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We optically trap a single nanoparticle in high vacuum and cool its three spatial degrees of freedom by
means of active parametric feedback. Using a single laser beam for both trapping and cooling we
demonstrate a temperature compression ratio of four orders of magnitude. The absence of a clamping

mechanism provides robust decoupling from the heat bath and eliminates the requirement of cryogenic

precooling. The small size and mass of the nanoparticle yield high resonance frequencies and high quality
factors along with low recoil heating, which are essential conditions for ground state cooling and for low
decoherence. The trapping and cooling scheme presented here opens new routes for testing quantum
mechanics with mesoscopic objects and for ultrasensitive metrology and sensing.
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The interaction between light and matter sets ultimate
limits on the accuracy of optical measurements. Braginsky
predicted that the finite response time of light in an optical
interferometer can lead to mechanical instabilities [1] and
impose limits on the precision of laser-based gravitational
interferometers. Later, it was demonstrated that this
“dynamic back-action mechanism’ can be used to reduce
the oscillation amplitude of a mechanical system and to
effectively cool it below the temperature of the environment
[2-7] and even to its quantum ground state [8—10]. In
addition to the fascinating possibility of observing the quan-
tum behavior of a mesoscopic system, many applications
have been proposed for such systems ranging from detection
of exotic forces [11-13] to the generation of nonclassical
states of light and matter [14,15].

Most of the mechanical systems studied previously are
directly connected to their thermal environment, which
imposes limits to thermalization and decoherence. As a
consequence, clamped systems require cryogenic precool-
ing. A laser-trapped particle in ultrahigh vacuum, by con-
trast, has no physical contact to the environment [16,17],
which makes it a promising system for ground state cooling
even at room temperatures [14,15]. Cooling of micron-sized
particles to millikelvin temperatures has recently been
achieved by applying an active optical feedback inspired
by atom cooling experiments [18]. A particle is trapped by
two counter-propagating beams and cooling is performed
with three additional laser beams via radiation pressure.
However, because light scattering leads to recoil heating
there is a limit for the lowest attainable temperature.
Eliminating recoil heating as the limiting factor for ground
state cooling requires considerably smaller mechanical sys-
tems, such as single dielectric nanoparticles [14,15]. Here
we demonstrate optical trapping in high vacuum of a fused
silica nanoparticle of radius R ~ 70 nm. Additionally, we
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employ a novel cooling scheme based on the optical
gradient force to cool its motional degrees of freedom
from room temperature to ~50 mK (compression factor
of ~10%).

In our experiments we use a laser beam of wavelength
A= 1064 nm (~ 100 mW), focused by a lens with
numerical aperture 0.8 mounted in a vacuum chamber. A
single nanoparticle is trapped by means of the optical
gradient force, which points towards the center of the
trap for all translational degrees of freedom of the nano-
particle (c.f. Fig. 1). For particles much smaller than the
wavelength, the polarizability scales as a « R? and the
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FIG. 1 (color online). Trapping of a nanoparticle. (a) Photograph
of light scattered from a trapped silica nanoparticle (arrow). The
object to the right is the outline of the objective that focuses the
trapping laser. (b) Time trace of the particle’s x coordinate
(transverse to the optical axis) at 2 mbar pressure.
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gradient force dominates over the scattering force.
Scattered light from the particle is measured interferomet-
rically with three separate photodetectors that render the
particle’s motion in the x, y, and z directions [19]. This
phase-sensitive detection scheme makes use of balanced
detection and yields a noise floor of ~1.2 pm/ JVHz.
Figure 1 shows a photograph of a trapped nanoparticle
along with a typical time trace of the particle’s x coordi-
nate. Trapping times of more than 60 h have been achieved
at pressures below 107> mbar indicating that the particle’s
internal temperature does not affect the center-of-mass
motion [14] and that melting of the particle is not a
concern.

To control and stabilize the particle’s motion in the
optical trap we implemented an active feedback loop. All
three spatial degrees of freedom are controlled with the
same laser used for trapping. To cool the center-of-mass
motion of the particle we employ a parametric feedback
scheme, similar to parametric amplification of laser fields
[20] and stabilization of nanomechanical oscillators [21].
After trapping a single nanoparticle at ambient temperature
and pressure we evacuate the vacuum chamber in order
to reach the desired vacuum level. At ambient pressure
the particle’s motion is dominated by the viscous force
(Stokes force) due to the random impact of gas molecules.
However, as shown in Fig. 1(b), the inertial force domi-
nates in a vacuum of a few millibars as the particle’s
motion becomes ballistic [22].

