
This is the accepted manuscript made available via CHORUS. The article has been
published as:

Attonewton-meter torque sensing with a macroscopic
optomechanical torsion pendulum

Kentaro Komori, Yutaro Enomoto, Ching Pin Ooi, Yuki Miyazaki, Nobuyuki Matsumoto,
Vivishek Sudhir, Yuta Michimura, and Masaki Ando

Phys. Rev. A 101, 011802 — Published 17 January 2020
DOI: 10.1103/PhysRevA.101.011802

http://dx.doi.org/10.1103/PhysRevA.101.011802


Atto-Nm Torque Sensing with a Macroscopic Optomechanical Torsion Pendulum

Kentaro Komori,1, 2, ∗ Yutaro Enomoto,1 Ching Pin Ooi,1 Yuki Miyazaki,1

Nobuyuki Matsumoto,3, 4, 5 Vivishek Sudhir,2 Yuta Michimura,1 and Masaki Ando1

1Department of Physics, University of Tokyo, Bunkyo, Tokyo 113-0033, Japan
2LIGO Laboratory, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

3Frontier Research Institute for Interdisciplinary Sciences, Tohoku University, Sendai 980-8578, Japan
4Research Institute of Electrical Communication, Tohoku University, Sendai 980-8577, Japan

5JST, PRESTO, Kawaguchi, Saitama 332-0012, Japan

(Dated: November 5, 2019)

Precise measurements of the displacement of, and force acting on, a mechanical oscillator can
be performed by coupling the oscillator to an optical cavity. Brownian thermal forces represent a
fundamental limit to measurement sensitivity which impedes the ability to use precise force mea-
surements as a tool of fundamental enquiry, particularly in the context of macroscopic quantum
measurements and table-top gravitational experiments. A torsion pendulum with a low mechanical
resonant frequency can be limited by very small thermal forces – from its suspensions – at frequen-
cies above resonance. Here, we report torque sensing of a 10-mg torsion pendulum formed by a bar
mirror, using two optical cavities on either edge. The rotational mode was measured by subtracting
the two signals from the cavities, while intracavity radiation pressure forces were used to trap the
torsional mode with a 1 kHz optical spring. The resulting torque sensitivity of 20 aNm/

√

Hz is a
record for a milligram scale torsion pendulum. This allows us to test spontaneous wave function
collapse in a parameter regime that falls in between that tested by space-based experiments, and
high-frequency cryogenic cantilevers.

Introduction.– The lightly damped torsion pendulum is
one of the most sensitive mechanical force detectors [1, 2].
In various guises, it has been used throughout the his-
tory of precision experimental physics: Cavendish’s mea-
surement of the Newtonian gravitational constant using
a torsion pendulum [3] is essentially still the preferred
method [4]; the first measurements of the feeble radia-
tion pressure force [5] and torque [6] used one; table-top
tests of the equivalence principle [7, 8], as well as tests of
the inverse-square law of gravity [9], continue to employ
torsion pendula read-out using optical levers.

In recent years, the ability to enhance the sensitivity
of the read-out by integrating mechanical oscillators with
optical cavities – within the field of cavity optomechan-
ics [10] – has renewed interest in fundamental tests of
quantum mechanics [11], decoherence mechanisms [12–
16], and gravitational physics [17–21] using table-top me-
chanical experiments. In general, optomechanical ex-
periments to test several of these proposals call for low
frequency (sub-Hz), high quality factor, massive (sub-
gram) mechanical oscillators measured with high sensi-
tivity [22]. In this context, a macroscopic torsion pen-
dulum – a well-proven platform for high-precision me-
chanical experiments – coupled to an optical cavity – for
enhanced optical read-out and control – affords a unique
combination of capabilities that could enable quantum
state preparation in the future.

