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Abstract

The dominant technical noise of a free-running laser practically limits bright squeezed light generation, particularly
within the MHz band. To overcome this, we develop a comprehensive theoretical model for nonclassical power
stabilization, and propose a novel bright squeezed light generation scheme incorporating hybrid power noise
suppression. Our approach integrates broadband passive power stabilization with nonclassical active stabilization,
extending the feedback bandwidth to MHz frequencies. This hybrid technique achieves an additional 9 dB technical
noise suppression, establishing critical prerequisites for broadband bright squeezed light generation. Finally, a -5.5 dB
bright squeezed light at T mW with kHz-MHz squeezing bandwidth was generated. The experimental results show
excellent agreement with theoretical predictions, which represent we have comprehensively demonstrated a
milliwatt-order bright squeezed light across kHz-MHz frequencies. Our work enables new quantum metrology
applications and paves the way for next-generation quantum-enhanced technologies.

Introduction

Squeezed states of light describe a unique quantum
state in which the uncertainty in one quadrature (ampli-
tude or phase) is reduced below the shot noise limit
(SNL), while its conjugate quadrature is amplified*. By
exploiting their sub-shot-noise property, squeezed states
of light have become an extremely valuable resource for
various applications in quantum information technolo-
gies '°, In the first scenario, the laser power is con-
strained to relatively low levels due to the damage
thresholds of samples under test, such as biological ima-
ging''™'* and medical diagnostic'>'®; nonlinear effects in
optical fiber impacting fiber communications'’™'* and
clock synchronization®**'; and payload limitations on
satellite and airborne platform®?. In the second scenario,
higher laser power inevitably introduces excess technical
noise that degrades—rather than improves system sensi-
tivity, as seen in plasmonic sensing®®>>°. In the third
scenario, current technological limitations prevent
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arbitrary increases in laser power, e.g., laser Doppler
anemometry”’. However, beyond noise suppression®®~*,
the frequency band and output power of the squeezed
light are critical for specific applications, such as biological
tracking among kHz to MHz band®'~**, microcantilever
displacement measurement up to hundreds of kHz
band®**® and optomechanical coupling in the kHz fre-
quency range®”*®, Moreover, all these applications require
laser output power in the microwatt-to-milliwatt range.
To date, the maximum squeezing strength is —15dB
at the MHz sideband frequencies of 1064 nm wave-
length®°. Beyond the squeezing strength, extending the
bandwidth to lower frequencies has gained significant
interest, particularly in quantum precision measure-
ment®® and sensing*®*!. Current approaches for gen-
erating sub-MHz squeezed light exploit a key
mechanism of immunity to nonlinear pump-seed noise
coupling®™**, while blocking the transfer of the seed
laser’s low-frequency technical noise®. This requires
replacing the seed beam at the carrier frequency with a
vacuum field (no seed input) in optical parametric
oscillators (OPOs). Consequently, the OPO configura-
tions are inherently limited to producing squeezed
vacuum states*>**, Critically, these squeezed vacuum
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states exhibit extremely low power, which is insufficient
for biological sensing and optomechanical applications
requiring microwatt-to-milliwatt power levels®' 3%,
Bright squeezed light, exhibiting sub-shot-noise
quantum noise (like squeezed vacuum) combined with
significant optical power, is essential for enhanced
sensitivity. Experimentally, a narrow-band bright
squeezed state (—0.7 dB squeezing) was generated using
radiation-pressure-driven interactions between coher-
ent light and a mechanical oscillator?, Conventionally,
bright squeezed light is prepared via passive interference
of squeezed vacuum with a laser beam on a beam
splitter (BS)'*?®, This method demands a quantum-
noise-limited laser beam; otherwise, inherent low-
frequency classical noise degrades the squeezing level.
Even with an ideal laser, quantum noise persists due to
vacuum noise injection from the empty port of the
beamsplitter and shot noise from the output beam.
Crucially, BS-introduced vacuum noise caps the max-
imum achievable squeezing. To date, only —2.6dB of
bright squeezed light at 25 pW has been demonstrated
in the 2-200kHz range®®. Theoretically, infinite-gain
active feedback could fully compensate laser technical
noise, extending squeezing bandwidth to lower fre-
quencies, while limiting noise to in-loop electronic noise
and out-of-loop quantum noise penalty*”*®, A trade-off
exists between the lower frequency limit and out-of-
loop power, e.g., tunable via BS ratio in the feedback
loop. High feedback gain is a prerequisite for increasing
out-of-loop power. Based on a pioneering theory”,
nonclassical power stabilization, extracting the error
signal via a 50:50 BS, achieved —5.7 dB squeezed light at
9.9 mW within 6-20 kHz band*. However, an inherent
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gain-bandwidth contradiction in control loops®*°!

restricts squeezing bandwidth to ~tens of kHz.

This article presents a comprehensive theoretical model
for bright squeezed light generation and introduces a
novel framework for preparing bright squeezed light
across the kHz-MHz frequency band. Our approach
employs a hybrid passive-active nonclassical stabilization
scheme that synergistically combines the high loop gain of
active stabilization with the broadband noise suppression
of a passive technique. The hybrid scheme suppresses
laser technical noise from —125 to —166 dB/Hz in the
kHz band, which is 10dB below the relative shot noise
limit of —156 dB/Hz. The ultra-low intrinsic noise relaxes
the control loop gain requirements, enabling MHz-range
loop bandwidth. Implementing nonclassical stabilization
through a 99:1 beamsplitter, we demonstrate a —5.5dB
bright amplitude squeezed light at 1 mW optical power
and kHz to MHz bandwidth. Experimental results show
excellent agreement with theoretical predictions. We have
comprehensively demonstrated a milliwatt squeezed light
across such broadband frequencies. This breakthrough
enables new quantum metrology applications and paves
the way for novel quantum-enhanced technologies.

