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Surpassing the Standard Quantum Limit Using an Optical Spring
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Quantum mechanics places noise limits and sensitivity restrictions on physical measurements. The
balance between unwanted backaction and the precision of optical measurements imposes a standard
quantum limit (SQL) on interferometric systems. In order to realize a sensitivity below the SQL, it is
necessary to leverage a backaction evading measurement technique, reduce thermal noise to below the level
of backaction, and exploit cancellations of any excess noise contributions at the detector. Many proof of
principle experiments have been performed, but only recently has an experiment achieved sensitivity below
the SQL. In this work, we extend that initial demonstration and realize sub-SQL sensitivity nearly two
times better than previous measurements, and with an architecture applicable to interferometric
gravitational wave detectors. In fact, this technique is directly applicable to Advanced LIGO, which
could observe similar effects with a detuned signal recycling cavity. We measure a total sensitivity below
the SQL by 2.8 dB, corresponding to a reduction in the noise power by 72 £ 5.1% below the quantum limit.
Through the use of a detuned cavity and the optical spring effect, this noise reduction is tunable, allowing
us to choose the desired range of frequencies that fall below the SQL. This result demonstrates access to
sensitivities well below the SQL at frequencies applicable to LIGO, with the potential to extend the reach of
gravitational wave detectors further into the Universe.
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Introduction—The standard quantum limit (SQL) is a
theoretical limit imposed on precision measurements by the
Heisenberg uncertainty principle [1,2]. While its name
implies an ultimate limit on the precision measurements,
this limit can in fact be beaten through clever manipulations
of the system under test. Ground based gravitational wave
detectors such as LIGO have achieved sensitivities that
approach the SQL at frequencies near 100 Hz [3,4]. As of
the conclusion of the third observing run, the aLIGO
detectors are within a factor of 2-3 of the SQL at 70 Hz
[5,6], with this quantity expected to improve with the
implementation of frequency dependent squeezing [7]. In
this Letter, we experimentally demonstrate a technique that
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allows interferometric gravitational wave detectors to reach
sensitivities below the SQL.

In an interferometric measurement such as LIGO,
quantum noise exists in two parts: shot noise (imprecision
noise) and quantum backaction (radiation pressure noise).
Shot noise scales inversely with laser power whereas
radiation pressure noise (RPN) scales proportionally to
laser power. The uncertainty principle for these two
quantities is given by

SimPgTPN > 72 /4. (1)

The SQL may be derived by analyzing this relationship. A
spectral density for the imprecision and radiation pressure
noise can be given by [8,9]

2

X,
Simp — zpf , 2
4Fmeas ( )
n’T
Srpn — 2l'IleaS , (3)
xzpf

where [, is @ measurement rate and x,p; is the RMS of
the oscillator’s zero-point fluctuations [8,9]. By analyzing
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the equation of motion for a damped harmonic oscillator
the mechanical susceptibility of the system is

1
- m(Q - —il,Q)’

(4)

where I',, is a mechanical damping rate and € is the
fundamental resonant frequency of the oscillator.
Equations (2)—(4) lead to the total quantum noise (qn) in
the system, given by

SI(Q) = S + [ (Q)]PS™(Q). (5)

This quantity can be minimized with respect to the
measurement strength to determine the corresponding level
of minimum noise,

T = Gt R

Plugging this into Eq. (5) yields what is known as the SQL,

S = Ssqu = hly(Q)]. (7)

The calculations of the SQL used in this Letter makes use
of Eq. (7) through code developed in Ref. [10]. This
calculation shows that a lower limit exists on the total
quantum noise in a system whose imprecision noise and
backaction remain uncorrelated. However, sub—SQL sen-
sitivities can be achieved by correlating and manipulating
these two noise sources in a process referred to as quantum
nondemolition (QND) [3,11].

A variety of proof-of-principle sub-SQL QND tech-
niques have been explored [12—16]. One method involves
injected squeezed light, something that was accomplished
by the detector group at aLIGO. In that work, a measure-
ment of up to 3 dB below the SQL was realized by making
use of injected squeezed vacuum states and by subtracting
unwanted classical noise from the measurement [6]. A
second technique also takes advantage of a variational
readout which makes use of a second field, often origi-
nating from the same laser source, to modify the meas-
urement quadrature [4,6]. This Letter makes use of a third
method, by amplifying the mirror’s motion via the optical
spring effect. This amplifies the backaction and any signal
resulting from the mirror’s motion at the optical spring
frequency while simultaneously keeping shot noise the
same. A detailed calculation of why the mirror’s motion is
amplified can be found in the following section. Detailed
calculations of the optical spring effect can be found in
Refs. [17-19].

