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1
OPTICAL TWEEZER PHONON LASER

This application claims the benefit of the filing date of
U.S. Provisional Patent Application No. 63/024,884 filed
May 14, 2020, which is hereby incorporated by reference in
its entirety.

This invention was made with government support under
Grant Nos. N00014-17-1-2285; N00014-18-1-2370, Oracle
Project No. 31928; N00014-14-1-0803; and N00014-17-1-
2291, Oracle Project No. 31778 awarded by the Office of
Naval Research. The government has certain rights in this
invention.

FIELD

The present disclosure relates to an optical tweezer pho-
non laser system and method for producing coherent
mechanical vibrations from an optically levitated mechani-
cal oscillator.

BACKGROUND

Optically levitated nanoparticles are special in that they
are highly isolated from the surrounding environment since
they are not mechanically clamped or tethered to a support
or substrate. The lack of environmental influences turns
them into high quality oscillators which can be used for
precision sensing close to, or potentially beyond, the limits
imposed by quantum mechanics. To fully exploit these
platforms, however, in addition to experiencing low deco-
herence, they need to display coherent dynamics.

Optical levitation techniques have existed since Art Ash-
kin’s Nobel-prize winning demonstration in 1970; nanopar-
ticle position measurement techniques have been refined for
decades, especially by the biological physics community;
and, optical feedback is a standard technology. However,
there exists no prior technology for generating laser-like
coherent motion for a levitated nanoparticle.

There is precedent for phonon lasers at the atomic level,
namely, using a single Magnesium ion contained in an
electrodynamic trap. But such phonon lasers rely on the
existence of optically addressable internal structure in the
mechanical oscillator and work only at the atomic scale. The
art lacks a phonon laser where the mechanical oscillator
does not have to be an atom, nor is the presence of any
internal structure required.

There is also precedent for phonon lasers using mechani-
cally clamped lasers. But those rely on resonances provided
by optical cavities. The art lacks a phonon laser which does
not require the use of any such cavities, nor mechanically
clamped oscillators, which are typically subject to consid-
erable environmental disturbances.

Finally, there is precedent in solid state physics where
phonon lasers involve phonons arising from the interactions
of oscillating atoms arranged in an array in a solid. The art
lacks a phonon laser which does not rely on such interac-
tions.

SUMMARY

In accordance with one aspect of the present invention,
there is provided a single-beam optical tweezer phonon laser
including:

a trap beam and a probe beam in optical communication
with a first polarizing beam splitter configured to
provide a single collinear beam without interference
between the trap beam and probe beam;
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2

a second polarizing beam splitter configured to isolate the
probe beam from the trap beam;

a first focusing lens;

a second focusing lens;

a mechanical oscillator trap disposed between the first and
second focusing lenses, wherein the lenses are disposed
between the beam splitters, and the lenses, beam split-
ters and trap are in optical alignment with the single
beam;

a beam dump downstream of the beam splitters and in
optical alignment with the trap beam;

a detector in optical communication with the isolated
probe beam configured to provide position information
of a mechanical oscillator levitated within the mechani-
cal oscillator trap;

an electro-optic modulator controlling the intensity of the
trap beam; and

a feedback loop in electrical communication with the
electro-optic modulator and the detector, wherein the
feedback loop is configured to simultaneously supply
an amplification signal and a cooling signal represent-
ing respectively an amplification force linear in the
mechanical oscillator momentum and a cooling force
nonlinear in the mechanical oscillator variable position
and linear in the momentum generated from the posi-
tion information to the electro-optic modulator to gen-
erate coherent motion of the mechanical oscillator.