Results
Principle analysis

The schematic diagram of bright squeezed light gen-
eration is shown in Fig. 1a, which depicts a nonclassical
active feedback scheme with the assistance of a squeezed
vacuum. Prior to the active feedback stage, the free-
running laser is pre-stabilized by employing a passive
noise stabilization technology. One of its output beams
serves as the in-loop sensing beam, which is detected by
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Fig. 1 Strategy for generating bright squeezed light and the technical noise comparison with SNL. a Simplified schematic of squeezed light
generation integrating multiple noise suppression techniques. (I) free-running noise; (Il) active stabilization at detectable power; (lll) passive

stabilization; (IV) active and passive stabilization at detectable power of 10 mW, limited by the saturation power of the detector; (V) active and passive
stabilization at the detectable power of 99 mW, assuming no saturation power limit; il-PD in-loop photodetector; BS beam splitter. b Relationship
between the laser power and relative shot noise. Red star: quantum noise penalty of the out-of-loop beam; Blue star: technical noise after active
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the in-loop photodetector (il-PD) to generate the error
signal for active stabilization. This error signal is used to
suppress the amplitude noise below the shot noise of the
out-of-loop beam, thereby enabling the extraction of
sub-shot-noise light at the out-of-loop port. In this
process, the squeezed vacuum not only suppresses the
vacuum in the in-loop beam but also provides enhanced
quantum noise reduction for the out-of-loop beam
compared with the passive interference scheme. Two
critical noise sources determine the achievable squeez-
ing strength: (i) the technical noise of the free-running
laser in the kHz frequency band, and (ii) the quantum
noise arising from vacuum fluctuations entering
through the dark port of the BS, as well as the shot noise
of the light transmitted from the BS. Based on the the-
oretical derivation of nonclassical feedback (see Sup-
plementary Note 2), the amplitude quadrature variance
of the light transmitted from the BS can be approxi-
mately expressed as*’

vV, n TNoor

Va(Poor) == RSN oo

(1)

where Poor, TNoor and RSNpop denote the power,
relative technical noise (TN), and relative shot noise
(RSN) of the out-of-loop (bright squeezed) beam,
respectively. The relative shot noise is given by RSN =
2hv/P, where v is the laser frequency and P is the total
input power, as shown in Fig. 1b. V,, is the noise variance
of the squeezed vacuum, and r denotes the power
reflectivity of the BS. The first term of Eq. (1) represents
the lower bound of the noise variance, which depends on
both the squeezing strength of the quantum state and the
BS splitting ratio. The second term originates from the
technical noise of the laser, which must be suppressed
below the SNL of the out-of-loop beam.

In our scheme, the laser’s technical noise is passively
pre-stabilized near the SNL in the kHz to MHz band by
exploiting a second harmonic generator (SHG). This not
only relaxes the requirements for a high-gain broadband
feedback control loop, but also extends the squeezing
bandwidth into the MHz range. The noise suppression
mechanism is based on a nonlinear three-step-photon-
recycling (TSPR) process (see details in the “Materials and
methods” section), which produces more than 100 mW of
laser power for bright squeezed light generation®. After
passive stabilization, the technical noise of the laser can be
approximately expressed as

TNoor-p =g(f) - TNF (2)

where g(f) is the noise reduction factor of TSPR, and TN
is the technical noise of free-running laser (see Supple-
mentary Note 1). The factor g(f) is approximately
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frequency-independent across the kHz band”. Subse-
quently, integrating with nonclassical active feedback
(G(f) > 1), the technical noise of the out-of-loop laser
beam can be inferred as (see Supplementary Note 2)

TNoor-psa = g(f) - TNF - 5+ RSN V.

1
1= +/r-G(f)
(3)

where RSNy, and V. are the RSN relating to the detected
laser power and electronic noise of the il-PD, respectively.
G(f) is the frequency-dependent feedback gain of the
active control loop, which is limited by the inherent time
delay of the system, resulting in a finite feedback
bandwidth f};. As a rule of thumb, its inherent mechanism
restricts the maximum achievable noise suppression at
Fourier frequency f to a factor of approximately f5 /f °>.
The first term in Eq. (3) denotes the residual technical
noise of the out-of-loop unit, which in principle can be
fully eliminated by an infinitely large feedback gain G(f).
The second term corresponds to the electronic noise of
the feedback control loop, primarily arising from the
photodetector electronic noise imprinted onto the out-of-
loop beam. With infinite feedback gain, the out-of-loop
technical noise TNpoL can be suppressed below the SNL
of the out-of-loop beam. In this regime, the electronic
noise of the photodetector (RSN V.) becomes the
dominant limiting factor for the squeezing strength,
particularly at higher power output. It may lead the
RSNpoL to approach the electronic noise, and no
squeezing can be observed. It follows the fact that the
electronic noise associated with the il-PD is imprinted
onto the beam transmitted from the BS, which makes the
electronic noise become the dominant limit for generating
bright squeezed light.

