Laser & Photonics Reviews

| RESEARCH ARTICLE

W) Check for updates

www.lpr-journal.org

Quantum-Enhanced Optomechanical Sensor Network

Qinghui Li' | WeiLi*? | Yufan Wang' | Yajun Wang"?

| Long Tian"?

| Shaoping Shi? | Yaohui Zheng'?

IState Key Laboratory of Quantum Optics Technologies and Devices, Institute of Opto-Electronics, Shanxi University, Taiyuan, China | ?Collaborative

Innovation Center of Extreme Optics, Shanxi University, Taiyuan, China

Correspondence: Wei Li (xliwei@sxu.edu.cn) | Yaohui Zheng (yhzheng@sxu.edu.cn)

Received: 26 June 2025 | Revised: 23 October 2025

Keywords: distributed quantum sensing | optomechanical sensor network | quantum metrology

ABSTRACT

Distributed quantum sensing (DQS), an essential branch of quantum metrology, can substantially boost the sensitivity and

reliability in multi-parameter estimation, achieving the Heisenberg scaling. Here, we report the first experimental demonstration

of a quantum-enhanced optomechanical sensor network, achieving the DQS advantage of a maximum 1/M-fold increase trend

with sensor number. The challenge of poor uniformity is addressed by decoupling and independently manipulating each

optomechanical parameter, and the acquired inconsistencies are less than 2.4%. By tailoring a four-partite entangled state, the

acquired quantum advantage is 57.3% compared to that with coherent probes, and 23.7% compared to that with the separable

scheme. Moreover, the quantum enhanced optomechanical sensor network is applied to estimate incoherent forces, enhancing the

estimation resolution by 33.7% in contrast with the separable scheme. The entanglement-enhanced optomechanical sensors with

high consistency pave the way for future large-scale quantum sensor network, facilitating the micro-seismic epicenter locating,

dark matter searching, and so on.

1 | Introduction

Quantum metrology [1, 2] offers a remarkable opportunity to
improve the sensitivity of parameter estimation beyond the
standard quantum limit by leveraging quantum characteristics
such as squeezing or entanglement, squeezing and superposition,
providing access to the Heisenberg limit that is available in
no other way [3-5]. Exploiting the unique properties of diverse
physical systems, including atomic ensembles [6], solid-state spin
[7], optomechanical [8], ultracold atoms [9] and molecules [10],
the combination of advances in material and control techniques
continues to enhance measurement precision of individual sen-
sors [11, 12]. Especially, by externally injection of a single-mode
squeezed state [13], the sensitivities have been improved in
gravitational wave detection [14-16], magnetometer [17], biolog-
ical imaging [18] and force sensing [19-21]. The measurement
sensitivity can also be enhanced by generating intrinsic squeezing
in a crystal sphere [22] and optomechanical systems [23-30].

© 2025 Wiley-VCH GmbH

Nevertheless, individual quantum sensor excels in localization
and high-sensitivity tasks, but faces critical limitations in scala-
bility, target positioning, and multi-parameter sensing. Quantum
sensor network that addresses many of these limitations of
individual quantum sensor combines distributed sensors with
shared quantum resources to achieve unprecedented sensing
sensitivity and reliability, positioning resolution, undoubtedly
promoting conceptual advances and technical progress of disaster
warning [31-34], resource exploration and military defense [35].