In addition to read-out sensitivity, all measurements
of the angular displacement of a torsion pendulum are
limited by thermal torque fluctuations. For a torsion
pendulum at temperature T , with a moment of inertia I,
and damping rate γm(ω), the thermal torque at frequency

ω is quantified by the spectral density [23, 24],

Sth
τ (ω) = 4kBTIγm(ω) (1)

Once extraneous technical noise sources are eliminated,
the sensitivity of a torsion pendulum can be limited by
thermal noise. One route to further improvement is
to employ nano-scale (low moment of inertia) torsional
oscillators [25, 26], with low dissipation (low damping
rate), operated at cryogenic temperatures [27]. Typical
nano-scale oscillators operating at high resonant frequen-
cies (ωm) tend to be viscously damped, i.e. γm(ω) =
ωm/Qm is frequency-independent and characterized by
the quality factor Qm. A pico-gram-scale torsional os-
cillator with high-Qm, coupled to a cryogenic optical
micro-cavity, has realized a record torque sensitivity of
10−24Nm/

√
Hz [27].

Sub-gram-scale torsional oscillators – such as the ones
required for fundamental tests of decoherence [16, 22] –
have either been traditionally read-out using an optical
lever [28–30], or when integrated with an optical cavity,
limited by thermal and technical noises [31, 32]. To the
best of our knowledge, the state-of-the-art is a torque
sensitivity of 4× 10−16Nm/

√
Hz at 6 kHz (inferred from

the reported torque variance of 2×10−18Nm achieved af-
ter an integration time of 14 hours) [28]. In this Letter,
we report an order of magnitude improvement in sen-
sitivity to 2 × 10−17Nm/

√
Hz at around 100Hz, with

a milligram-scale torsion pendulum at room tempera-
ture. Our oscillator is a 10-mg suspended bar-shaped
mirror oscillating at 90mHz. Two optical cavities are
constructed, one on each edge of the bar mirror, in or-
der to sense the rotational mode by subtracting the two
signals. Radiation pressure forces from the two cavity
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FIG. 1. (a) Configuration of the torsion pendulum with two triangular cavities, one on each edge of the bar, used for readout.
Input mirrors for either cavity are rigidly mounted, while the third mirror is suspended and can be actuated for cavity length
control. (b) Pictures of the bar mirror from front and side views. (c) Simplified schematic of the experiment. Laser frequency is
stabilized by a reference cavity with a phase modulator (PM), a polarizing beam splitter (PBS) and a quarter wave plate (QWP)
using a Pound-Drever-Hall (PDH) error signal. Laser intensity stabilization is done by feedback to an amplitude modulator
(AM). The reflection from the cavities are monitored by photo diodes (PDs) to control the cavity length. The subtracted error
signal is analyzed to estimate torsional motion of the bar.

modes are used to stiffen the torsional mode using an
optical spring, which further dilutes the contribution of
suspension thermal noise [33]. The low suspension ther-
mal noise has enabled the realization of the best torque
sensitivity at these mass scales to our knowledge. This is
a crucial step towards tests of gravitational and quantum
physics with torsion pendula.
Concept and experiment.– At the low frequencies of

the suspensions of large oscillators, structural damping
leads to a frequency-dependent dissipation [24, 34], i.e.
γm(ω) = (ωm/Qm)(ωm/ω). Thus, for large-scale torsion
pendula, thermal torque fluctuations,

Sth,struct
τ (ω) = 4kBTI

ω2
m

Qmω
, (2)

decrease quadratically with the resonant frequency.
Thus, a low-frequency torsion pendulum can efficiently
offset the benefits of cryogenic operation (as long as the
dissipation in the suspension is not increased). Since the
restoring torque of a single suspension wire is propor-
tional to the radius of the wire to the fourth power, the
resonant frequency of a torsion pendulum can be dra-
matically decreased by using ultra-thin suspensions. Fur-
thermore, thermal noise is reduced by a 1/ω factor above
resonance compared to a viscously damped oscillator.
The torsion pendulum we use, shown in Fig. 1b, is

formed by suspending a 10 mg bar mirror (silica sub-
strate of dimensions 15 mm × 1.5 mm × 0.2 mm) on a
single strand of carbon fiber that is ∼ 6µm thick and 2.2

cm long. The small diameter and low shear modulus of
the fiber (∼ 10GPa) gives a torsion resonant frequency
ωm = 2π × 90mHz, while ring-down measurements indi-
cate a damping rate of γm(ωm) = 2π× (35± 3)µHz, cor-
responding to a quality factor of Qm = (2.6± 0.2)× 103.
Taken together, Eq. (2) predicts a thermal torque of
0.8× 10−18Nm/

√
Hz at 100Hz.