Not until recently has it been possible to experimentally
demonstrate any interferometric measurement with sensi-
tivity below the SQL [8,20]. The Mason et al. experiment
utilized a cryogenically cooled high quality factor SizN,

membrane resonator dispersively coupled to a Fabry-Perot
cavity, which allowed a sensitivity measurement up to
1.5 dB below the SQL, at megahertz frequencies. We go
beyond this previously groundbreaking measurement by
performing the experiment in the audio band, and forgoing
dispersive coupling by instead employing a linear two-
mirror cavity with a movable mirror. This operating range
and optical setup is more akin to the current design of
ground based gravitational wave detectors.

Previous experiments performed by our group [21,22]
were carried out at room temperature. In order to surpass
the SQL, two main upgrades to our system must be made.
First, thermal noise must be combatted. This is realized
with the addition of a cryostat cooler, bringing the cavity
down to approximately 30 K. Second, the frequency noise
of the laser begins to limit noise levels at cryogenic
temperatures. Frequency noise is addressed with the
addition of a delay line interferometer.

Explanation of optical spring suppression—Here, we
dive deeper into the physics behind why the optical spring
allows for a sub-SQL operation. To understand the optical
spring, consider the circulating power in a cavity given by

Py

“Tre ®)

Pc

where P is the maximum circulating power with the cavity
on resonance and ¢ is the detuning in terms of linewidths of
the cavity. In the case of a cavity in which the only loss is
the transmission through one mitror, in our case the input
mirror in Fig. 1, the max circulating power is given by
Py = (4/T)P;,, where T mirror transmission. The force
due to radiation pressure on one mirror is then (2P./c).
The optical spring constant can be found by taking the
derivative of this with respect to x,
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FIG. 1. Overview of the experimental setup. The microreso-
nator is connected to a 4 K cryostat via a flexible heat link. Light
exiting the cavity is measured on a photodetector (PD; ) where the
signal is subsequently fed to a servo amplifier (SA) and to an
Amplitude Modulator (AM), in order to stabilize the cavity at a
constant detuning. An intensity stabilization servo (ISS) is used to
stabilize the laser power to shot noise by feeding back to the first
AM. Additionally, light is picked off before the cavity and fed to a
100 m delay line interferometer. This allows for a precise
measurement of the frequency noise of the laser in order to
subtract it from our final measurement.
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2dP. 2dP.do —3276P,
os =T 28D T (g)
cdx ¢ dédx AcT(1+6%)
Note that from Eq. (9), a cavity detuning of 6 <0
corresponds to a positive optical spring constant and
therefore a restoring force.
All motion of the movable mirror in the cavity will be
amplified at the optical spring resonance frequency, given

by Qos = /[(Kos + K,,)/m], where K,,, is the mechanical
spring constant and m is the mass of the movable mirror.
For this experiment, Kqog > K,,, and so we will approxi-

mate Qqog ~ +/(Kog/m). This calculation does not take
into account the time delay in the cavity’s response that
gives rise to an optical damping force ['ng. Additionally,
this calculation assumes the mechanical damping rate is
very small compared to the optical damping force,
I',, < I'gg. For our parameters, ['gg < gg, and therefore
the magnitude of the quality factor of the optical spring is
large, Qpg > 1. This implies that the mirror motion,
including backaction, is amplified at the optical spring
resonance compared to the absence of the optical spring in
a similar system. Effectively, at the resonance, the back-
action and any signal resulting from mirror motion are
amplified by a factor of Qqg, while the shot noise remains
the same. In the context of gravitational wave detection,
sensitivity is ordinarily referred to free mass displacement,
or the equivalent displacement sensitivity if the system
were a free mass. This is done because the strain sensitivity
may then be obtained simply by dividing by the length of
the cavity. At the resonance of the optical spring, this is
accomplished by dividing by Qg to obtain the original,
unamplified motion. In doing so, the shot noise is reduced
by the same factor Qqg. Essentially, this results in a linear
rescaling, such that in the optical spring picture, all motion,
including backaction, is amplified by Qgg and shot noise
remains unchanged. In the free mass picture, all motion,
including backaction, remains the same, but shot noise is
reduced by Qqg. Thus, in evaluating the performance at
Qqs in the free mass picture, it is sufficient to consider only
backaction noise and neglect shot noise.