Distributed quantum sensing (DQS) [36, 37], a sensing protocol
where multiple sensors share the continuous variable (CV)
multipartite entangled state produced from one squeezed state,
can achieve the Heisenberg scaling in the noiseless condition,
thereby enabling a measurement precision scales inversely with
the number of sensors [38-43]. Relying on the sensor num-
ber and the weights of CV multipartite entangled state [44],
researchers have demonstrated quantum advantage in numerous
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distributed sensing problems including radio-frequency signals
[44-46] and optical phase [47]. Recently, enhanced precision in
a clock network has been achieved through spatially distributed
entanglement in an atomic ensemble [48]. There is no doubt
at all that a greater number of sensors enriches the physics
of distributed sensing [49-53], up to enough sensors for these
applications ranging from gravity-based subterranean imaging to
dark matter searches [54]. One of the main limitations of scaling
the sensor network is quantum decoherence from system loss,
where the quantum advantage can be reinstated via quantum
repeaters [55] and quantum error correction [56, 57]. It should
be emphasized that almost all demonstrations above employ
electro-optic modulators as quantum transducers to simulate
multiple physical quantities. Although the sensitivity advantage
has been demonstrated using the simulated signal, it has not
yet been validated in a more practical scenario. Cavity optome-
chanical sensor [8, 58, 59], one of the most accurate, stable,
and practical sensors, has facilitated high-precision estimation
for numerous physical quantities including gravitational wave
[60-62], displacement [63], acceleration [64-66], mass [67], and
magnetic field [68, 69]. Recently, researchers have taken a critical
step toward integrating arrayed optomechanical sensors with
a two-partite entangled state [19]. Looking forward, expanding
the optomechanical sensor array can enhance the measurement
capabilities and verify many theoretical predictions. However,
the optomechanical sensor network with more than two sensors
remains largely unexplored.

Here, we report the first experimental demonstration of the
quantum-enhanced optomechanical sensor network with a four-
partite entangled state shared by four independent optomechan-
ical sensors, demonstrating the DQS advantage of a maximum
\/M -fold increase trend with sensor number. Starting from
an optomechanical sensor model, we construct four optome-
chanical sensors with the maximum inconsistency of 2.4% [70]
by decoupling and independently manipulating single-photon
optomechanical coupling strength g,, resonator decay rate x,
mechanical decay rate I', etc. The work demonstrates a pathway of
constructing more consistent optomechanical sensors, enabling
new capabilities for a large-scale optomechanical sensor network,
facilitating these applications of micro-seismic epicenter [71-73],
inertial navigation [74], and dark matter searching [54, 75].

2 | Theoretical Analysis

Figure la is a schematic diagram of the quantum-enhanced
optomechanical sensor network. Each sensor is composed of
a membrane-based mechanical oscillator, whose displacement
x{(w) (j=1,2,...m) is magnified through the interaction between
probe and sensor. The membrane displacement is dispersively
coupled to the resonant frequency of a resonator, converting it
into phase modulation of the probe. The desired force informa-
tion can be derived by F;(w) = x;(w)/x;(w) (see Supporting Infor-

mation Section S3), where y;(w) = is mechanical

mj(ﬂi—wzﬂ'l"jm)
susceptibility, m; is the effective mass, Q; is mechanical resonance
frequency, and T; is mechanical decay rate. The force power
spectral density (PSD) of a membrane-based optomechanical

sensor can be formulated as

2
Kj Sdet,j
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The first term S, ; = 2I;m;k; T characterizes the thermal noise
from Brownian motion, in which kg is Boltzmann’s constant, and
T is the bath temperature. The second term represents measured
imprecision noise, where Sy, ; is the quantum fluctuation of
phase quadrature for either individual or joint readout process-
ing, and ocjz. is the input mean photon number. Obviously, the
imprecision noise is dependent upon resonator decay rate x;
and single-photon optomechanical coupling strength g, ;, both
of which simultaneously (non-independently) change with the
resonator length. What is worse, the variation of mechanical
decay rate T; can be nonlinearly coupled into the mechanical
susceptibility x;(w), resulting in the great challenge of fabricating
sensors with uniform performance.

