where the frequency of
the resonator is greater than the cavity linewidth, a laser
field red-detuned from the cavity resonance frequency by
the mechanical frequency will result in cooling of the
motion of the mirror. This is because the cavity will
enhance process whereby a phonon from the mirror is
added to the photon, giving light that is resonant with the
cavity mode. We can add such a laser field to our system;
however, the cooling achieved is limited by the heating due
to the trapping beam, which is blue-detuned from cavity
resonance. Denoting the trapping and cooling beams as
A = {1, 2}, respectively, we can write the net laser cooling
rate of the mirror due to both intracavity fields as [33,34],
Yip = G*Y =128\ (~w,) — S)(+w,)], where G =
wh/(2mw,,)/L, is the optomechanical coupling, w, is
the cavity resonance frequency, S,(w) = 7, «/[(k/2)* +
(w + 8,)?]is the power spectrum of the laser noise, and 7i,
is the mean photon number of the optical field. Ignoring all
other sources of damping, one can write an expression for
the mean thermal phonon occupation

<n>min +1 — S](+wm) + SZ(+wm)
<n>min Sl(_wm) + SZ(_wm)'

“

In a typical optomechanical system, the minimum phonon
number attained by laser cooling is (n), = (k/4w,,)?%,
limited only by the cooling beam [34]. In our scheme, the
trapping beam limits the cooling process, and since the
mechanical frequency depends on detuning and power of
the trapping beam, laser cooling becomes a bigger chal-
lenge. We find that ground state cooling can be achieved
provided the cavity finesse is larger than 4000, detunings of
trapping and cooling beams from cavity resonance are,
respectively, 8§, = «/2 and 8, = —w,, and the relative
power between the two beams differs by a factor of 10 to
avoid affecting the mirror stability. A plot of minimum
mean phonon number at the optimal detunings is shown in
Fig. 3(b) as a function of cavity finesse.

Both laser intensity fluctuations and background colli-
sions are mechanisms of damping that lower the effective
mechanical Q of the mirror. Assuming we are in the regime
of negligible laser noise, the coupling to a thermal reser-
voir increases the attainable mean phonon number by
<N> = (7rp<n>min + Ym<nth>)/(7rp + 7m) A hlgh finesse
cavity at low vacuum pressures offers a very low mechani-
cal dissipation v,, and minimum phonon number (7).,
well below one; hence, the ground state of the mirror can,
in principle, be reached by cavity cooling.

Applications.—The proposed optomechanical system
can provide ultra-low-dissipation mechanical vibration
and large optomechanical coupling suitable for various
purposes. We briefly consider two possible applications:
gravitational measurements and squeezing.

The optical spring means that any change in weight of
the mirror will linearly alter the intracavity and output
optical power. The gravitational acceleration g will there-
fore be linear with the cavity output power. Assuming a
shot-noise limited laser and impedance-matched cavities,
we find 8g/g = 8P/P = 1/ /i, where ny, is the mean
photon number. Detecting 100 mW of power thus gives a
precision around 107!! for an integration time of 100 s.
This level of performance complements, and could present
sensitivity improvements to, modern atom interferometry
techniques [41]. The trapping time is subject to laser noise
and seismic vibrations that are considered to be minimal in
this estimation and more realistic estimation requires
detailed analysis that is beyond the scope of this Letter.

The highly isolated mechanical system proposed here
can be strongly coupled to optical fields of three cavities
where the measurement of the mirror position can be
performed with high accuracy and it can be used for
sensing and metrology applications. Because of the non-
linear dependence of the cavity resonance frequency on the
mirror position it is possible to obtain quadrature squeez-
ing at very low frequencies [14,42] that is desirable for
gravitational wave detectors such as LIGO. Furthermore,
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strong optomechanical interactions in ultralow loss envi-
ronment have been proven to facilitate testing the theory of
semiclassical gravity [43].

In conclusion, we devised an optomechanical system in
which a cavity mirror can be suspended and be maximally
decoupled from the environment on three optical springs.
The proposed system suppresses the scattering-induced
heating and clamping dissipation and is an ultimate
example of optical levitation. We showed that such a
system provides an isolated macroscopic oscillator with a
very high mechanical quality factor. We also investigated
the possibility of reaching the quantum regime by means of
laser cooling.
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