Parametric feedback is activated as soon as we enter the
ballistic regime. In a time-domain picture, the feedback
loop hinders the particle’s motion by increasing the trap
stiffness whenever the particle moves away from the trap
center and reducing it when the particle falls back toward
the trap. In the frequency domain, this corresponds to a
modulation at twice the trap frequency with an appropriate
phase shift. Our parametric feedback is fundamentally
different from previous active feedback schemes based on
radiation pressure [23]. Radiation pressure acts only along
the direction of beam propagation and therefore requires a
separate cooling laser for every oscillation direction [18].
In contrast, the gradient force points towards the center of
the trap, thus allowing us to cool all three directions with a
single laser beam.

Figure 2 illustrates our parametric feedback mechanism.
To obtain a signal at twice the oscillation frequency we
multiply the particle’s position x(z) with it’s time deriva-
tive. The resulting signal x(¢)x(z) is then phase-shifted by a
controlled amount in order to counteract the particle’s
oscillation. Note that depending on the latency of the
feedback loop, we can achieve damping or amplification
of the particle’s oscillation. In the absence of active feed-
back, the particle’s oscillation naturally locks to the modu-
lation phase in such a way as to achieve amplification [20].
Cooling therefore requires active feedback to adjust the
modulation phase constantly.

FIG. 2 (color online). Principle of parametric feedback cooling.
The center-of-mass motion of a laser-trapped nanoparticle in
ultrahigh vacuum is measured interferometrically with three
detectors, labeled x, y, and z. Each detector signal is frequency
doubled and phase shifted. The sum of these signals is used to
modulate the intensity of the trapping beam.

In our cooling scheme, frequency doubling and phase
shifting is done independently for each of the photodetector
signals x, y, and z. Since the three directions are spectrally
separated [see Fig. 3(b)], there is no cross-coupling between
the three signals, that is, modulating one of the signals does
not affect the other signals. Therefore, it is possible to sum
up all three feedback signals and use the result to drive a
single Pockels cell that modulates the power P of the trap-
ping laser. Thus, using a single beam we are able to effec-
tively cool all spatial degrees of freedom.

For small oscillation amplitudes, the trapping potential
is harmonic and the three spatial dimensions are de-
coupled. Each direction can be characterized by a fre-
quency (), which is defined by the particle mass m and

1.6 e ey
a . b 1107
]
[ °
F ..
12 3 1
2
> [ ]
X
08 g
L4
° z
[ St st
0.4 L L n n n L L L L L e 10°
0.4 038 1.2 16 40 80 120 160
P /P, frequency (kHz)

FIG. 3 (color online). Trap stiffness and spectral densities.
(a) Normalized trap stiffness in the x, y, and z directions as a
function of normalized laser power. Dots are experimental data
and the solid line is a linear fit. (b) Spectral densities of the x, y,
and z motions. The trapped particle has a radius of R = 69 nm
and the pressure is Pg,; = 6.3 mbar. The resonance frequencies
are fo =37 kHz, 120 kHz, and 134 kHz, respectively. The
dashed curves are fits according Eq. (4) and the data on the
bottom correspond to the noise floor.

103603-2



PRL 109, 103603 (2012)

PHYSICAL REVIEW

week ending

LETTERS 7 SEPTEMBER 2012

the trap stiffness ki, as )y = ,[ktrap /m. The equation of

motion for the particle’s motion in x direction (polarization
direction) is

50 + Toi(0) + 030) = [Fpua) + Fo (0], (D)

where Fjp, iS a random Langevin force that satisfies
(Fruct O Fpue(t)) = 2mLokgTS8(r — ¢') according to the
fluctuation-dissipation theorem. Fy (1) = Aky,,(t) x(2) is
a time-varying, nonconservative optical force introduced
by parametric feedback. It leads to shifts 61" and 6€) in
the particle’s natural damping rate I'; and oscillation fre-
quency (), respectively. Similar equations and consider-
ations hold for the particle’s motion in y and z directions.