In accordance with another aspect of the present disclo-
sure, there is provided a method for modulating mechanical
vibrations to produce coherence from an optically levitated
mechanical oscillator, including:

combining a trap beam with a probe beam to form a single
collinear beam without interference between the trap
beam and the probe beam;

focusing the single beam in a trap, levitating a mechanical
oscillator in the trap beam and illuminating the
mechanical oscillator with the probe beam;

isolating the probe beam from the trap beam downstream
from the trap;

collecting light from the isolated probe beam scattered by
the mechanical oscillator and interfering the scattered
light with unscattered light from the probe beam yield-
ing position information of the mechanical oscillator;

generating an amplification force linear in the mechanical
oscillator momentum and a cooling force nonlinear in
the mechanical oscillator variable position and linear in
the momentum from the position information;

simultaneously supplying an amplification signal and a
cooling signal representing the generated amplification
force and cooling force to an electro-optic modulator;
and

modulating the intensity of the trap beam with the electro-
optic modulator from the simultaneously supplied
amplification signal and a cooling signal to generate
coherent motion of the mechanical oscillator.

These and other aspects of the present disclosure will

become apparent upon a review of the following detailed
description and the claims appended thereto.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic of an optical tweezer phonon laser
in accordance an embodiment of the present disclosure;

FIG. 2A is a graph of the mean phonon population of the
oscillation as a function of the amplification modulation
depth, FIG. 2B is a graph showing tuning of the single-mode
phonon laser frequency, FIG. 2C is a graph showing second-
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order phonon autocorrelation function; FIG. 2D is a graph
showing phonon probability distributions, and FIG. 2E
shows a comparison of experimentally measured quadra-
tures of the oscillator’s motion with theoretically expected
phase-space distribution; and

FIG. 3A is a graph of the mean phonon population as a
function of time and FIG. 3B is a graph showing phonon
probability distributions.

DETAILED DESCRIPTION

The present disclosure relates to a single-beam optical
tweezer phonon laser and method for modulating mechani-
cal vibrations to produce coherence from an optically levi-
tated mechanical oscillator. A trap beam is combined col-
linearly with a probe beam to form a single beam without
significant interference between the two beams. For
example, the trap beam can be polarized orthogonally to the
probe beam by a polarizing beam splitter. The single beam
is focused in a trap wherein the trap beam levitates the
mechanical oscillator and the probe beam illuminates the
mechanical oscillator. For example, the single beam can be
focused using a parabolic mirror or an optical lens, e.g., a
high numerical aperture optical lens. The probe beam is
isolated from the trap beam downstream from the trap. For
example, the focused single beam can be unfocused by using
an optical lens, e.g., a high numerical aperture optical lens
and the trap beam can be separated by a polarizing beam
splitter to a beam dump. A detector collects the light
scattered from the isolated probe beam by the mechanical
oscillator and interferes the scattered light with unscattered
light from the probe beam. This interference (homodyne
measurement) yields the displacement of the mechanical
oscillator, as it oscillates, along all three Cartesian directions
in space, about its equilibrium position at the beam focus. A
feedback loop supplies simultaneous heating and cooling
signals representing respectively, amplification and cooling
forces generated from the position detection information to
an electro-optic modulator (EOM) that modulates the inten-
sity of the trap beam to generate coherent motion of the
mechanical oscillator. More specifically, the feedback loop
supplies a heating signal which represents linear heating,
which is an amplification force linear in the mechanical
oscillator momentum, and a cooling signal which represents
nonlinear cooling, which is a cooling force nonlinear in the
mechanical oscillator variable position and linear in the
momentum, to the EOM which modulates the intensity of
the trap beam. The nonlinear cooling hinders the oscillator’s
motion by increasing the trap stiffness whenever the oscil-
lator moves away from the trap center and reducing the trap
stiffness whenever the oscillator falls back toward the trap.
The linear heating amplifies the motion by decreasing the
trap stiffness when the oscillator moves away from the trap
center and increasing the trap stiffness when the oscillator
returns to the trap center. The forces of heating and cooling
are not equal except when the oscillator is at rest. Under the
simultaneous action of the two types of feedback (amplifi-
cation and cooling), the mechanical oscillation along a
chosen direction of motion is modulated to generate laser-
like coherent motion of the oscillator. The degree of coher-
ence increases as the amplification feedback is increased and
for large values of the amplification saturates to a coherence
of one. This value of amplification feedback can be calcu-
lated from a theoretical model and can be checked by
carrying out measurements on the displacement of the
oscillator. Thus, the output can be monitored and the ampli-
fication feedback adjusted accordingly.
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In an embodiment, the nonlinear cooling feedback circuit
contains four sections. First a bandpass filter reduces the
excess noise entering the feedback circuit. This is followed
by a frequency doubler, a phase shifter to supply the
appropriate feedback phase for cooling, and a variable gain
amplifier. The linear heating feedback signal contains a
phase-locked loop on a digital lock-in amplifier, which
registers the phase and frequency of the oscillator’s motion
along a desired axis of the trap, and from which a signal of
the same frequency is generated with a fixed phase relation-
ship to the measured oscillator motion. This phase is set to
induce heating of the oscillator motion. For sufficiently large
heating, the oscillator motion becomes coherent. The values
of the heating feedback required to produce the desired
coherence can be found from a theoretical model which
describes the experiment as well as deduced from measure-
ments of the oscillator displacement.