In order to access this state-of-the-art sensitivity at
the milligram scale, we use two optical cavities situ-
ated on either end of the bar mirror (see Fig. 1a) to
sense its displacement. The cavities have a triangu-
lar configuration to quell radiation pressure torque in-
stabilities [35]. Their input mirrors, half-inch in size
with reflectivity Ri = 99.8%, are mounted on a rigid
holder which are themselves on picomotors so as to al-
low for cavity alignment. The second mirror is of a
similar size, but with a reflectivity of Rc = 99.99%,
is embedded in a brass spacer weighing 70 g and sus-
pended from four piano wires. It is actuated using a
coil-magnet arrangement for cavity length control. The
cavities are each driven by 20mW of 1064nm light from
a Nd:YAG laser derived at a beam-splitter (see Fig. 1c).
Either cavity is designed to be 9 cm long, and their fi-
nesse was measured to be FA = (3.0 ± 0.3) × 103 and
FB = (2.4 ± 0.2) × 103 respectively. The resulting cir-
culating power PA,B ∼ 10W, together with the effective
length of the bar Leff = 10mm (which quantifies the ef-
fect of spot position on the bar mirror) allows in principle,
a torque sensitivity of 1.2× 10−18Nm/

√
Hz at 100Hz.
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However, various sources of extraneous technical noises
need to be mitigated to realize the design potential. Iso-
lation from ground motion is achieved by placing the cav-
ities on an aluminum plate on a double pendulum system
and elastomer dampers (Viton) at the bottom; this pro-
vides 70 dB isolation from vertical ground motion and an
estimated 100 dB in the horizontal direction at 100Hz.
Extraneous laser frequency noise is suppressed by stabi-
lizing the laser with an in-vacuum reference cavity (4.4
cm long with a finesse of 6.4×104) using a Pound-Drever-
Hall error signal that is used to actuate the laser piezo;
this results in a residual frequency noise of 0.03Hz/

√
Hz

at 100Hz, as estimated from the suppressed error sig-
nal of the frequency stabilization loop. Laser intensity
is actively stabilized to a relative shot noise level of 3
using an amplitude modulator to actuate on a photo
detector (PD) signal that monitors laser power. Both
the reference cavity and intensity monitor PDs are seis-
mically isolated. The entire experiment, together with
the extraneous noise sensors, is operated at a pressure of
2.4×10−4Pa to eliminate coupling of acoustic noise, and
noise due to residual gas.

To measure the torsional mode, each of the two cavities
is locked to the laser. Laser-cavity detuning is controlled
by adding offsets to the feedback signal. A radiation
pressure optical spring, implemented by blue-detuning
the laser to 1/

√
3 ∼ 0.6 of the cavity linewidth (to max-

imize the optical spring for given input power), further
suppresses the influence of low-frequency ground vibra-
tions. Finally, amplitude fluctuations of light reflected
from each cavity, detected on a PD, are combined to
obtain the rotational motion of the torsion pendulum.
Common-mode rejection from combining the displace-
ments of the bar’s ends further suppresses seismic noise
in the signal.