Figure 1b illustrates the noise budget of force resolution 4 /S ;(w)

at different measurement frequencies. Due to the imprecision
noise scales inversely with the squared modulus of susceptibility
X(®), it exhibits a resonant enhancement at Q; with x;(Q;) =
1/m;j
i JJ
budget and it restricts the acquired minimum force resolu-
tion. At off-resonance frequencies, the mechanical susceptibility
X(w) becomes sharply suppressed, and the imprecision noise
dominates in the total noise budget. The thermomechanical
limit, defined as the frequency-independent but temperature-
dependent fundamental boundary, is achieved when imprecision
noise equals thermal noise contributions. At a cryogenic tempera-
ture of 60 mK, the force resolution reaches the thermomechanical
limit at the resonant frequency, as shown by the yellow dashed
line. However, owing to the intrinsic nature of mechanical
susceptibility, achieving the thermomechanical limit far from
resonance is exceptionally challenging.

. At resonance frequency, thermal noise dominates the noise

Figure 1c represents the force resolution as a function of
mechanical decay rate I'; at both resonant (blue curve) and off-
resonant (red curve) frequencies. The force resolution improves
significantly due to a reduced mechanical decay rate at res-
onance, and thus cryogenic cooling can effectively improve
the minimum force resolution. Figure 1d showcases the force
resolution as a function of optomechanical coupling strength g, ;.
At off-resonance, the force resolution improves with stronger
optomechanical coupling, whereas the on-resonant resolution is
independent of coupling strength. Moreover, the optomechan-
ical coupling strength g, ; scales inversely with the resonator
length (g ; Ljfl), thus a compact resonator can improve the
off-resonant force resolution. Alternatively, by introducing a
phase-squeezed state, the effective single photon optomechanical
coupling strength g, ;/e™" can be enhanced by increasing the
squeezing parameter r. Figure le shows the relationship between
force resolution and resonator decay rate x;. Apparently, the
force resolution at off-resonance can be improved by decreasing
the resonator decay rate, which is achieved by increasing the
reflectivity of the membrane.

Considering the design parameters of our optomechanical sensor,
including resonator length L = 0.5 mm, /27 = 60 GHz, Q; /27 =
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FIGURE 1 | Distributed quantum sensing proposal. Illustration of the entangled network for membrane-based optomechanical sensors (a). Noise

budget for force resolution at different measurement frequencies (b), where the green solid curve represents the total noise, the purple, black, and yellow
dashed curves correspond to the imprecision noise, thermal noise at 300 K, and thermal noise at 60 mK, respectively. Force resolution versus mechanical

decay rate (c), single-photon optomechanical coupling strength (d), and resonator decay rate (e). The red and blue curves show force resolutions for the

off-resonant and on-resonant frequencies. The blue shaded regions represent the parameter inconsistency ranges corresponding to a 3% resolution

inconsistency.

1.9 x 10" Hz, I'/27r = 50 Hz, g,/2m = 822 Hz, the force resolution
reaches 6.6 fN Hz /2 at resonant frequency. In contrast to two
optomechanical sensors [19], it is indispensable to guarantee the
resolution consistency of all optomechanical sensors. Neverthe-
less, it is impossible to make two identical sensors due to the slight
discrepancies of membranes and mirrors. The inconsistency & for
each parameter X; can be defined as

\/Sr(@w,X;) — 1/Sp(w, X)
51/Se(,X,) = .

2
VSr(w,X) @

where parameter X denotes the design value for I, gy, and x, while
parameter X; corresponds to the experimentally measured value.
To achieve a resolution inconsistency of less than +3%, each
parameter, including the resonator decay rate x, the mechanical
decay rate I' and the single-photon optomechanical coupling
strength g,, should be finely manipulated to avoid the intercou-
pling. At the resonance frequency, the lower bound of the force
resolution is limited by the thermal noise. Therefore, we mainly
focus on the manipulation of the mechanical decay rate T to
decrease the discrepancy between sensors, by tuning the size
and position of the probe on the membrane. At off-resonance
frequencies, the resonator decay rate x and single-photon optome-
chanical coupling strength g, dominate the force resolution,
which is manipulated by only displacing resonator length under
the premise of not sacrificing consistency at the resonance
point. The inconsistency ranges are +6.0% for the mechanical
decay rate, +3.0% for optomechanical coupling strength, and
+3.0% for the resonator decay rate, as indicated by the blue

shadow in Figure 1c-e. Achieving such consistency is crucial,
as even small variations of these parameters can significantly
impact the overall force resolution, leading to deviations that
could undermine the measurement reliability. The entangled
sensor network integrating consistent quantum sensors can be
conveniently expanded to large-scale metrological applications.