Coherent mechanical vibrations are defined as those for
which the normalized equal time energy-energy correlation
function equals one.

A suitable mechanical oscillator for use in the present
disclosure includes a physical substance capable of being
optically levitated, such as the following non-limiting
examples which include an electron, atom, molecule, nan-
oparticle, multiple nanoparticles in clusters, liquid droplet,
as well as a small biological organism, such as viruses and
bacteria.

The present disclosure relates to a method for modulating
mechanical vibrations to produce coherence from an opti-
cally levitated mechanical oscillator by combining a trap
beam with a probe beam to form a single collinear beam
without interference between the two beams; focusing the
single beam in a trap, levitating a mechanical oscillator in
the trap beam and illuminating the mechanical oscillator
with the probe beam; isolating the probe beam from the trap
beam downstream from the trap; collecting the light from
the isolated probe beam scattered by the mechanical oscil-
lator and interfering the scattered light with unscattered light
from the probe beam yielding position information of the
mechanical oscillator; generating an amplification force
linear in the mechanical oscillator momentum and a cooling
force nonlinear in the mechanical oscillator variable position
and linear in the momentum from the position information;
simultaneously supplying an amplification signal and a
cooling signal representing respectively the generated
amplification force and cooling force to an electro-optic
modulator; and modulating the intensity of the trap beam
with the electro-optic modulator from the simultaneously
supplied amplification signal and a cooling signal to gener-
ate coherent motion of the mechanical oscillator.

In an embodiment, the present phonon lasers do not
involve for example, phonons arising from the interactions
of oscillating atoms arranged in an array in a solid, as it
relates to the center-of-mass oscillations of a single nan-
oparticle. These center-of-mass oscillations are delinked
from the internal degrees of freedom of the nanoparticle,
some of which involve phonons like in the solid state.

In an embodiment, the present disclosure provides a
method of generating laser-like coherence for levitated
mechanical oscillator systems. Further, it presents several
advantages over prior technology in removing the con-
straints on all previous single oscillator phonon laser gen-
eration techniques by combining the i) ability to measure the
position of the mechanical oscillator with ii) the ability to
feed back in a specific way to modulate the spring constant
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of the oscillator. There is no need for using an optical cavity,
or multiple modes of oscillation, or atoms with discrete
energy structure.

The method combines simultaneous amplification and
cooling feedback. The amplification force is linear, while the
cooling force is nonlinear, in the oscillator variables. The
amplification supplies the gain that a laser requires. It is due
to the nonlinear nature of the cooling feedback that it is able
to supply the saturable nonlinearity that the laser operation
requires. The disclosure solves the problem of finding a
source of coherent phonons at the mesoscopic scale. Such
phonons are the required starting point for precision force
sensing and engineering of quantum states for metrology.

The levitated oscillator is shielded very well from envi-
ronmental influences and the apparatus is compatible with
cryogenics and ultrahigh vacuum. Additional experimental
controls such as charge, spin and rotation can readily be
added to the system.