To calculate the backaction, we consider the radiation
pressure imposed by the fluctuations in the circulating
power of the cavity imposed by the shot noise of the
incident light to the cavity,

1 2P, [anf
X, =——
PomQ? ¢ P,
1 2P 8h
= 5 d f 5 (10)
@ ¢ \|P.T(1+ &)

To evaluate the performance, we can divide this by the free
mass SQL,

2h
=\/— 11
XsQL oy ( )
and evaluate at the optical spring frequency g,
Xrp 1 2P, 8hf o ImQ3q
XsqLlg,, MQs ¢\ PT(1+6) 2h
1 32zhfP,
_ 1 32zhfP, (12)

c\| m@AT(1+ 8

By applying the approximation for the optical spring
frequency, as given above, we then end up with

x 1 32whfP,

o © m(\/%ym +8)

Here, we can see that this method, measuring at the
optical spring resonance in transmission, beats the SQL by

e
XsQL

a factor of /—6. Note that a negative detuning corresponds
to a positive optical spring and therefore a restoring force.
This method is particularly robust against optical losses,
and it relies on amplifying the signal rather than canceling
out noise terms. This result is confirmed by numerical
calculation. For a cavity with positive detunings, and
therefore negative spring constant, the motion is not
amplified and this calculation does not apply.

Experimental setup and procedures—OQOur experimental
setup consists of three main subsystems: the optomechan-
ical (OM) cavity and associated feedback, a 100 meter
delay line interferometer, and an intensity stabilization
servo (ISS). The OM cavity utilizes a 1-cm long Fabry-
Perot configuration incorporating a half inch input mirror
with a radius of curvature of 2.5 cm and a second 70 pm
diameter GaAs/AlGaAs (23 pairs) Bragg reflector inte-
grated on a low-noise single-crystal GaAs cantilever
[21,23]. The suspended micromirror has a mass of 50 ng
and a fundamental resonance frequency of 876 Hz. The
OM cavity is housed in a vacuum chamber (~107? torr)
and is cooled cryogenically to about 30 K. Cavity readout is
realized via a Nd:YAG nonplanar ring oscillator laser with
wavelength 1064 nm.

The delay line interferometer is created by a free space
path and the addition of a 100 m long optical fiber that
creates the optical path length difference between the two
arms. The entirety of the delay line is kept at room
temperature and atmospheric pressure. This subsystem
has two functions. First, it is used to suppress the laser
frequency noise (LFN). The interference of the two paths in
the delay line is measured on two photodetectors, PD and
PD, in Fig. 1, and the two signals are subtracted from one
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another and sent to a proportional-integral-derivative con-
troller to stabilize these fluctuations. This allows the
interferometer to be locked to a stable value in order to
facilitate its second function: precisely calibrating the LFN.
With a precise calibration of the LFN and the measurement
scheme described at length in Supplemental Material [24],
we can study the noise spectrum free of LFN. Additionally,
the final subsystem, an intensity stabilization servo (ISS),
is used to suppresses classical relative intensity noise
fluctuations.

At room temperature, thermal noise is much larger than
the SQL, so we introduce a two stage cryocooler. The
minimum temperature reached on the sample holder is
16 K. However, the large mechanical vibrations introduced
by the cryostation compressor frequently result in a loss of
the cavity lock. For this reason, the cryostation compressor
is turned off and the cavity slowly warms as a measurement
is performed. The recorded temperature refers to the final
temperature reached at the end of the calibration and
measurement process, thus yielding an upper bound on
the theoretical estimate of the thermal noise.

To compare the measured noise to the SQL we make use
of modified measurement scheme from previous experi-
ments. The ISS and cryostation reduce classical intensity
noise and thermal noise below the SQL, but laser frequency
noise still remains. A precise measurement of the LFN is
taken concurrently with the displacement measurement, as
well as the coherence between the two, in order to allow for
a coherent subtraction of the LEN from the displacement
measurement.

The light transmitted through the optomechanical cavity
is maximized on PDy . The signal from PDy is sent through
a servo amplifier (SA) before being sent to the second AM
to lock the cavity. We lock the cavity with a detuning of
0 = —3.1. The linewidth of the cavity (half width half
maximum) is 520 kHz. Given an absolute detuning of 3.1
linewidths, the corresponding circulating power is 71 mW
and the optical spring frequency is 67 kHz. The mechanical
quality factor of the cantilever at cryogenic temperatures
is 25000 =+ 2200.