We first consider the particle’s dynamics with the feed-
back loop deactivated. For small oscillation amplitudes,
the particle experiences a harmonic trapping potential
with a trap stiffness ki, which is a linear function of P.
In the paraxial and dipole approximations (small particle
limit, weak focusing) the transverse trap stiffness is calcu-
lated as [19]

, 2

where g is the vacuum permittivity, NA is the numerical
aperture of the focused beam, A is the wavelength, and «
is the particle polarizability. A similar expression holds
for the longitudinal trap stiffness. For the parameters used
in our experiments we find that the particle’s oscillation
frequency in x direction is f\) = (kipap/m)/2/(277) =
120 kHz. For the axial oscillation frequency we find
fff) = 37 kHz and for the y direction we measure féy ) =
134 kHz. The different oscillation frequencies in x and y
directions originate from the symmetry of the laser focus
[24]. The linear dependence of the trap stiffness on laser
power has been verified for all three directions and is
shown in Fig. 3(a). In Fig. 3(b) we show the spectral
densities of the x, y, and z motions recorded at a pressure
of Py, = 6.3 mbar.

Once a particle has been trapped, the interaction with the
background gas thermalizes its energy with the environ-
ment and, according to the fluctuation-dissipation theorem,
damps the particle’s motion with the rate I'y in Eq. (1).
From kinetic theory we find that [18,25]

__6mmR  0.619
m 0.619 + Kn

where cx = 0.31 Kn/(0.785 + 1.152 Kn + Kn?), 7 is the
viscosity coefficient of air and Kn = I/R is the Knudsen
number. When the mean free path [ « 1/ Py, is much larger
than the radius of the particle, I'y becomes proportional to
Pg,,. Figure 4 shows the measured value of T’ for all three
directions as a function of pressure. For a pressure of Py, =
1075 mbar we measure a damping of I'y/27 = 10 mHz,

FO (1 + CK)’ (3)

Ih/2n (Hz)
ISy
>

pressure (mBar)

FIG. 4 (color online). Damping rate as a function of gas
pressure. The damping rate I', decreases linearly with pressure
Pg,s. The dashed line is a fit according to Eq. (3).

which corresponds to a quality factor of Q = 107, a value
that is higher than the quality factors achieved with
clamped oscillators [26]. In ultrahigh vacuum (P, =
10~?mbar), the quality factor will reach values as high
as Q ~ 10',

Activation of the parametric feedback loop gives rise
to additional damping 81" and a frequency shift 6(). The
resulting spectral line shapes are defined by the power
spectral density S,(€), which follows from Eq. (1) as

S.(Q) = fj" COx(t — 1))e—1 df!

_ LokgT /(mm)
([Qo + 6QF — Q)2 + QT + 6T

“4)

Integrating both sides over () yields the mean square
displacement

() = (x(0)x(0)) = (5)
According to the equipartition principle, the center-
of-mass temperature 7., follows from kg7, =
m(Qqy + 8Q)*(x?). Considering that Q) < ), we obtain

Ty

Tem = TFO +or

(6)
where T is the equilibrium temperature in the absence of
the parametric feedback (61" = 0). Thus, the temperature
of the oscillator can be raised or lowered, depending on the
sign of 81" in Eq. (6).

The experimental results of parametric feedback cooling
are shown in Fig. 5, which depicts the dependence of the
center-of-mass temperature 7, on pressure. The cooling
action of the feedback loop competes with reheating due
to collisions with air molecules, ultimately setting a mini-
mum achievable temperature for each pressure value. Since
the area under the line shape defined in Eq. (4) is propor-
tional to T, , feedback cooling not only increases the
linewidth but also lowers the signal amplitude until it
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FIG.5 (color online). Parametric feedback cooling.

(a) Dependence of the center-of-mass temperature7, ,, on pres-
sure. The cooling rate (the slope of the dashed lines) is similar
for the different directions x, y, and z. The feedback gain has
been increased at a pressure of ~0.3 uBar causing a kink in
the curves. (b) Spectra of the z motion evaluated for different
pressures and temperatures 7., . The area under the curves is
proportional to T, . The numbers in the figure indicate the
pressure in mbar.

reaches the noise floor. Nevertheless, we are able to reach
temperatures of 7., ~ 50 mK while maintaining the
particle in the trap.