In an embodiment, a suitable system has three parts: 1) an
oscillator trapped at the focus of an optical beam. The beam
is focused, for example, using high numerical aperture
optical lenses. The oscillator oscillates harmonically along
all three Cartesian directions in space, about its equilibrium
position at the beam focus. Collinear with the trapping
beam, but polarized orthogonally to it, is a probe beam; ii)
a detector which collects the light scattered from the probe
beam by the oscillator and interferes it with the unscattered
light. This interference or homodyne measurement yields
the displacement of the oscillator, as it oscillates, along all
three directions; and iii) a feedback loop which generates
signals generated from the detection information acquired in
step ii) above to supply to an electro-optic modulator (EOM)
that modulates the intensity of the trapping beam.

In an embodiment, a suitable single-beam optical tweezer
phonon laser includes a trap beam; a probe beam collinear
with and polarized orthogonally to the trap beam; an electro-
optic modulator controlling the intensity of the trap beam; a
first polarizing beam splitter; a second polarizing beam
splitter; a first high numerical aperture focusing lens; a
second high numerical aperture focusing lens; a particle trap
disposed between the lenses, wherein the lenses are disposed
between the beam splitters and the lenses, beam splitters and
trap are in optical alignment with the trap beam; a detector
in optical communication with the orthogonally polarized
probe beam; a beam dump downstream of the beam splitters
and collinear with the trap beam; and a feedback loop in
electrical communication with the electro-optic modulator
and the detector, wherein the feedback loop simultaneously
supplies heating and cooling signals generated from position
information of a particle within the particle trap from the
detector to the electro-optic modulator which modulates the
intensity of the trap beam.

Two types of feedback are simultaneously supplied to the
EOM. One is an amplification force linear in the oscillator
momentum. The other is a cooling force, nonlinear in the
oscillator variable position and linear in the momentum.
Under the action of the two types of feedback (amplification
and cooling) described above, the mechanical oscillation of
the oscillator along a chosen direction of motion exhibits the
same dynamics as a single mode optical laser. The ampli-
fication feedback provides the gain, and the cooling feed-
back provides the saturable nonlinearity typically associated
with the operation of an optical laser. Specifically, the
motion of the oscillator shows the following laser-like
characteristics: i) a threshold in its oscillation energy as a
function of gain; ii) exponential increase in coherent oscil-
lation amplitude above the threshold; iii) saturation in the
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6

oscillation energy due to the presence of a tunable nonlin-
earity; iv) linewidth narrowing across the threshold; and v)
coherence in the oscillation energy measured by an auto-
correlation of close to 1.

In an embodiment, the quality of oscillation of the
mechanical oscillator can be improved by placing the twee-
zer under moderate vacuum, for example in a range of from
approximately 10~* mbar to 1077 mbar.

Suitable optical power in the trapping beam includes a
range of from approximately 80 mW to 120 mW and
suitable optical power in the probe beam includes a range of
from approximately 5 mW to 10 mW.

A major use of the system for near-term applications is
foreseen as a force sensor. There are several ways in which
the system can be used as a force sensor. The first possibility
is via shift of oscillation frequency due to an external force.
The linewidth far above threshold is 0.1 Hz, and therefore
extremely narrow. The second possibility is via the nonlinear
response of the laser across its threshold. The standard
paradigm for force sensing using mechanical oscillators is in
recording the change in the linear response of the oscillator
after a force is applied on it. In contrast, the present system
would rely on preparing the laser just below threshold.
Application of a weak force would drive it across threshold,
registering a nonlinear and large response.

Typically force sensitivities of the disclosure are

102N

VvVHz ’

which would enable precision sensing of weak electric and
magnetic fields. The system is better suited than atom-based
sensors, for example, for detecting weak gravitational fields
as an oscillator such as a nanoparticle has a much larger
mass (~10° amu) and couples more strongly to gravity.