Results and discussion—A displacement measurement
as a ratio to the SQL of the system can be found in Fig. 2.
At an upper limit temperature of 29 K, we observe up to a
2.8 dB reduction below the SQL. Additionally, the fre-
quency band at which the measurement lies below the SQL
is between 50 kHz-74 kHz, with the maximum reduction
occurring at 62.2 kHz. This maximum reduction corre-
sponds to a 72% reduction in the power spectral density.
The orange and green curves represents the expected
quantum and thermal noise respectively, as calculated by
Ref. [10]. Not pictured in Fig. 2 is a measured noise level
due to the electronics noise of the system, which we have
found to be insignificant.

As the optical spring generates amplification of the signal
due to the mirror’s motion, we can adjust the frequency at

25 Calibrated Sub SQL Measurement
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FIG. 2. Calibrated noise spectrum with a 67.8 kHz optical
spring frequency. Calibrated noise measurement as a ratio with
respect to the standard quantum limit (blue). The orange and
green curves represent the total quantum and thermal noise of the
system, respectively. The purple curve is the quadrature sum of
the two, showing these two noise sources are the main contri-
butions to the limiting noise of the experiment. This measurement
realized a maximum 2.8 dB or 72% reduction below the SQL.

which the measurement goes below the SQL by changing
the optical spring frequency. In this sense, we can create a
tunable sub-SQL device as seen in Fig. 3. The optical spring
frequency range that we observe sensitivities at or below the
SQL is 41.3 kHz-91.4 kHz. As seen in the top and bottom
panels, at an optical spring frequency of 41.3 and 91.4 kHz,
the calibrated noise measurement shown has the most
sensitive portion equal to the SQL. For all optical spring
frequencies in between, we see a reduction below the SQL.
For the full range of optical spring strength, the measurement
frequency range where sub-SQL sensitivity is observed is
between 40 kHz—74 kHz. Such tunability could be exploited
for LIGO and other interferometric experiments if there is a
specific frequency range of interest for realizing sub-SQL
sensitivity.

An at length discussion of the calibration technique can be
found in the Methods section. Here, we provide details on
the uncertainties associated with the experiment. There are
two main contributions to the total experimental uncertainty:
the uncertainty associated with our measure of the total
noise, or our calibration technique, and the uncertainty in the
magnitude of the SQL of our system, stemming from an
uncertainty in the mass of the cantilever mirror.

For a robust sub-SQL claim, we require that the uncer-
tainty in the calibration technique be much less than the
amount we beat the SQL by. For this reason it is important to
constrain an uncertainty in the calibration process. This can
be done through testing the repeatability of the calibration
process. We introduce a sine wave of a known voltage on the
electro-optic modulator, and measure the frequency response
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FIG. 3.
effect tunes the frequency region at which we see a reduction below

Calibrated measurements at four different optical spring frequencies. Changing the detuning of the cavity via the optical spring

the SQL. 41.3 kHz and 91.4 kHz are the lower and upper limit,

respectively, of the optical frequencies which yield an interferometric displacement measurement at or below the SQL. For optical spring
frequencies between these values we measure some reduction below the SQL. In gray are calculated quantum and thermal noise

corresponding to the parameters of each individual measurement.

of this signal. This process was repeated to show that the
measurement variation remained less than 1% setting the
maximum error in calibration at this level.

Additionally, we must take into consideration how well
we know the SQL for our system. In the free mass regime,
this solely depends on the mass of the microresonator
mirror. In Ref. [23], the mass of the movable mirror was
estimated to be 50 ng. This was estimated through a
calibrated measurement of the thermal noise of the system,
in which Cripe et al. estimates a +10% uncertainty in the
mass. Propagating this through the SQL free mass formula
corresponds to a 5% uncertainty in the SQL of our system.
If we consider the ratio of our calibrated measurement to
the SQL as our final quantity, such as the blue curve in
Fig. 2, the total relative error of the experiment is 5.1%.
This error is significantly less than which we beat the
SQL by.

The displacement sensitivity of this system has been
shown to realize a long standing goal in the quantum optics
community. The results presented here show that the
standard quantum limit can be beaten at frequencies and
using mechanical systems relevant to gravitational wave
detectors. Additionally, the creation of a tunable sub-SQL

device has the potential to enable improved gravitational
wave detector sensitivity through the use of a detuned
signal recycling cavity.
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