Interestingly, if the condition of r>V, and
TNooL < < RSNgor is satisfied, the scheme combined
with a squeezed vacuum can be used to produce a sub-
shot noise light, effectively transforming the squeezed
vacuum into amplitude-squeezed light. The key point is to
suppress the TNgoL far below RSNpoL. As an example,
we consider the experimental parameters in our experi-
mental setup, where the BS’s power reflectivity r is 99%. A
passively stabilized laser beam with a power of 10 mW is
divided into two beams by the BS. The 9.9 mW one serves
as the in-loop sensing beam detected by the il-PD, whose
electronic noise is marked by the yellow star in Fig. 1b.
The optical power of the out-of-loop laser is 0.1 mW, and
its quantum noise penalty (V,/r) is indicated by the red
star in Fig. 1b. Under infinite feedback gain, TNpgy, can be
completely suppressed to the electronic noise level of the
il-PD, shown as the blue star in Fig. 1b, which lies 24 dB
lower than RSNpor. Consequently, the influence of the
second term of Eq. (1) on squeezing strength can be
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neglected. Therefore, it establishes the physical conditions
for bright squeezed light generation.

To further clarify the mechanism, we simulate the
technical and squeezed noise for different stabilization
schemes based on Egs. (1)—(3), with the experimental
parameters listed in the caption of Fig. 2. Figure 2a pre-
sents the theoretical results of TNpor. Trace (I) is the
technical noise of the free-running laser at the il-PD’s
saturation power of 10 mW, corresponding to an elec-
tronic noise level of —170 dB/Hz. Firstly, exploiting single
passive noise stabilization®?, the technical noise is sup-
pressed to —157 dB/Hz (trace (III)) across the kHz—MHz
frequency band, yielding a noise reduction of 32dB.
However, the gap between the technical noise and elec-
tronic noise is only 13 dB, indicating that TNo, remains
the main limitation for bright squeezing generation in the
passive interference regime. Moreover, as the optical
power increases, the squeezing strength decreases rapidly,
as shown in trace (III) of Fig. 2b. Secondly, the technical
noise, with dependent nonclassical active noise stabiliza-
tion, is calculated as trace (II). The feedback bandwidth of
our control loop is fg =2 MHz. The best noise perfor-
mance for different f with optimized feedback loop is
shown as the dashed line in trace (II) of Fig. 2a, where the
feedback gain decreases linearly with the increase of
Fourier frequency f, and thus the technical noise sup-
pression level also decreases. In real applications, the
active feedback noise level is further limited by the elec-
tronic noise of the photodetector, which constrains the
technical noise to the electronic noise floor for finite
feedback gain below 20 kHz, shown as the solid line in
trace (II) of Fig. 2a. As f is increased to 50kHz, the
technical noise rises to the shot noise level of the out-of-

loop beam, beyond which the squeezing is rapidly sub-
merged by the technical noise floor, as seen in trace (II) of
Fig. 2b. Therefore, the squeezing bandwidth is always
limited to within 100 kHz by using pure active feedback
control regime®®*’. Finally, by integrating passive stabili-
zation into the nonclassical active scheme, the noise
suppression bandwidth can be extended to the MHz
range (trace (IV) in Fig. 2a). Under this operation, a
broadband, high-power bright squeezed light can be
generated within the MHz band (trace (IV) in Fig. 2a, b).
Assuming no electronic noise limitation and using a
passively pre-stabilized laser beam with an available
power of 99 mW detected by the il-PD, TNpoL can be
suppressed to —224 dB/Hz at 1 kHz, as shown in trace (V)
of Fig. 2a.

According to Egs. (1)—(3) and the results in Fig. 2a, we
simulated the dependence of the squeezing strength on
the output power at a Fourier frequency of 1 MHz
(Fig. 2b), which represents the worst-case of noise
reduction across the kHz—MHz band. The results indicate
that an individual noise stabilization regime is insufficient
for generating broadband bright squeezed light with MHz
bandwidth and milliwatt-level output power. In contrast,
with the nonclassical hybrid power stabilization scheme, it
is feasible to achieve —6.5 dB bright squeezed light across
the kHz—MHz band at 1 mW output power. By compar-
ing traces (IV) with theoretical limit traces (V) in Fig. 2a
and b, it can be seen that higher squeezing strength and
output power can be attained simultaneously by increas-
ing the saturation power and reducing the electronic noise
of the il-PD. This new perspective, based on the theore-
tical models, enables a comprehensive and efficient opti-
mization of the practical experimental parameters and
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conditions for nonclassical power stabilization. With this
comprehensive model, the final noise performance of the
out-of-loop beam is co-determined by the residual tech-
nical noise of the optical field, the electronic noise of the
il-PD, and the quantum noise penalty of the out-of-loop.