A slightly longer-term application involves exploiting, for
example, two mechanical modes of nanoparticle oscillation
and realizing coherent nanoparticle rotation. This realization
could be used for rotation sensing and gyroscopy.

A long-term set of applications is related to the increasing
importance of quantum mechanics-based technologies. It
involves use of the system as a source of coherent phonons
at the mesoscale (i.e., for particles of mass 10° amu). By
starting with this source, and using available mechanical
nonlinearities, nonclassical states of mechanical motion can
be engineered (such as Schrodinger cat states) which are
important for metrology, quantum information processing as
well as for probing the nature of decoherence, which is a
major roadblock in the path of any quantum technology.

Another possible application is for exploring the role
played by coherence in liquids and small biological organ-
isms. Both liquid droplets as well as small biological organ-
isms can be levitated using existing technology. The present
system makes it possible, in principle, to examine the role
played by quantum physics in biology, which is a growing
topic of scientific interest in the context of bird migration
and light harvesting in photosynthesis.

The present technology can possibly be used as a: 1) force
sensor; 1) mass (biomolecule/rare gases) sensor; iii) tem-
perature sensor; iv) clock for metrology in the sub-MHz
regime; v) a reference oscillator; vi) as a component of an
on-chip photonic-phononic interface; or vii) inertial sensor.

The disclosure will be further illustrated with reference to
the following specific examples. It is understood that these
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examples are given by way of illustration and are not meant
to limit the disclosure or the claims to follow.

Example 1

Measurements of higher order correlations of coherent
mechanical motion were carried out for an optical tweezer
phonon laser, consisting of a silica nanosphere trapped in
vacuum (6x10~> mbar) by a tightly focused optical beam.
All correlations were obtained by measuring the displace-
ment of the nanosphere using a probe beam.

An experimental apparatus illustrated in FIG. 1 was
constructed around a free-space optical dipole trap inside a
vacuum chamber. The system includes an electro-optic
modulator (EOM), polarizing beam splitters (PBS1 and
PBS2), high numerical aperture focusing lenses (.1 and [.2),
a detector (D), two switches (S; and S,) and a beam dump
(BD). A nanoparticle is optically trapped by the single-beam
optical tweezer, and its position measured using a probe
beam. The particle is addressed with nonlinear feedback
cooling (y,) and linear feedback amplification (y,); associ-
ated with this measurement and feedback are also backac-
tions (r, and r,) in this system. For the feedback cooling and
heating, BP, 2Q,, A®, G,,..,, and PLL denote the electronic
bandpass filter, frequency doubler, phase shifter, electronic
gain for heating (cooling), and phase-locked loop, respec-
tively.

Trapping of subwavelength diameter silica spheres is
achieved by tightly focusing a linearly polarized beam of
wavelength 1064 nm (Coherent Mephisto, linewidth <1
kHz) using a microscope objective with a 0.80 numerical
aperture (Nikon CFI LU Plan FLUOR). The trapping beam
is polarized along the y axis of the trap. The mean optical
power in the trapping beam is controlled by the bias voltage
on an electro-optic modulator (Conoptics M360) in series
with a linear polarizer. This same electro-optic modulator
also actuates the feedback via the control electronics by
inducing modulation of the trapping beam power. A weak
probing beam from the same source laser is aligned coin-
cident with the trapping beam. The probe has an orthogonal
polarization along the x axis of the trap and is frequency
shifted 80 MHz by an acousto-optic modulator to be well
outside the lineshape of the trapping beam, thus minimizing
interference between the two. Forward-traveling light from
the trap is collected by an aspheric lens and sent out of the
chamber. The probing beam is then filtered from the trapping
beam and used to monitor the full three-dimensional center-
of-mass position of the trapped nanoparticle by performing
homodyne measurements on a series of balanced photo-
diodes (Thorl.abs PBD425C).

