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We report on direct feedback cooling of single nanoparticles in an optical lattice to near their motional ground

state. We find that the laser phase noise triggers severe heating of nanoparticles’ motion along the optical lattice.

When the laser phase noise is decreased by orders of magnitude, the heating rate is reduced and accordingly the

occupation number is lowered to about three. We establish a model directly connecting the heating rate and the

measured laser phase noise and elucidates that the occupation number under the lowest laser phase noise in our

system is limited only by photon recoil heating. Our results show that the reduction of the laser phase noise near

the oscillation frequency of nanoparticles is crucial for bringing them near the ground state and pave the way to

sensitive accelerometers and quantum mechanical experiments with ultracold nanoparticles in an optical lattice.

Introduction. Decelerating the motion of microscopic par-

ticles such as atoms and molecules has been an essential ingre-

dient for revealing their fundamental properties and for realiz-

ing their applications in various fields, ranging from precision

measurements [1, 2] and fundamental physics [3] to quantum

information processing [4, 5] and quantum simulations [6, 7].

In comparison with microscopic particles, decelerating the

motion of mesoscopic and macroscopic particles has been a

challenging task because of the lack of the efficient mecha-

nism for deceleration. Nanometer-sized objects prepared near

their motional ground state are expected to be a promising sys-

tem for various applications including force sensing [8–10],

the test of superposition states at macroscopic scales [11, 12],

detecting gravitational waves at high frequencies [13], and the

search for non-Newtonian gravity forces [14].

In recent years, remarkable progresses have been made in

decelerating the motion of nanoparticles in vacuum either by

feedback cooling or by cavity cooling. In the former scheme,

a time-varying force opposite to the velocity of particles is

applied [15–20], whereas the latter scheme relies on pho-

ton scattering in a high-finesse cavity transferring the mo-

tional energy of particles to photons [21–24]. Very recently,

these approaches have been applied for cooling nanoparticles

in a single-beam optical trap to near their motional ground

state [25, 26]. Aside from a single-beam optical trap, an

optical lattice, a standing wave potential created by retro-

reflecting a laser, has been a crucial tool for trapping and ma-

nipulating atoms and molecules [6, 7]. However, in spite of its

possibility in diverse quantum mechanical experiments thanks

to the high oscillation frequency in an optical lattice, the use of

an optical lattice for nanoparticles has been limited [8, 18, 27].

In this letter, we show that single charged nanoparticles

trapped in an optical lattice are brought to near their ground

state along the optical lattice at an ambient temperature via

electric feedback cooling, namely, cold damping [18–20, 28–

31]. To make the impact of the laser phase noise (LPN) neg-

ligible, we minimize the distance of the trap from the retro-

reflecting mirror and besides stabilize the laser frequency to

an optical resonator. We establish a model directly connect-

ing the independently measured LPN and the heating rate of

nanoparticles’ motion and find that the heating rate increases

as the LPN increases. Our model shows that the LPN near

the oscillation frequency plays a crucial role in the heating

dynamics. Furthermore, in our setup, the impact of the LPN

is negligible and the residual heating mechanism limiting the

lowest attainable occupation number is random photon scat-

tering of the trapping laser. Our results are also useful in

other fields involving an optical lattice, such as cold atoms and

molecules, for evaluating the impact of the LPN on trapped

particles.

T heoretical model. We start our discussions by introduc-

ing a theoretical model for the motion of nanoparticles in an

optical lattice driven by the LPN on the basis of previous stud-

ies [18, 19, 32]. We describe the one-dimensional motion of

nanoparticles along the optical lattice in the presence of fluc-

tuating forces and damping mechanisms,

q̈+Γtotq̇+Γcq̇n +Ω2
z(q+Pn) =

FBG +Fr

m
(1)

with Γtot = ΓBG+Γc+Γr+Γp. Here q and qn denote the posi-

tion of nanoparticles and the noise in the feedback signal, re-

spectively, while ΓBG, Γc, Γr, and Γp denote the damping rate

due to collisions with background gases, the damping rate due

to feedback cooling, the damping rate due to photon recoils,

and the damping rate due to the LPN, respectively. In addition,

m, Pn, FBG, and Fr denote the mass of trapped nanoparticles,

the stochastic force from the LPN, the stochastic force from

background gases, and the stochastic force from photon scat-

tering, respectively [33]. Teff for the particle following Eq.(1)

is given as
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+
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where T0, Sn, ω0, Psc, c, P̃n(ω) are the temperature of back-

ground gases, the power spectral density (PSD) of qn, the fre-

quency of the trapping light, the optical power scattered by

nanoparticles, the speed of light, and the Fourier transform of

Pn, respectively. The stochastic forces FBG and Fr in Eq.(1) are
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characterized by T0 and Psc, respectively. P̃n
2
(ω) is obtained

by multiplying λ d/c by the PSD of the LPN.