3 | Experimental Diagram

Figure 2 illustrates the experimental setup of an optomechanical
sensor network. A phase squeezed state is generated by a sub-
threshold doubly resonant optical parametric amplifier (DROPA)
operating in parametric amplification condition [76-79]. The
four-partite entangled state is generated by dividing the phase
squeezed state with a beam splitter network (BSN), while the
weight for each submode can be controlled by a combination of
half wave plate and polarization beam splitter (PBS). Compared
to other complex proposals to generate multipartite entanglement
[80-82], this approach has been demonstrated as the optimal
strategy for achieving the ultimate quantum advantage in dis-
tributed sensing [44, 45, 47, 83]. The maximum four-partite
entangled state is produced with BSN splitting ratios of 25:75,
33:67, and 50:50 respectively, as proved in Supporting Information
Section S1. Each submode is converged to a waist radius of 72 ym
to drive a membrane-based optomechanical sensor. The desired
force information of the membrane is encoded in the phase
quadrature of the reflected submode, which is extracted by a PBS
and a quarter wave plate (QWP). To maximize the extraction
efficiency, the polarization of the reflected submode is completely
vertical to that of the injected submode by regulating the angle
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FIGURE 2 | Schematicdiagram of the experimental setup. OPA: optical parametric amplifier; HWP: half wave plate; PBS: polarization beam splitter;
QWP: quarter-wave plate; BBS: balanced beam splitter; LO: local oscillator; BHD: balanced homodyne detector; 0° (45°) HR: 0° (45°) high reflectivity

mirror; PZT: piezoelectric transducer.

of QWP. The reflected submode is then interfered with a strong
local oscillator on a balanced beam splitter, and the output beams
are measured by a high-efficiency balanced homodyne detector
(BHD). The maximum desired force information encoded in
phase quadrature is acquired by locking the relative phase
between the strong local oscillator and weak probe to +m/2.
Any deviation from this specific phase decreases the signal-to-
noise ratio due to the noise coupling between the amplitude and
phase quadratures. The joint PSDs are obtained by summing
the AC component of BHDs (see Supporting Information Sec-
tion S5) from the whole optomechanical sensors and recorded
by a spectrum analyzer. The separable scenario (M = 1) is
achieved by removing the BSN and driving the membrane-based
optomechanical sensor with an individual squeezed state that has
an identical photon number.

Each optomechanical sensor is composed of a 0° high reflectivity
mirror and a silicon nitride (Si;N,) membrane with transverse
(drum) vibrations driven by thermal Brownian fluctuations. The
consistency of four optomechanical sensors is guaranteed via
independent manipulation of resonator decay rate x, single-
photon optomechanical coupling strength g,, and mechanical
decay rate I'. The pitch and yaw degrees of freedom for each
0° HR mirror are manipulated by picomotor actuators and con-
trollers, ensuring exact alignment for each sensor. Additionally,
a piezoelectric transducer is mounted on the back of the 0° HR
mirror to control the length of the membrane resonator. The free
spectral ranges are used to calibrate the resonator lengths of four
optomechanical sensors. Following this calibration, the resonator
decay rates of four sensors are determined by the membrane
reflectivities. Moreover, four sensors have adjacent resonator
decay rate x, which is much larger than Q;, satisfying the bad
cavity (non-resolved sideband) condition that maximizes optome-
chanical information transfer to the probe light. By controlling
the incident power of each sensor, a similar resonator-enhanced
optomechanical coupling strength is achieved. To guarantee the
similar mechanical decay rate I, each Si;N, membrane is bonded
to the same stable holder with three corners, minimizing the

contact area to reduce acoustic impedance and radiation losses.
Furthermore, the membrane-based optomechanical sensor net-
work is arranged in a vacuum chamber operating at pressures
below 107 Torr to reduce gas damping.