Experimental setup

Figure 3 illustrates the schematic diagram of bright
squeezed light generation. It mainly includes three main
units: (1) a hybrid technical noise suppression scheme,
consists of a passive stabilization technology based on a
TSPR technology with a SHG, and a nonclassical active
stabilization technology; (2) a squeezed vacuum generator
includes an OPO for squeezed vacuum state preparation
and a coherent control loop for relative phase locking; (3)
a bright squeezed state generation and characterization
unit. The single-frequency laser source for squeezed light
preparation is a 1550 nm continuous-wave (CW) fiber
laser (NKT, Koheras BASIK X15) with 1 W output power.
Prior to downstream applications, the laser transmits into
a mode cleaner (MC) in the laser preparation stage to
improve the purity of the spatial fundamental mode and
polarization, as well as to filter amplitude and phase
noises above the MC linewidth®. Subsequently,
approximately 500 mW of the laser beam is injected into
the SHG with a conversion efficiency of 70%. The gen-
erated 775 nm second harmonic wave serves as the pump
source for the OPO to generate a squeezed vacuum state.
The residual 1550 nm laser reflected from SHG acts as the
passively stabilized laser beam, with a power of about
110 mW, and is isolated by optical isolator (OI1)°2. This

beam then passes through an amplitude modulator (AM)
actuator and is coupled onto a 99:1 beam splitter (99:1
BS) with the squeezed vacuum. The reflected interference
field serves as the sensing beam of the in-loop unit, while
the transmission beam is utilized for out-of-loop appli-
cations or amplitude noise characterization. A half-wave
plate (A/2) and a polarization beam splitter (PBS) are
positioned between the AM and 99:1 BS to enable con-
tinuous adjustment of the incident laser power at the 99:1
BS. Before reaching the il-PD, the beam passes through a
variable beam splitter (VBS) for power attenuation. The
VBS output is injected into the il-PD, whose photo-
current is fed back to the AM to perform nonclassical
active noise stabilization. Both the in-loop and out-of-
loop photodetectors are commercial detectors (Newport
model 2053) with a saturation power of 10 mW, elec-
tronic noise of —170 dB/Hz, and a response frequency
range from 1kHz to 3 MHz. In our experiment, the
photodiodes inside the two photodetectors are replaced
with high-quantum-efficiency ones custom-made by
Laser Components GmbH in Germany (detailed para-
meters can be found in “Materials and methods”). A
proportion—integration—differentiation (PID) controller
(Vescent model D2-125) with 2 MHz bandwidth is
employed to provide high-gain feedback for amplitude
noise suppression.

A squeezed vacuum state is prepared by a sub-threshold
degenerate OPO via the phase-sensitive parametric down-
conversion process. Its squeezing strength reaches
—10.5dB at pump power of 16 mW, by budgeting the
losses and phase fluctuations in the system. The OPO
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contains a periodically poled potassium titanyl phosphate
(PPKTP) crystal and a planoconcave mirror. Its threshold
power is 20 mW, and it operates in double resonance at
both 1550 and 775 nm wavelengths (further details can be
found in refs. >*~°°, The 775 nm laser is modulated by a
phase modulator (PM) to generate a pair of +118 MHz
phase sidebands, which are injected into the OPO to serve
as both the pump source and sensing beam for cavity
length locking via the Pound—Drever—Hall (PDH) tech-
nology. A coherent control method is employed to sta-
bilize the squeezing angle, thereby producing a stable
amplitude squeezed state®””®, A 20MHz frequency-
shifted 1550 nm laser beam with 1 mW power acts as
the phase sensing beam, which is generated by two
acousto-optic modulators (AOMs) driven by a 4100 MHz
and a —80 MHz sinusoidal signals, respectively. The error
signal is demodulated at 40 MHz and fed back to the
phase shifter (PS1) to lock the relative phase between the
pump and squeezed fields to 7. The relative phase
between the squeezed vacuum and the in-loop sensing
beam is locked to zero using the same technique. Here,
the pump power of the OPO is reduced to half of its
threshold power, if not the larger anti-squeezing noise will
lead to instable in the coherent control loop. Conse-
quently, only —8.6 dB squeezed vacuum is utilized in the
nonclassical hybrid stabilization regime (see Supplemen-
tary Note 4). Finally, a bright amplitude squeezed light is
continuously generated at the transmission port of the
99:1 BS, which serves as the out-of-loop beam in our
scheme.

Experimental results

First of all, we coherently combine a passively stabilized
10 mW laser beam with a —10.5 dB squeezed vacuum at a
99:1 BS. As a result, we generate a —6.5 dB bright squeezed
light with an output power of 100 pW and bandwidth of
1kHz-1 MHz, as shown in Fig. 4. Trace (a) depicts the
technical noise of the free-running laser at 100 pW. Trace
(b) shows the shot noise level across the kHz band mea-
sured by the out-of-loop photodetector (ool-PD) after
passive noise stabilization, compared with the —146 dB/Hz
SNL of a 100 uW laser (trace (c)). Due to minor cavity
detuning of the SHG, the noise spectrum below 10 kHz is
slightly above SNL. The residual technical noise after pas-
sive stabilization (trace (f)) is —157 dB/Hz at detected power
of 9.9 mW, which is 11 dB below its SNL (trace (c)). The
electronic noise of the 0ol-PD (trace (g)) is —167 dB/Hz,
~20dB below the SNL. The total technical noise in our
scheme is the sum of the residual optical technical noise
and photodetector’s electronic noise. These results clearly
demonstrate that passive noise stabilization can be
employed to generate bright squeezed light across the
kHz-MHz band. However, the measured squeezing
strength of —6.5 dB deviates from the ideal value predicted
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Fig. 4 Measurement results of bright squeezed light at 100 pW
with the passive interference method (pre-stabilized by SHG).
Trace (a): measured technical noise of the free-running laser. Trace (b):
measured RSN of the 100 uW optical power detected by ool-PD. Trace
(0): Theoretical shot noise of 100 uW optical power. Trace (d):
measured noise variance of the bright squeezed light across