In general, the integral of Eq.(2) has to be numerically eval-

uated. However, considering that the spectral width of the in-

tegrand Γtot is much smaller than Ωz, to a good approximation

we can write the integral as

I(Γtot) =
P̃n

2
(Ωz)

2Ω2
z Γtot

(3)

We confirm that this approximation does not deviate from

the numerically obtained values by more than 2% with Γtot <
2π ·300Hz, which is satisfied for the measurement of γtot [33].

At low pressures, in the absence of feedback cooling, the

heating rate γtot is obtained from Γr and Γp as γtot = γp + γr

with γp = EpΓp and γr = ErΓr, where Er and Ep denote the en-

ergies of nanoparticles at equilibrium for photon recoil heat-

ing and for LPN heating, respectively. Er and Ep are ap-

proximately given by the photon energy h̄ω0 and the potential

depth, respectively. The former is of the order of kB × 104 K,

while the latter is of the order of kB × 105 K (see later discus-

sions on our experiments). Since γtot is directly connected to

the equilibrium occupation number as [32],

neq +
1

2
=

γtot

h̄ΩzΓtot
(4)

we obtain the expression for γtot as follows by comparing

Eqs.(2,3,4):

γtot =
1

2
mΩ4

z P̃n
2
(Ωz)+

h̄ω0Psc

5mc2
(5)

The occupation number in the presence of feedback cooling

at low pressures neq is then written as

neq +
1

2
=

1

2Γch̄Ωz

[

2γtot +mΩ2
z SnΓ2

c

]

(6)

In this model, the feedback gain is represented by Γc de-

termined by the amplitude of the applied electric field [18].

While the first term of Eq.(6) is decreased by increasing Γc,

the second term representing heating driven via the feed-

back loop increases with Γc. Thus, neq is minimized to√
2γtotmSn/h̄− 1/2 at an optimum feedback gain.

Experiments. In our experiments, we trap silica nanoparti-

cles with radii of about R = 220nm in a one-dimensional op-

tical lattice formed with a fiber laser [Fig. 1(a)] [18, 27, 34].

The radii of nanoparticles in the present work are several

times larger than typical values in previous studies [15–

17, 19, 20, 25, 26]. We load nanoparticles into the optical

lattice at around 600Pa by blowing up silica powders with a

pulsed laser, similarly to light-induced desorption of nanopar-

ticles attached on a surface [22, 35]. After we load nanopar-

ticles in one of lattice sites, we sweep the laser frequency and
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FIG. 1. (color online). (a) Schematic representation of our experi-

mental setup. Single nanoparticles are trapped in an optical lattice

formed by a single-frequency fiber laser at λ = 1550nm, which is

intensity-stabilized by an electro-optic amplitude modulator (EO-

AM) and frequency-stabilized by an electro-optic phase modulator

(EO-PM) and an acousto-optic modulator (AOM). The motion of

nanoparticles is observed via photodetectors (PDs). (b) Blow up near

the trapping region. Nanoparticles are located at the focus of the in-

cident beam where the oscillation frequency along the optical lattice

is the highest. The position fluctuation of nanoparticles due to fluc-

tuations in the laser frequency scales linearly with the distance from

the retro-reflecting mirror.

adjust their position to the focus of the incident beam where

the oscillation frequency along the optical lattice Ωz takes a

maximum value. For a typical experimental condition with a

laser power of 168mW, Ωz is about 200kHz, while the oscil-

lation frequencies perpendicular to the light propagation di-

rection are 64kHz and 73kHz in x and y directions, respec-

tively [Fig. 2 (b)]. The trapped nanoparticles experience a

potential depth of 5× 105 K.

We observe the three-dimensional motion of nanoparticles

with two photodetectors measuring the spatio-temporal varia-

tion of the infrared light scattered by them [17], where one of

the detectors is used as an in-loop (IL) detector for feedback

cooling and the other is used as an out-of-loop (OL) detec-

tor for measuring the motional temperatures Teff [16, 17, 19].

Teff is obtained by comparing the integrated area of the PSDs

of nanoparticles with and without cooling [16, 17]. The PSD

without cooling is obtained at around 10Pa where the influ-

ence of laser absorption is negligible [33, 36]. Using the mea-

sured position information, we realize three-dimensional elec-

tric feedback cooling of charged nanoparticles by applying

three-dimensional electric fields synchronized to their motion

such that their motional amplitudes are attenuated in all direc-

tions [18].