4 | Experimental Results
4.1 | Entanglement-Induced Imprecision Noise
Reduction

In the separable scenario, each optomechanical sensor is driven
by an independently prepared squeezed state with average photon
number n, = N;/M. With a 5 uyW probe laser, the back-action
noise (9.7 x 1072 N Hz '/2) [84] is negligible compared to the
thermomechanical noise (6.6 x 107 N Hz 2). Figure 3a-d
depicts the independent PSD for each optomechanical sensor.
The black curves indicate the normalized shot noise limit (SNL),
which is a fundamental bound stemming from the uncertainty
relation between the conjugate amplitude quadrature X and
phase quadrature Y. The blue curves represent the squeezing
enhanced measurements for the (5,6) mechanical modes of
the membranes. The observed resonance frequencies of four
optomechanical sensors are 4.276, 4.301, 4.338, and 4.365 MHz,
respectively, which coincide with the theoretical predictions. At
the off-resonant frequencies, the imprecision noise that domi-
nates the noise budget is reduced by ~0.8 dB below the SNL by
harnessing an individual squeezed probe. Thanks to the rigorous
manipulation of three pivotal parameters, the consistency of four
optomechanical sensors can be manifested from the amplitude
and linewidth of the measured mechanical modes.

The maximum four-partite entangled state is customized by quar-
tering the phase squeezed state with an average photon number
N,, yielding four submodes with an average photon number n, =
N,/M. Each submode drives an optomechanical sensor, guaran-
teeing synchronized membrane vibration amplitudes. Figure 3e
showcases the joint homodyne PSD obtained by superposing
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FIGURE 3 | Entanglement-induced imprecision noise reduction. Normalized power spectral densities (PSDs) of individual (a-d) and joint (e)

homodyne measurement for membrane-based optomechanical sensors, where all the shot-noise PSDs (black curves) are normalized to unity. Each
curve is averaged over 50 experimental traces acquired with the resolution bandwidth of 10 Hz and the video bandwidth of 1 Hz. Inset: the spatial shape

of the (5,6) mode.

four BHD signals from optomechanical sensor network. The
black curve denotes the joint SNL normalized to unity. The red
curve, which encompasses four unaltered and traceable (5,6)
mechanical modes from the optomechanical sensor network,
is the joint homodyne PSD of four submodes. Crucially, due
to the entangled characteristic among four submodes, the joint
imprecision noise floor in the off-resonant region is reduced by
up to =3.7 dB, corresponding to a 57.3% quantum advantage over
coherent probes. In addition, the effective mechanical decay rate
',y with entangled probes is I', = 45 Hz by fitting the measured
noise PSD (see Supporting Information Section S4), exhibiting a
10% reduction compared to that with coherent probes I', = 50 Hz
(not shown in Figure 3).

Similarly, we can also obtain the PSDs at two and three sensors
in the cases of individual and joint homodyne measurement.
Following these measurement results, we calculate the root-
mean-square error (RMSE) for the entangled scenario oy, and
compare with the separable scheme crg , shown in Figure 4a (see
Supporting Information Section S2). The blue and red diamonds
showcase experimental data with different number of sensors,
and the error bars are obtained by taking into account the
+0.2 dB fluctuation of the squeezed state. Especially with four
optomechanical sensors, the RMSE are calculated as 0‘3‘82 =0.160
+0.002 for the separable scheme and o, = 0.130 # 0.002 for the
entangled approaches, respectively. The blue and red solid curves
represent the theoretical fitting with a channel efficiency of 82.0%,

whereas the dotted curves correspond to 100% channel efficiency.
When the number of sensors M exceeds one, the RMSE of the
entangled sensor network consistently outperforms that of the
separated scenario. Furthermore, the disparity in RMSE becomes
more prominent with the increasing number of sensors.