In the quantum limit, a mechanical oscillator exhibits
discrete states separated in energy by A(Q, + §Q) ~ hl),.
The mean thermal occupancy is

_ kBTc.m.
(n) = T

In order to resolve the quantum ground state we require
(ny < 1. For a 120 kHz oscillator, this condition implies
T.m ~ 6 uK. According to Eq. (6), a low pressure implies
a low damping rate and thus, extrapolating Fig. 5(a), we
find that this temperature will be reached at ultrahigh
vacuum (10! mbar), provided that the particle oscillation
can be measured and the feedback remains operational.
Alternatively, lower occupancy can be reached at higher
pressures by an increase of the feedback gain. Laser power
noise introduces fluctuations in the trap stiffness and there-
fore in the mechanical oscillation frequency. We believe
that the resulting random phase error in the feedback loop
is the current limiting factor in cooling. This phase error
can be minimized by using background suppression and
laser stabilization techniques [27]. The noise floor in our
measurements is currently 1.2 pm/ VHz.

In feedback cooling, the particle’s position has to be
measured in order to operate the feedback loop. Measure-
ment uncertainty of x, y, and z introduced by shot noise
therefore limits the lowest attainable temperature 7, .
The measurement accuracy is fundamentally limited by

(N

the standard quantum limit [19], which follows from the
uncertainty principle AxAp = #/2, where Ap = Anik,
An being the uncertainty in photon number and k =
277/ A. For shot noise An o N'/2, where N is the mean
photon number N = PAt/(hkc). In terms of the bandwidth
B = 1/At we obtain Ax = [hcAB/(87P)]/2. Thus, the
measurement uncertainty is determined by the bandwidth
B and the signal power P at the detector. For a R ~ 70 nm
nanoparticle and the parameters used in our experiments
we find Ax = 6.3 pm, which corresponds to a center-of-
mass temperature of T, ,, = 5.6 uK[19]. Thus, in absence
of backaction, parametric feedback should allow us to cool a
laser-trapped nanoparticle close to its quantum ground state.

Evidently, the measurement uncertainty Ax can be
reduced by increasing the signal power at the detector,
for example by higher laser power or by using a larger
particle size R and, hence, a larger scattering cross section
Osear = k*la|?/(67re}). However, strong scattering intro-
duces recoil heating, which destroys the coherent particle
motion [19]. In analogy to atomic trapping, the transition
rate I',...; between consecutive harmonic oscillator states
is calculated as [14,19]

2T hk?/2m [ 1O scane
. . == :
recoil 5[ QO ][ ho in (8)

where [, is the laser intensity at the focus. The last term in
brackets corresponds to the photon scattering rate.
Comparing I',...; with the frequency of a center-of-mass
oscillation (), we find that in the current configuration
there is only one recoil event per ~10 oscillations. Thus,
the trapped nanoparticle can coherently evolve for many
oscillation periods. The number of coherent oscillations in
between recoil events N, scales with the ratio (A/R)?, so
small particles and long wavelengths are favorable.

Our discussion highlights the tradeoff between measure-
ment uncertainty and recoil heating. A nanoparticle of size
of R~ 70 nm is a good compromise between the two
limiting factors. Notice that I',...; and the photon scatter-
ing rate differ by a factor of ~10~°, and hence most of the
scattered photons do not alter the center-of-mass state of
the particle. The possibility of observing the particle
without destroying its quantum coherence is a critical
advantage over atomic trapping and cooling experiments.
Finally, parametric cooling should work even without
continuously tracking x(z) as long as the frequency and
the phase of the center-of-mass oscillation are known.

In conclusion, we have demonstrated that an optically
trapped nanoparticle in high vacuum can be efficiently
cooled in all three dimensions by a parametric feedback
scheme. The parametric feedback makes use of a single
laser beam and is therefore not limited by alignment
inaccuracies of additional cooling lasers. Theoretical con-
siderations show that center-of-mass temperatures close to
the quantum ground state are within reach. To fully exploit
the quantum coherence of a laser-trapped nanoparticle,
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parametric feedback cooling can be combined with passive
dynamical back-action cooling [28], for example, by use of
optical cavities [10,14] or electronic resonators [9]. The
results shown here also hold promise for ultrasensitive
detection and sensing [11]. The ultrahigh quality factors
and small oscillation amplitudes yield force sensitivities
on the order of 1072 N/+/Hz [29], which outperforms
most other ultrasensitive force measurement techniques
by orders of magnitude, and can find applications for the
detection of single electron or nuclear spins [30], Casimir
forces and vacuum friction, phase transitions, and non-
Newtonian gravitylike forces [11].
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