Nonlinear cooling is provided by a series of homebuilt
analog electronics that take the measured center-of-mass
position signal as an input and output the desired feedback
signal. The circuits include four stages: a bandpass filter to
reduce excess noise entering the feedback circuit (passband
10-400 kHz), a frequency doubler, a phase shifter to supply
the appropriate feedback phase for cooling, and a variable
gain amplifier. This feedback loop is used to cool the trapped
particle’s motion in all three spatial degrees of freedom by
supplying a modulation signal «q,q';, where g, represents the
particle’s position along the ith Cartesian axis and the dot
denotes a time derivative. The form of this feedback signal
results from the frequency doubling stage, which employs
the integrated circuit AD734. This results in nonlinear
dynamics of the oscillator’s phonon occupation.

The linear heating feedback signal is derived from a
phase-locked loop (PLL) on a digital lock-in amplifier
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(Zurich Instruments HF2LI). The PLL tracks the phase and
frequency of the particle’s motion along a desired axis of the
trap, and from the PLL a signal of the same frequency can
be generated with a fixed phase relationship to the measured
particle motion. The phase of the generated signal is set to
induce heating of the particle’s motion, and the ultimate
output amplitude can be set to the desired value. Deriving
the heating signal from a PLL produces a free-running
oscillator that is not locked to any fixed external phase
reference. This signal only addresses a single spatial degree
of freedom of the particle’s motion in this experiment but
can be expanded upon to address multiple degrees of free-
dom if desired.

A switch placed after the output of the linear heating
feedback system (Minicircuits ZASWA-2-50DR+), that can
be toggled by application of a TTL pulse, allows the
amplifying signal to be switched on and off in the experi-
ments exploring oscillator dynamics. This switch could be
toggled with a rise-time on the order of 5 ns, which is much
shorter than the characteristic time scales observed in these
experiments. After periods of amplification, the gain would
be switched off and the oscillator allowed to cool under the
influence of the feedback cooling loop for 500 ms, which is
over 10 times longer than typical relaxation times for this
oscillator to reach it’s cooled steady state. All feedback
signals are then summed together and delivered to the
electro-optic modulator to actuate the feedback.

FIGS. 2A-2E represent steady state properties. Threshold
behavior is demonstrated in FIG. 2A by increasing the
modulation depth of the amplification feedback signal
M,=0P /P, where P, is the power of the trapping beam and
OP, is the power modulation induced by the feedback
amplification, for various set values of y_ at a constant
pressure of 6x107> mbar (gas scattering dominates over
radiation pressure shot noise). The mean phonon population
of'the oscillation as a function of the amplifying modulation
depth, M, for different values of the feedback cooling rate,
V.- Solid lines are theoretical expectations. Error bars rep-
resent one standard deviation (s.d.) of each measurement,
consisting of 282,700 samples. FIG. 2B shows in situ tuning
of the single-mode phonon laser frequency, normalized by
the mean of the two outlying spectra. Optical powers con-
sidered are 72 mW, 80 mW and 85 mW. FIG. 2C shows
second-order phonon autocorrelation function at zero delay,
g®(0), as M, is increased across the threshold for two
different values of the feedback cooling rate, y,.. Error bars
represent s.d. from 100 measurements. The dotted lines at
g@(0)=2 and 1 indicate the expected values for a thermal
state and a coherent state, respectively, while the solid lines
are theoretical expectations. Markers (i) and (ii) indicate
values of M, where the oscillator is below and above
threshold, respectively. FIG. 2D presents two of the mea-
sured phonon probability distributions used in FIG. 2C.
Phonon probability distributions for the selected values of
M,,. Solid lines are theoretical expectations. The horizontal
axis is split to better show both distributions. For the same
cases (1) and (ii) the steady-state phase-space distributions of
the oscillator were examined in FIG. 2E by measuring the
in-phase and quadrature components of the oscillator’s
motion with a lock-in amplifier. Comparison of experimen-
tally measured quadratures of the oscillator’s motion (top)
with theoretically expected phase-space distribution based
on the P-function (bottom) for the selected values of M. A
phase transition between (i) Brownian motion and (ii) coher-
ent oscillation is evident.