Figure 4b systematically elucidates the DQS advantage (o, /o%)
for the different number of sensors when employing joint
measurement protocols. The purple squares highlight the experi-
mental observable DQS advantages, and the purple solid curve is
the theoretical fitting with 82% channel efficiency. For compar-
ison, the purple dotted curve is the theoretical DQS advantage
with 100% channel efficiency. With four optomechanical sen-
sors, the experimentally obtained advantage is 23.7%, while the
DQS advantage is approximately \/Z-fold under perfect chan-
nel efficiency. For two and three sensors, the experimentally
observed advantages are 8.9% and 17.8%, respectively, indicating
that the DQS advantage becomes much more conspicuous with
the increasing number of sensors. Therefore, the entangled
sensor network is corroborated to have a scaling advantage over
separable architectures, as shown in Figure 4b.

However, the observed DQS advantage is currently restricted
by the initial squeezing parameter and 82% channel efficiency
that includes propagation efficiency and detection efficiency. The
initial squeezing parameter can be improved by increasing the
escape efficiency of DROPA and improving the phase stability of
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the control loop. The 92% propagation efficiency can be optimized
with ultralow-loss optical components, including dichroic mirror,
half wave plate, polarization beam splitter and quarter wave plate.
The 89% detection efficiency for each optomechanical sensor
is limited by 99% quantum efficiency of photodiodes and 95%
interference efficiency between each reflected probe and local
oscillator, which can be improved by optimizing the spatial
mode, spot size and position on the membrane. Any deviation
from the perfect efficiency directly diminishes the potential
quantum advantage, thereby broadening the disparity between
the experimental and theoretical advantages. To mitigate the
effects of system loss, future large-scale networks will require the
integration of ultralow loss components, quantum repeaters and
high-efficiency quantum memories.

4.2 | Entanglement-Enhanced Distributed Force
Sensing

The entanglement enhanced distributed optomechanical sensor
network is then applied to a more practical distribute sensing
task that estimates incoherent forces, which refer to thermome-
chanical forces without a stable phase relationship over time in
our experiment. Following the measurement results of Figure 3,
1/ Sk j(w) for distributed
force sensing with the expression (1), shown in Figure 5. For
comparison, the black curves depict force resolution for coherent
probes with the same laser power. The minimum force resolution
6.7 fN Hz "2 occurs at the mechanical resonance frequency,
which is primarily limited by the dominant thermal noise
S;,- This minimum force resolution could be further ulteriorly
improved by integrating the optomechanical sensor network
into a cryogenic, vacuum-compatible chamber. In the frequency
region far away from resonance, the force resolution decreases to
~197 fN Hz /2 due to the inherent characteristics of mechanical
susceptibility y(w).

we can calculate the force resolution

For the separable scenario, the blue curves in Figure 5a-d
correspond to the individual force resolutions respectively. The
four minimum force resolutions reach ~6.6 fN Hz “2. The
enhanced coupling strength, the reduced quantum fluctuation
and the reduced mechanical decay rate collectively contribute

to a 1.5% improvement in force resolution compared to the
coherent probe. In the frequency region far away from resonance,
the force resolution reaches ~184 fN Hz 2, corresponding to
a 6.6% enhancement relative to the coherent probe. The red
solid curves in Figure 5e-h illustrate the entanglement enhanced
force resolution. The minimum force resolution in the entangled
scenario reaches ~6.3 fN Hz Y2, which is improved by 4.5%
compared to the separable scheme. In the far off-resonant region,
the force resolution reaches ~122 fN Hz /2, due to the minimum
quantum fluctuation and maximal coupling strength, achieving
a 33.7% resolution enhancement. Utilizing the designed force
resolution as reference, the corresponding inconsistencies of
four optomechanical sensors are 2.4%, 2.3%, 1.6%, and 1.9%,
respectively, all of which are below 3% (see Supporting Informa-
tion Section S6). Moreover, the measured forces can be traced
back to individual optomechanical sensor according to their
distinct resonance frequencies, facilitating the operational status
monitoring of each sensor.