2 kHz-1 MHz band. Trace (e): simulated noise variance of the bright
squeezed light. Trace (f): technical noise of the laser passively
stabilized by SHG. Trace (g): electronic noise of the ool-PD. Trace (h):
uncorrelated sum of the noise sources (e-g). All measurements were
performed using a spectrum analyzer (R&S FSW) at two frequency
bands, 1-100 kHz and 100 kHz—1 MHz, with a resolution bandwidth
(RBW) of 100 Hz and a video bandwidth (VBW) of 10 Hz

Table 1 Budget of technical noise normalized to shot
noise in passive and hybrid stabilizations

Source of technical noise Passive (dB) Passive and active

(@50 kHz) (dB)
Amplitude noise - —10
Electronic noise =21 —14
Residual in-loop noise -30
Total noise —106 -85

by Eq. (1). This is attributable to the fact that, aside from
technical noise, optical losses and phase fluctuations related
to squeezing preparation and propagation are inevitably
introduced into the system. Optical losses introduce
vacuum noise, while phase fluctuations project the anti-
squeezed quadrature into a squeezed one. The combined
effect reduces the observed squeezing strength (see Sup-
plementary Note 4). The total optical loss and phase fluc-
tuation® are evaluated to be /i, = 0.1 and 6, = 21 mrad,
respectively. Taking into account the total technical noise
listed in Table 1, we theoretically simulate the squeezing
strength based on Eq. (1), shown as trace (h). The experi-
mental result is in good agreement with the theoretical
prediction. Notably, the bandwidth of the bright squeezed
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Fig. 5 Measurement results of bright squeezed light at 1 mW
with nonclassical hybrid passive-active stabilizations. Trace (a):
measured technical noise of the free-running laser. Trace (b):
measured RSN of the 1 mW optical power detected by ool-PD. Trace
(c): theoretical shot noise at 1 mW. Trace (d): measured noise variance
of the bright squeezed light. Trace (e): simulated noise variance of the
squeezed light. Trace (f): quantum noise coupled through the in-loop
empty port of the VBS. Trace (g): sum of the electronic noise of the
two photodetectors. Trace (h): residual technical noise of the in-loop
under hybrid stabilizations. Trace (i): uncorrelated sum of the noise
sources (e)—(h). All measurements were performed using a spectrum
analyzer (R&S FSW) at two frequency bands, 1-100 kHz and

100 kHz-1 MHz, with a RBW of 100 Hz and a VBW of 10 Hz

light is identical to that of the squeezed vacuum, which is
limited by the linewidth of the OPO. Here, we only show
quantum noise within the frequency range up to 1 MHz.
Subsequently, by employing the nonclassical hybrid
passive-active power stabilization, we increase the output
power of the bright squeezed light to 1 mW. Figure 5
presents the measured technical and quantum noises
across the 1kHz-1MHz band. Trace (a) shows the
amplitude noise of the free-running laser at 1 mW. Trace
(b) indicates that, after stabilization, the amplitude noise
reaches the theoretically predicted SNL (trace (c),
—156 dB/Hz at 1 mW). The residual technical noise of the
system is reduced to the level of trace (h), which is more
than 24 dB below the out-of-loop beam’s SNL within
100 kHz. This noise level increases rapidly above 100 kHz
due to reduced feedback gain at higher frequencies. Trace
(f) represents the vacuum noise coupled from the empty
port of the VBS in the optical path of the in-loop unit,
which becomes the dominant factor to reduce the
squeezing strength (see Supplementary Note 2). The
electronic noise, shown in trace (g), is measured to be
—170 dB/Hz. The total technical noise of the out-of-loop
beam is the sum of traces (f)—(h), which remains below
the SNL. As a result, a —5.5 dB bright amplitude squeezed
light (trace (d)) at 1mW is generated across
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2 kHz-1 MHz band. Based on Egs. (1)—(3), Eq. (516) (see
Supplementary Note 2) and the technical noises in Table
1, we numerically simulate the squeezing strength (trace
(i)), which shows excellent agreement with the experi-
mental results (trace (d)). The observed noise deteriora-
tion below kHz may be attributed to three key factors: (i)
poor performance of the gain and electronic noise of our
photodetectors in this frequency range; (ii) larger ampli-
tude noise of the laser below kHz, inducing the SHG
locking unstable; and (iii) noise transferring from the
upstream MC.

The results in Fig. 4 indicate that the squeezed light
generated by a single TSPR passive stabilization regime is
primarily limited by the technical noise of the laser. Due
to the intrinsic loss introduced by the BS and finite noise
suppression capability, the passive interference technol-
ogy with TSPR is suitable only for highly unbalanced BS
configurations, enabling low-power-level squeezing gen-
eration (see Supplementary Note 3). Nevertheless, this
regime can extend the squeezing bandwidth to the MHz
frequency range. Further power scaling lowers the
RSNoo1, toward the technical noise floor of the laser, as
shown in Fig. 1b, thereby narrowing the gap between the
SNL and technical noise. This reduction diminishes
the squeezing strength and can even completely destroy
the squeezed state. In a nonclassical hybrid power stabi-
lization regime, active feedback control compensates for
the finite noise suppression capability of the passive
approach and enhances the technical noise suppression
gain. Consequently, the hybrid regime inherits both the
maximum noise suppression ability of the active scheme
and the broadband noise reduction capability of the pas-
sive one. This enables the preparation of bright squeezed
light with higher power and stronger squeezing across
kHz—MHz band, as shown in Fig. 5. Further improving in
optical power, squeezing strength, and bandwidth are
mainly constrained by the detectable power and electronic
noise of the il-PD, as well as the bandwidth of the PID
controller. The former sets the lower bound of achievable
technical noise, while the latter determines the upper
bound of the feedback bandwidth. Moreover, the Fourier
frequency range of bright squeezing can be extended to
hundreds of hertz or lower by introducing an additional
active feedback control loop before the SHG to suppress
technical noise in this range®.