Result and discussion.– The measured torque spectral
density is shown in Fig. 2 (red trace). The spectrum
is calibrated in torque units using the known suscepti-
bility of the torsion pendulum and the estimated spec-
trum of the pendulum’s angular displacement. The lat-
ter is obtained by combining either cavity’s displacement
noise in a linear superposition, θ = (xB − αxA)/Leff .
Here, Leff = 10mm is the effective length of the bar in-
ferred from monitoring the bar’s bending modes. The
superposition coefficient α is ideally unity; however dif-
ferences in the two beam spot sizes, reflectivities of the
two ends of the bar, and transduction of either cavity
implies that α 6= 1. In order to determine α, we use
the fact that common-mode extraneous noises, such as
external vibration noise, should not couple to the angu-
lar displacement of the bar. We are thus led to choose
α = 0.88 which minimizes the transduction of the vi-
bration noise peak at 73Hz (originating from a vacuum
pump) by a factor of 0.03. This optimal choice also sup-
presses other broadband noises in the 50-100Hz inter-
val by a factor of 0.5, resulting in a torque sensitivity

FIG. 2. Noise spectra of differential force on the ends of the
bar mirror, calibrated as a torque. The measured spectrum
(red) can be largely understood using a noise budget (blue)
consisting of vertical seismic noise (cyan dotted), thermal
noise of the input mirror holder’s structural modes (brown
dotted), laser noise (black dotted), internal bending mode of
the bar mirror (orange dotted), thermal noise from the pendu-
lum suspension (green dotted), and quantum radiation pres-
sure torque noise from the readout cavity modes (red dotted).

of 2× 10−17Nm/
√
Hz (corresponding to an angular dis-

placement of 10−15 rad/
√
Hz). This is by approximately

an order of magnitude above the ideal thermal noise limit
expected for the given configuration, and the best torque
sensitivity achieved at the milligram scale to our knowl-
edge.
The blue trace in Fig. 2 shows the total budgeted noise,

while the various dotted lines show the dominant compo-
nents of the budget. Vertical seismic noise (cyan dotted),
measured independently by a seismometer, limits the sen-
sitivity at low frequencies (< 50Hz) where the seismome-
ter and the cavity length signals have a coherence close to
unity. The transduction from vertical ground motion to
cavity length is frequency-dependent, via the 20Hz res-
onance of the vibration isolation platform; in the noise
budget, we model the transduction above 20Hz. Ther-
mal noise of the input mirror holder (brown dotted) lim-
its sensitivity at high frequencies (> 150Hz). The non-
monolithic construction of the input mirror holder, partly
due to the various moving parts for cavity alignment,
has several structural resonances which we model using
their quality factors (typically below 10) and resonant
frequencies. The origin of the mirror holder noise has
also been verified by using a single linear cavity, elimi-
nating the rigid input mirror holder. A more fundamen-
tal, but small, contribution to the noise budget at these
frequencies is due to the thermal motion of the bending
mode of the bar mirror substrate (orange dotted) [36].
Note that other thermal noises are negligible; this in-
cludes higher order bending modes, linear displacements
of the suspension, and violin modes of the fiber. Finally,
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FIG. 3. Optical spring response of either cavity, measured
as the open loop transfer function of the respective cavity’s
length control signal. The measured amplitude and phase of
the cavity A (B) are shown as blue (purple) dots, while solid
lines show a model fitted to the data.

torque-equivalent laser noise (black dotted), arising from
residual amplitude noise that limits readout sensitivity
(in cavity reflection) and excess frequency noise that gives
rise to intra-cavity amplitude noise (for detuned opera-
tion) and thus classical radiation pressure torque fluctu-
ations, remain yet smaller. Despite accounting for all the
above sources of noise, an unexplained excess remains in
the 50-150Hz interval; we conjecture that the excess is
due to stray scattering of light in the readout path.
Fundamental noises related to the pendulum, such

as suspension thermal noise of the torsional mode, and
quantum radiation pressure noise, are shown as the green
and red dotted lines respectively. They are plotted as
torques acting on the measured beam spot positions.
Suspension thermal noise, calculated from Eq. (2) us-
ing the measured resonant frequency and quality factor,
is below the total budgeted by an order of magnitude
at 100Hz. Quantum radiation pressure torque noise is
given by