In force sensing applications, one would expect to achieve
unprecedented sensitivity operating on resonance, and reach the
standard quantum limit (SQL), the level at which shot noise and
back-action noise contribute equally to the total measurement
results. Nevertheless, the resonance frequency of our optome-
chanical sensor is in the megahertz scale, thus the mean thermal
occupancy number is ~10° orders at 300 K. With the optimum
incident power (see Supporting Information Section S7) and
perfect detection efficiency, the SQL at mechanical resonance fre-
quency is expected to be achieved by cooling the optomechanical
sensors to their ground state.

5 | Conclusion

In conclusion, we have successfully demonstrated a quantum-
enhanced optomechanical sensor network with the shared four-
partite entanglement state. Following the optomechanical sensor
model, we addressed the challenge of poor uniformity that is one
of the main limitations of scaling up the sensor network, yielding
the four optomechanical sensors with the inconsistency of less
than 2.4%. Integrated with hig-performance squeezed state, it was
the first time, to our knowledge, to demonstrate the quantum
advantage of a maximum \/ﬁ -fold increase trend with sensor
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FIGURE 5 | Entanglement-enhanced distributed force sensing. Force resolution for distributed force sensing. The upper panels (a-d) show the

individual force sensing of four sensors in the separable scenario, while the lower panels (e-h) depict the entanglement enhanced force sensing. The

black, blue, and red curves represent the force resolution for coherent probe, separation scheme, and entanglement scenario, respectively. The blue

gradient-shaded regions illustrate the quantum advantages of distributed force sensing.

number in a practical optomechanical sensor network. The quan-
tum advantage of the optomechanical sensor network is 57.3%
compared to that with coherent probes, and 23.7% compared to
that with separable probes. The estimation precision showcases
a trend toward Heisenberg scaling in moderate channel loss.
In the incoherent force estimation task, the force resolution
with sensor network achieves a 33.7% enhancement in contrast
with the separable scheme. Crucially, we have addressed two
main challenges of constraining network scale: uniformity of
optomechanical sensors, squeezing parameter, expecting to drive
the construction of a large-scale sensor network and achieve a
more pronounced quantum advantage and richer physics.

6 | Experimental Section

The half-monolithic DROPA was composed of a concave output
coupler and a periodically poled potassium titanyl phosphate
(PPKTP) crystal. The output coupler, whose reflectance was 84.3%
for the seed laser and 97.8% for the pump laser, had a radius
of curvature of 25 mm. One end of the PPKTP crystal had a
radius of curvature of 12 mm, and was highly reflective for
both seed and pump lasers. The DROPA length was stabilized
by pump laser with Pound-Drever-Hall technique, while the
resonance condition for seed laser was realized by finely tuning
the temperature of nonlinear crystal [85]. By controlling the
relative phase between seed and pump laser to zero, a phase-
squeezed state with -7.1 dB + 0.2 dB noise reduction was
generated [86]. The average photon number was calculated as N
=2.3.

The 500 x 500 um? square Si;N, membrane was fabricated by
low-pressure chemical-vapor deposition (Norcada Inc.), and was

deposited on a 5 x 5 mm? silicon wafer. The effective mass of Si;N,
membranes was ~1.7 x 107! kg. The mass density and tensile
stress of the Si;N, membrane was p = 2.7 gcm ™ and T ~ 0.9 GPa,
respectively. The reflectivity for 1550 nm laser was 30.2% when
the thickness of membrane was 100 nm. According to the angular
natural frequency for (m,n) mode Q,, .y = 27/T (m? 4+ n?) /412,
the resonance frequency for (5,6) mechanical mode was Qs 4)/27
~ 4.3 MHz.
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