FIG. 3A shows transient behavior after the linear gain is
switched on along the trap’s x axis. After a period of
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amplification, the gain was switched off and the oscillator
was allowed to cool under the influence of the feedback
cooling loop to reinitialize the state of the particle. Mean
phonon population is monitored in time for two different
values of M, calculated from 500 experimental iterations of
the switching experiment in which the linear gain is
switched on at time t=0. Solid curves are theoretical expec-
tations and the markers indicate the system’s evolution at (i)
0 ms, (i1) 23.7 ms, (iii) 62.2 ms and (iv) 130.5 ms from the
time the gain was switched on. FIG. 3B shows evolution of
the oscillator’s phonon probability distribution shown for
the selected times. Solid curves are theoretical expectations.

Although various embodiments have been depicted and

described in detail herein, it will be apparent to those skilled
in the relevant art that various modifications, additions,
substitutions, and the like can be made without departing
from the spirit of the disclosure and these are therefore
considered to be within the scope of the disclosure as defined
in the claims which follow.

What is claimed:

1. A single-beam optical tweezer phonon laser compris-

ing:

a trap beam and a probe beam in optical communication
with a first polarizing beam splitter configured to
provide a single collinear beam without interference
between the trap beam and probe beam;

a second polarizing beam splitter configured to isolate the
probe beam from the trap beam;

a first focusing lens;

a second focusing lens;

a mechanical oscillator trap disposed between the first and
second focusing lenses, wherein the lenses are disposed
between the beam splitters, and the lenses, beam split-
ters and trap are in optical alignment with the single
beam;

a beam dump downstream of the beam splitters and in
optical alignment with the trap beam;

a detector in optical communication with the isolated
probe beam configured to provide position information
of a mechanical oscillator levitated within the mechani-
cal oscillator trap;

an electro-optic modulator controlling the intensity of the
trap beam; and

a feedback loop in electrical communication with the
electro-optic modulator and the detector, wherein the
feedback loop is configured to simultaneously supply
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an amplification signal and a cooling signal represent-

ing respectively an amplification force linear in the

mechanical oscillator momentum and a cooling force

nonlinear in the mechanical oscillator variable position

5 and linear in the momentum generated from the posi-

tion information to the electro-optic modulator to gen-
erate coherent motion of the mechanical oscillator.

2. The phonon laser of claim 1, wherein the mechanical
oscillator is an electron, atom, molecule, nanoparticle, clus-
ter of nanoparticles, liquid droplet, or biological organism.

3. The phonon laser of claim 1, wherein the mechanical
oscillator trap is under a vacuum.

4. A method for modulating mechanical vibrations to
produce coherence from an optically levitated mechanical
oscillator, comprising:

combining a trap beam with a probe beam to form a single

collinear beam without interference between the trap
beam and the probe beam;

focusing the single beam in a trap, levitating a mechanical

oscillator in the trap beam and illuminating the
mechanical oscillator with the probe beam;

isolating the probe beam from the trap beam downstream

from the trap;
collecting light from the isolated probe beam scattered by
the mechanical oscillator and interfering the scattered
light with unscattered light from the probe beam yield-
ing position information of the mechanical oscillator;

generating an amplification force linear in the mechanical
oscillator momentum and a cooling force nonlinear in
the mechanical oscillator variable position and linear in
the momentum from the position information;

simultaneously supplying an amplification signal and a

cooling signal representing the generated amplification
force and cooling force to an electro-optic modulator;
and

modulating the intensity of the trap beam with the electro-

optic modulator from the simultaneously supplied
amplification signal and a cooling signal to generate
coherent motion of the mechanical oscillator.

5. The method of claim 4, wherein the mechanical oscil-
lator is an electron, atom, molecule, nanoparticle, cluster of
nanoparticles, liquid droplet, or biological organism.

6. The method of claim 4, further comprising applying a
vacuum to the mechanical oscillator trap.
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