Discussion

We have demonstrated a novel bright amplitude
squeezed light source by integrating a TSPR-based passive
stabilization stage into a nonclassical active feedback
scheme. The hybrid dual-stage noise stabilization strategy
relaxes the requirements on the feedback loop gain while
significantly extending the feedback bandwidth into the
MHz range. We have also developed a comprehensive
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theoretical model for this regime, which can be used to
determine the optimal parameters for nonclassical feed-
back stabilization. Finally, we have experimentally gener-
ated —5.5 dB bright squeezed light with output power of
1mW and bandwidth of kHz—MHz range. To further
improve the squeezing strength or power for the
requirements of different application scenarios, the split-
ting ratio of the BS, as well as the balance between
technical and shot noise, should be optimized based on
the theoretical model. Our bright squeezed light source is
well suited for a wide range of quantum metrology
applications, such as biological tracking, cavity-mechanics
strong coupling, quantum radiation pressure noise sup-
pression, and quantum-enhanced displacement sensing,
and so on.

Materials and methods
Low-phase-noise single-frequency fiber laser

A single-frequency CW laser (NKT X15) with a line-
width below 100 Hz is used as the laser source. The laser
exhibits excellent low phase noise performance, which is
beneficial to phase-sensitivity operation in bright
squeezed light generation. It exhibits excellent phase
noise characteristics, effectively mitigating noise coupling
during relative phase-locking processes. As a result, it
significantly reduces phase fluctuations and maintains the
squeezing strength of the initial squeezed vacuum state
with high fidelity.

Passive noise stabilization with SHG

The SHG is a semi-monolithic cavity, which consists of
a concave mirror driven by a piezoelectric transducer
(PZT) and a periodically poled PPKTP crystal (dimen-
sions: 10 mm x 2 mm x 1 mm). The convex surface of the
crystal has a curvature radius of 12 mm, coated with high
reflectivity (HR) for both 1550 and 775 nm wavelengths,
while the planar surface is anti-reflection (AR) coated for
both wavelengths. The concave mirror has a curvature
radius of 30 mm, a transmissivity of 12 + 1.5% at 1550 nm,
and high transmission (HT) at 775nm. The air gap
between the two optical elements is 27 mm, giving a total
cavity length of ~39 mm. The SHG exhibits a linewidth of
68 MHz and a finesse of 48. The mode-matching effi-
ciency of the 1550 nm laser beam is optimized to ~99.6%.
A resonant electro-optic phase modulator (EOPM) gen-
erates a pair of +36 MHz sidebands for the PDH
technique to stabilize the SHG cavity length. The phase-
matching condition is achieved by precisely stabilizing the
PPKTP crystal temperature at 36.0 °C (+0.1°C) using a
high-resolution temperature controller.

During the experiment, a 1550nm laser beam at
500 mW is injected into the SHG to up-convert a 775 nm
laser, which serves as the pump source for the OPO.
Furthermore, the SHG process inherently provides
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passive power stabilization, effectively suppressing
amplitude noise across the kHz—MHz frequency range.
This stabilization mechanism arises from the nonlinear
frequency conversion process, which establishes a non-
linear dependence between the intracavity circulating
power and the reflected fundamental wave. A maximum
amplitude noise reduction of 35dB is achieved as the
slope of this nonlinear transfer function approaches zero,
corresponding to a conversion efficiency of 70%. At this
point, the noise is reduced to near the SNL among the
kHz-MHz frequency range®”. Then, the passively stabi-
lized 1550 nm beam, with an output power of 110 mW, is
directly delivered to the downstream experiments.

Active noise stabilization with a high-gain broadband
feedback loop

We employ a broadband PID controller (Vescent,
Model D2-125, 2 MHz bandwidth) in combination with a
gain-adjustable photodetector (Newport, Model 2053,
10 MHz bandwidth) to construct an 80 dB flat gain feed-
back control in the kHz frequency range. The photodiode
of the detector is replaced with a high quantum efficiency
(>99%) one to minimize the optical loss in squeezed state
detection. It has a 100 um diameter of active area, and is
AR-coated at 1550nm at 20° for s-polarization. The
detector also has a low electronic noise of —170 dB/Hz.
An electro-optic amplitude modulator (EOAM) (Thor-
labs: EO-AM-NR-C3) acts as the actuator for amplitude
noise suppression. The amplitude noise of its output is
sensed by the il-PD positioned at the reflected port of the
99:1 BS. To avoid excess noise coupling, no external
amplifier is used to drive the EOAM. With these opti-
mizations, a high-gain feedback control loop is realized
with 1 kHz-1 MHz frequency bandwidth.