Srad
τ (ω) =

2~

δ
mω2

effL
2
eff , (3)

where δ is the cavity detuning normalized by the cav-
ity line width, and ωeff is the effective mechanical reso-
nant frequency including the optical spring. In our ex-
periment, δ ∼ 0.6, while the effective mechanical fre-
quency, dominated by the optical spring (see Fig. 3), is
ωeff ∼ 2π × 1 kHz. The resulting estimate for the quan-
tum radiation pressure torque noise contributes about
(14±3)% to the measured spectrum around 100Hz. This
value, along with [37], is the highest reported on mil-
ligram and gram-scale experiments to observe quantum
radiation pressure noise [38–40].
The achieved torque sensitivity can be cast as a test of

spontaneous wave function collapse [15, 16]. The CSL
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FIG. 4. Landscape of CSL diffusion rate excluded by me-
chanical experiments. The gray region represents the range
of diffusion parameters yet to be tested [41]. Resonant ther-
mal noise measurements using cryogenic cantilevers [42, 43]
exclude a narrow range of parameters at 1-10 kHz. Advanced
LIGO’s sensitivity does not yet broach the interesting re-
gion [44], while LISA Path Finder does exclude swaths at
low frequency [45]. Red region at the top represents the cur-
rent experiment, while the red dashed line is the projection
for the current experiment if it were limited by the suspension
thermal noise.

model for wave function collapse posits an additional
torque noise on the oscillator [15],

SCSL
τ (ω) = λCSL

8π~2r2CSL

m2
0

ρI

d
, (4)

where λCSL and rCSL are the CSL parameters quantify-
ing the excess momentum diffusion rate and characteris-
tic length; m0 ≃ 1.66× 10−27 kg is the atomic mass unit,
ρ the density, and d the thickness of the torsional oscil-
lator. The torque sensitivity achieved in our experiment
can therefore be interpreted as setting a bound on the
diffusion rate λCSL. The red trace in Fig. 4 shows the
limit set by the current experiment. Interestingly, our
experiment straddles the region of parameter space left
untested by LISA Path Finder [45], and high-frequency
cantilevers [43]. In fact, with further improvement to
reach the thermal-noise limit of our torsion pendulum,
we can bridge this gap (red dashed line), and exclude
some of the region yet to be tested (gray). The low mass
and low thermal noise allow us to improve upon the limit
set by advanced LIGO [44] in this region of parameter
space.
Future directions and conclusion.– The current experi-

ment is limited by thermal noise from the low order bend-
ing modes of the bar, and radiation-pressure-induced cav-
ity misalignment at higher optical powers. The former
problem can be solved by replacing the bar mirror with
a dumbbell-shaped arrangement of mirrors at the two
ends. The shorter and thicker substrate in this case in-
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creases the resonant frequencies of the bending modes
and reduces their thermal noise. In ongoing work, we
are experimenting with a linear cavity - without the fixed
mirror - to readout the oscillator’s displacement in a man-
ner that is resilient to radiation pressure torque instabili-
ties; this would eliminate thermal noise due to the mirror
holder. In this fashion, extraneous noise above 150Hz is
expected to be mitigated, and lead to a torque sensitivity
at the standard quantum limit, about 1×10−18Nm/

√
Hz

at 400Hz.

In conclusion, we have demonstrated a milligram-scale
torsion pendulum with the best torque sensitivity at
these mass scales. This is achieved by employing a sus-
pension made of a single strand of carbon fiber featuring
an exceptionally small resonant frequency with internal
dissipation that is structural in nature. By forming trian-
gular cavities on each edge of the torsion bar – to elim-
inate radiation pressure torque instabilities – and per-
forming differential readout of the output of the two cav-
ities, we realize a torque sensitivity at the few atto-Nm
level. This is within an order of magnitude of being lim-
ited by quantum radiation pressure torque fluctuations,
and has the potential to explore various aspects of grav-
itational and quantum physics, including stringent tests
of spontaneous wave function collapse.
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