When the pressure is decreased to below 1× 10−5 Pa, un-

der the condition that the LPN is minimized, the occupa-

tion number along the optical lattice, neq = Teff/h̄Ωz − 1/2,
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FIG. 2. (color online). (a) Occupation number along the optical lat-

tice as a function of the pressure for two experimental realizations

(Tab. I). The gain for feedback cooling is optimized at each pres-

sure. Error bars indicate typical thermal fluctuations in determining

Teff [33]. Theoretically expected values of neq at low pressures, given

by Eq.(6), are shown by blue dashed and red solid lines for NP1

and NP2, respectively. (b) PSDs of the motion of trapped nanopar-

ticles (NP1) with (the black dotted and the blue solid curves for the

IL and OL signals, respectively, at 1.3×10−6 Pa) and without feed-

back cooling (the red dot-dashed curve, the OL signal at 9.9Pa). (c)

Heating rate as a function of the pressure for two experimental re-

alizations. The vertical errors indicate typical thermal fluctuations.

A solid line shows calculated values for NP1 with the kinetic the-

ory [18, 19, 32]. In the inset, a typical time evolution of Teff in the

absence of feedback cooling is shown, where the signal is averaged

over 256 times. At low pressures, the heating rate is dominated by

the photon recoil heating.

is nearly independent from the pressure and approaches the

minimum value of about three, suggesting that the influence

of background gases becomes negligible at this pressure re-

gion [Fig.2(a),(b)]. This fact is further confirmed by measur-

ing the magnitude of the heating via observing the time evo-

lution of the amplitude of the oscillation signal from the OL

TABLE I. Experimental parameters for two realizations.

Power (mW) Ωz (2π ·kHz) h̄Ωz/kB (µK)
NP1 168 200 9.6
NP2 295 256 12

detector [18, 19]. The measured heating rate as a function of

the pressure [Fig. 2(c)] is in agreement with the kinetic theory

at high pressures [16–18], while it is nearly independent from

the pressure at pressures lower than 1× 10−5 Pa. The heat-

ing rate observed in this pressure region is about kB × 1K/s,

where kB is the Boltzmann constant, in agreement with pre-

vious studies on photon recoil heating [32]. In what follows,

we work at this pressure region to reveal to what extent the

LPN and the photon recoils contribute to the observed heating

rate for two individual experimental realizations with different

laser powers (Tab. I).

The magnitude of the heating via the LPN increases with

the distance between the trap position and the retro-reflecting

mirror [Fig. 1(b)]. In our previous setup with the retro-

reflecting mirror placed outside the vacuum chamber [18], we

observed that Teff along the optical lattice was limited to a few

mK. We found that the LPN of the fiber laser was the source of

heating and improved our setup such that the retro-reflecting

mirror is placed at a distance of d = 14.5mm from the trap po-

sition, which is more than one order of magnitude shorter than

that of typical experiments with optical lattices and our previ-

ous work [18, 33]. Furthermore, we decrease the LPN itself

by several orders of magnitude via stabilizing the frequency

of the laser with a high-finesse resonator. In our setup, we are

able to tune the LPN by controlling the feedback gain for the

frequency stabilization on the feedback circuit. We estimate

the PSD of the LPN by multiplying α2 by the PSD of the er-

ror signal from the resonator, with α being the slope of the

error signal near the resonance. Figure 3(a) shows the PSD

of the LPN for three values of the feedback gain G. Among

the three gain values, we observe a dramatic variation in Teff

[Fig. 3(b)]. Teff is the lowest at the highest gain with G = 0.97

as expected, while we observe the highest Teff among the three

at the medium gain with G= 0.13. In Fig. 3(a), we clearly ob-

serve that the LPN near the oscillation frequency is the largest

at G = 0.13. Thus, qualitatively we find that the LPN near Ωz

has a dominant contribution to the observed heating, in agree-

ment with our theoretical model.

For further quantitative analysis, we derive the calculated

values of γp according to Eq.(5) and compare them with the

measured values of γtot [Fig. 4(a)]. For two experimental re-

alizations, we find a good agreement between measurements

and calculations. The linear fits on the plots give slopes of

0.96(12) and 0.99(7) for NP1 and NP2, respectively, which

are close to the expected value of unity and suggest that the

measured increases in γtot are in fact due to the increase in the

LPN. The intercepts obtained from the fits are kB × 0.51(7)
and kB × 0.79(7)K/s for NP1 and NP2, respectively. These

values are also in agreement with our calculation on γr pro-
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FIG. 3. (color online). (a) PSDs of the LPN for three gain values. G

designates the proportional gain values of the PI regulator for stabi-

lizing the laser frequency. For G = 0.97, the LNP below 300kHz is

minimized and we achieve recoil-limited feedback cooling as shown

in Fig. 2(a). The oscillation frequency for NP1 is shown by a dashed

line. The peaks below 100kHz are due to the bandwidth of the fiber

laser itself. (b) PSDs of the OL signal of NP1 for the three profiles

of (a). The pressure is 1.3×10−6 Pa.