Acknowledgements

The project is sponsored by the National Natural Science Foundation of China
(NSFQ) (Grant Nos. 62225504, U22A6003, 62027821, and 62375162) and the
National Key Research and Development Program of China (No.
2024YFF0726401).

Author contributions

R-XL, Y-JW, and Y.-H.Z. designed the experiment. R-X.L, N.-J.J, and B-N.A.
carried out the experiment with assistance from Y.-JW. and L-RC. B-N.A. and
J-Y.L. helped to collect the data. R-X.L, Y-JW., and Y-HZ. analyzed the data
and wrote the paper with input from all other authors. The project is
supervised by Y.-H.Z. All authors discuss the experimental procedures and
results.

Data availability

The authors declare that all data supporting the findings of this study can be
found within the paper. Additional data supporting the findings of this study
are available from the corresponding authors (YJW. and Y.H.Z) upon
reasonable request.

Conflict of interest
The authors declare no competing interests.



Li et al. Light: Science & Applications (2025)14:310

Supplementary information The online version contains supplementary

mate

Recel
2025
Publ

rial available at https://doi.org/10.1038/541377-025-02013-7.

ived: 30 March 2025 Revised: 14 August 2025 Accepted: 15 August

ished online: 08 September 2025

References

1.
2.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Walls, D. F. Squeezed states of light. Nature 306, 141-146 (1983).

Schnabel, R. Squeezed states of light and their applications in laser inter-
ferometers. Phys. Rep. 684, 1-51 (2017).

Braunstein, S. L. & Van Loock, P. Quantum information with continuous vari-
ables. Rev. Mod. Phys. 77, 513-577 (2005).

Lo, H. K, Curty, M. & Tamaki, K Secure quantum key distribution. Nat. Photonics
8, 595-604 (2014).

Pirandola, S. et al. Advances in quantum teleportation. Nat. Photonics 9,
641-652 (2015).

Shi, S. P. et al. Demonstration of channel multiplexing quantum commu-
nication exploiting entangled sideband modes. Phys. Rev. Lett. 125, 070502
(2020).

Shi, S. P. et al. Continuous variable quantum teleportation network. Laser
Photonics Rev. 17, 2200508 (2023).

Xia, Y. et al. Entanglement-enhanced optomechanical sensing. Nat. Photonics
17, 470-477 (2023).

Rota, M. B. et al. A source of entangled photons based on a cavity-enhanced
and strain-tuned GaAs quantum dot. Elight 4, 13 (2024).

Li, C. et al. Arbitrarily structured quantum emission with a multifunctional
metalens. Elight 3, 19 (2023).

Defienne, H. et al. Advances in quantum imaging. Nat. Photonics 18,
1024-1036 (2024).

Casacio, C. A. et al. Quantum-enhanced nonlinear microscopy. Nature 594,
201-206 (2021).

De Andrade, R. B. et al. Quantum-enhanced continuous-wave stimulated
Raman scattering spectroscopy. Optica 7, 470-475 (2020).

Abouakil, F. et al. An adaptive microscope for the imaging of biological
surfaces. Light Sci. Appl. 10, 210 (2021).

Majeed, H. et al. Quantitative phase imaging for medical diagnosis. J. Bio-
photonics 10, 177-205 (2017).

Yun, S. H. & Kwok, S. J. J. Light in diagnosis, therapy and surgery. Nat. Biomed.
Eng. 1, 0008 (2017).

Ellis, A. D. et al. Performance limits in optical communications due to fiber
nonlinearity. Adv. Opt. Photonics 9, 429-503 (2017).

He, H. J. et al. Integrated sensing and communication in an optical fibre. Light
Sci. Appl. 12, 25 (2023).

Cai, C. et al. Superior ultrafast laser-inscribed photonic-lantern mode (de)
multiplexers using trajectory-asymmetry with uniform waveguides. Light Adv.
Manuf. 6, 14-23 (2025).

Sambridge, C. S. et al. Subfemtowatt laser phase tracking. Phys. Rev. Lett. 131,
193804 (2023).

Wang, A. B. et al. Experimental demonstration of 8190-km long-haul
semiconductor-laser chaos synchronization induced by digital optical com-
munication signal. Light Sci. Appl. 14, 40 (2025).

Pugh, C. J. et al. Airborne demonstration of a quantum key distribution
receiver payload. Quantum Sci. Technol. 2, 024009 (2017).

Lawrie, B. J, Evans, P. G. & Pooser, R. C. Extraordinary optical transmission of
multimode quantum correlations via localized surface plasmons. Phys. Rev.
Lett. 110, 156802 (2013).

Fan, W. J, Lawrie, B. J. & Pooser, R. C. Quantum plasmonic sensing. Phys. Rev. A
92, 053812 (2015).

Pooser, R. C. & Lawrie, B. Plasmonic trace sensing below the photon shot noise
limit. ACS Photonics 3, 8-13 (2016).

Dowran, M. et al. Quantum-enhanced plasmonic sensing. Optica 5, 628-633
(2018).

Li, Y. Q. et al. Sub-shot-noise laser Doppler anemometry with amplitude-
squeezed light. Phys. Rev. Lett. 78, 3105-3108 (1997).

Gao, L. et al. Generation of squeezed vacuum state in the millihertz frequency
band. Light Sci. Appl. 13, 294 (2024).

Andersen, U. L. et al. 30 years of squeezed light generation. Phys. Scr. 91,
053001 (2016).

30.

32.

33

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Page 9 of 9

Vahlbruch, H. et al. Detection of 15dB squeezed states of light and their
application for the absolute calibration of photoelectric quantum efficiency.
Phys. Rev. Lett. 117, 110801 (2016).

Neuman, K C. & Block, S. M. Optical trapping. Rev. Sci. Instrum. 75, 2787-2809
(2004).

Neuman, K. C. & Nagy, A. Single-molecule force spectroscopy: optical tweezers,
magnetic tweezers and atomic force microscopy. Nat. Methods 5,491-505 (2008).
Taylor, M. A. et al. Biological measurement beyond the quantum limit. Nat.
Photonics 7, 229-233 (2013).

Taylor, M. A & Bowen, W. P. Quantum metrology and its application in
biology. Phys. Rep. 615, 1-59 (2016).

Fukuma, T. et al. Development of low noise cantilever deflection sensor for
multienvironment frequency-modulation atomic force microscopy. Rev. Sci.
Instrum. 76, 053704 (2005).

Pooser, R. C. & Lawrie, B. Ultrasensitive measurement of microcantilever dis-
placement below the shot-noise limit. Optica 2, 393-399 (2015).
Gréblacher, S. et al. Observation of strong coupling between a micro-
mechanical resonator and an optical cavity field. Nature 460, 724-727
(2009).

Yap, M. J. et al. Broadband reduction of quantum radiation pressure noise via
squeezed light injection. Nat. Photonics 14, 19-23 (2020).

Kaiser, F. et al. Quantum enhancement of accuracy and precision in optical
interferometry. Light Sci. Appl. 7, 17163 (2018).

Degen, C. L, Reinhard, F. & Cappellaro, P. Quantum sensing. Rev. Mod. Phys. 89,
035002 (2017).

Sun, X. C. et al. Quantum positioning and ranging via a distributed sensor
network. Photonics Res. 10, 28862892 (2022).

McKenzie, K. et al. Squeezing in the audio gravitational-wave detection band.
Phys. Rev. Lett. 93, 161105 (2004).

Sun, X. C. et al. Dependence of the squeezing and anti-squeezing factors of
bright squeezed light on the seed beam power and pump beam noise. Opt.
Lett. 44, 1789-1792 (2019).

Wang, Y. J. et al. Noise transfer of pump field noise with analysis frequency in a
broadband parametric downconversion process. Chin. Opt. Lett. 19, 052703
(2021).

Yang, W. H. et al. Detection of stably bright squeezed light with the quantum
noise reduction of 126 dB by mutually compensating the phase fluctuations.
Opt. Lett. 42, 4553-4556 (2017).

Aggarwal, N. et al. Room-temperature optomechanical squeezing. Nat. Phys.
16, 784-788 (2020).

Buchler, B. C. et al. Feedback control of laser intensity noise. Phys. Rev. A 57,
1286-1294 (1998).

Lam, P. K. et al. Noiseless electro-optic processing of optical signals generated
with squeezed light. Opt. Express 2, 100-109 (1998).

Venneberg, J. R. et al. Bright squeezed light generation via nonclassical power
stabilization. Phys. Rev. Res. 7, L022040 (2025).

Chao, Y. X. et al. Pound-Drever—Hall feedforward: laser phase noise suppres-
sion beyond feedback. Optica 11, 945-950 (2024).

Jing, M. Y. et al. High bandwidth laser frequency locking for wideband noise
suppression. Opt. Express 29, 7916-7924 (2021).

Jiao, N. J. et al. Passive laser power stabilization in a broadband noise spectrum
via a second-harmonic generator. Opt. Lett. 49, 3568-3571 (2024).

Jiao, N. J. et al. Laser phase noise suppression and quadratures noise
intercoupling in a mode cleaner. Opt. Laser Technol. 154, 108303
(2022).

Zhang, W. H. et al. Precise control of squeezing angle to generate 11dB
entangled state. Opt. Express 29, 24315 (2021).

Zhang, W. H. et al. Optimization of the squeezing factor by temperature-
dependent phase shift compensation in a doubly resonant optical parametric
oscillator. Appl. Phys. Lett. 115, 171103 (2019).

Wang, Y. J. et al. Generation of-10.7 dB unbiased entangled states of light.
Appl. Phys. Lett. 118, 134001 (2021).

Vahlbruch, H. et al. Coherent control of vacuum squeezing in the gravitational-
wave detection band. Phys. Rev. Lett. 97, 011101 (2006).

Chelkowski, S. et al. Coherent control of broadband vacuum squeezing. Phys.
Rev. A 75, 043814 (2007).

Dwyer, S. et al. Squeezed quadrature fluctuations in a gravitational
wave detector using squeezed light. Opt. Express 21, 19047-19060
(2013).

Li, F. et al. Laser intensity noise suppression for space-borne gravitational wave
mission. Opt. Express 33, 28141-28151 (2025).


https://doi.org/10.1038/s41377-025-02013-7

	Bright squeezed light in the kilohertz frequency band
	Introduction
	Results
	Principle analysis
	Experimental setup
	Experimental results

	Discussion
	Materials and methods
	Low-phase-noise single-frequency fiber laser
	Passive noise stabilization with SHG
	Active noise stabilization with a high-gain broadband feedback loop

	Acknowledgements