viding the values of kB × 0.46 and kB × 0.76K/s for NP1 and

NP2, respectively [33]. These agreements imply that the ap-

proximation of Eq.(3) is valid and nanoparticles are heated

dominantly by the LPN near their oscillation frequency. Fur-

thermore, we find that neq observed as a function of the mea-

sured values of γtot [Fig. 4(b)] is in good agreement with

Eq.(6). In Fig. 4(a), we clearly observe that, when the LPN

is minimized, γtot approaches the values determined solely by

photon recoil heating, indicating that the impact of the LPN is

made negligible in our system. Thus, we can safely claim that

the lowest neq obtained in the present study is limited purely

by photon recoil heating.

Discussions : The impact of the LPN in the presence of a

standing wave potential has been of great concern in recent

studies on cavity cooling nanoparticles in a single-beam op-

tical trap. A standing wave potential in an optical resonator

shaken by the LPN has a significant heating effect [24], where

the occupation number is limited to about 2× 103. Another

recent work in the same direction has shown that nanoparti-

cles are cooled to their ground state when they are placed at

the intensity minimum of the standing wave potential and are

supported by another laser trap [25], as opposed to our sit-

uation where nanoparticles are levitated by an optical lattice

alone and stay at the intensity maximum. Our study offers a

distinct approach for circumventing the strong heating issue

associated with a standing wave potential.
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FIG. 4. (color online). (a) Comparison between the calculated values

of γp and the measured values of γtot at 1.3×10−6 Pa. The horizontal

and vertical error bars are due to systematic errors in thermal fluctu-

ations and the error in determining α , respectively. The blue dashed

line and the red solid line are linear fits on the data points for NP1

and NP2, respectively. (b) neq as a function of the measured γtot at

1.3× 10−6 Pa. neq is measured with varying the feedback gain for

stabilizing the laser frequency while Γc is kept constant. The hor-

izontal and vertical error bars indicate typical thermal fluctuations.

The blue dashed line and the red solid line show calculations with

Eq.(6) with measured values of Γc for NP1 and NP2, respectively,

and are not fits.

For the use of our system in future quantum mechanical

experiments, the occupation number of neq < 1 is preferred.

It has been shown that Sn is inversely proportional to the

efficiency of collecting the light scattered by nanoparticles

η [37, 38]. In our current setup, we estimate that η can be

increased by about a factor of six via improving the optical

and electronic setups, implying that reaching a mean occu-

pation number of neq < 1 with a high probability in n = 0 is

feasible without the necessity of introducing an optical res-

onator for cavity sideband cooling [25]. Enhancing the de-

tection sensitivity is important not only for cooling but also

for future intriguing physics, where the capability of detecting

the zero-point motion of single nanoparticles may allow the

direct observation and manipulation of their quantum behav-

iors. We also draw an attention that the position sensitivity of

1.0×10−28 m2/Hz achieved in the present work [Fig. 3(b)] is

orders of magnitude higher than previous studies [26, 39] and

suggests an application of our system in sensitive accelerom-

eters.

Conclusions. In summary, we demonstrate direct feedback
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cooling of single nanoparticles in an optical lattice to near

their ground state in high vacuum. Both the occupation num-

ber and the heating rate along the optical lattice are reduced

as the LPN is decreased, in good agreement with calculations

based on a model taking into account the effect of the LPN.

Under the minimum LPN in our setup, the occupation num-

ber is limited purely by photon recoil heating. Our results

show that the reduction of the LPN near the oscillation fre-

quency of nanoparticles is crucial for working with them near

the ground state. Although photon recoil heating is an un-

avoidable issue with optical levitation, the occupation number

can be further reduced by improving the optical setup. Once

cooled to the ground state, our system will provide an impor-

tant testbed for investigating the quantum superposition states

of macroscopic objects [11, 12] with masses of the order of

0.1pg. In comparison with recent other approaches [25, 26],

our system possesses a qualitatively new control knob for ma-

nipulating the position of nanoparticles and for modulating

the optical potential via the laser frequency, opening up the

possibility to explore the physics with a time-dependent op-

tical lattice [40–42] and anharmonic potentials [43, 44] at a

single-particle level.
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