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Squeezed states of light enable quantum-enhanced measurements but are limited by optical loss,
particularly at 2 pm where photodiode efficiency is low. We report the first loss-tolerant, audio-band
squeezed light detection at 1984 nm by using a phase-sensitive amplifier to amplify the squeezed vacuum
prior to detection. This technique increases the effective detection efficiency from 74% to 95% and increases
the observed squeezing from 4 to 8 dB, the highest level of squeezing observation reported at this wavelength.
Additionally, the vacuum to dark-noise clearance increases, extending the effective measurement bandwidth
toward lower frequencies. This approach is largely wavelength independent, extending high-fidelity quantum
measurements to future gravitational-wave detectors and related quantum technologies.

DOI: 10.1103/s61z-fcyp

Introduction—Squeezed states of light enhance sensi-
tivity in a range of precision measurements, including
gravitational wave (GW) detection [1-7], biosensing [8],
and quantum information [9]. Their practical utility, how-
ever, is limited by photon loss which degrades observable
squeezing by introducing vacuum fluctuations and techni-
cal noise that masks the quantum correlations. While noises
such as phase noise and photodiode dark noise affect all
frequencies, their impact is especially pronounced in the
audio band, which is relevant to GW detection [10,11].

The transition to a wavelength near 2 pm in proposed
future GW detectors is motivated by thermal noise reduc-
tion [12—14]. These future detectors will employ cryogenic
silicon test masses [15], that have high optical absorption at
1064 nm. At 1064 nm, up to 15 dB of tabletop squeezing
has been demonstrated [16], compared to 4 dB at 1984 nm
[17]. Squeezing has been integrated in the kilometer-scale
interferometers [3], however loss and low-frequency detec-
tion remain major technical challenges.

The transition to the 2 pm wavelength introduces new
difficulties. Although 2 pm photodiodes reach quantum
efficiencies as high as 92% at MHz frequencies [18],
photodetectors optimized for the audio band currently
achieve only 74% [17]. Reverse biasing a photodiode can
improve efficiency at the expense of increased dark noise;
cryogenic cooling reduces dark noise but degrades quan-
tum efficiency [19]. In contrast, current GW detectors at
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1064 nm routinely exceed 98% efficiency [3,16]. Thus,
achieving high-fidelity, audio-band squeezing at 2 pm
remains a key technical hurdle for future detectors. To
address the limitation of photodiode efficiency, we exper-
imentally demonstrate quantum-enhanced detection at
1984 nm using a phase-sensitive amplifier to mitigate the
impact of low photodiode efficiency. First proposed by
Caves [20,21] this approach simultaneously amplifies the
vacuum state, and any squeezed state, in the measurement
quadrature above the Heisenberg limit. Both amplified
states are affected by the loss, however, the degradation in
the measured level of squeezing is less than with direct
squeezed light detection, provided both amplified states
remain above the Heisenberg limit. Proof-of-principle
experiments have validated its loss-tolerant properties
[22-24], and integrated photonics have demonstrated
broadband, room-temperature implementations [9,25-28].
In the context of GW detectors, this technique underpins
internal squeezing, where in situ amplification improves
readout sensitivity [29]. Both theoretical and experimental
work show that operating in the amplification regime can
surpass the standard sensitivity-bandwidth limit [30-34].
For a force-sensing interferometer such as a GW detector,
an output optical parametric amplifier (OPA), similar to the
one described here, would amplify both the gravitational
wave signal and the reflected squeezed vacuum at the inter-
ferometer output. These developments form the basis for our
demonstration of loss-tolerant quantum sensing at 2 pm.
In this Letter, we demonstrate a loss and phase-noise
tolerant measurement scheme that enhances detection in the

© 2026 American Physical Society
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presence of limiting dark noise. By externally amplifying
squeezed vacuum at 1984 nm, we recover the squeezing
degraded by low detector efficiency. Our results agree
well with the model and validate the effective efficiency
metric introduced to quantify detection performance [35].
Crucially, phase noise from the OPA has a negligible
effect on observed squeezing, even at low frequencies.
These findings establish a viable, loss-tolerant strategy for
quantum-enhanced detection at 2 pm—directly applicable
to next-generation GW observatories.

Experiments—The conceptual diagram for the squeezed
vacuum generation and amplifier measurement setup is
illustrated in Fig. 1(a). A subthreshold optical parametric
oscillator (OPO) with an escape efficiency 74y, is used to
generate the squeezed vacuum. Before reaching the OPA, the
squeezing encounters propagation 10ss, #,,, Which in our
setup is primarily due to mode mismatch between the two
optical cavities. The squeezed vacuum is then amplified by
an OPA that has escape efficiency 7.y, All losses after the
OPA, including those due to diode quantum inefficiency, are
characterized by the photodetection 10SS #4e-

Figure 1(b) shows a simplified layout of the experimen-
tal implementation. The OPO and OPA are dual-resonant
bow-tie cavities with an identical design, as described in
[17], with the input coupler reflectivity changed to 97% to
reduce the threshold power for each cavity. A 1984 nm
thulium fiber laser from AdValue Photonics [36] is used to
provide a local oscillator (LO) for homodyne detection and
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FIG. 1. (a) The nomenclature for the experimental setup and the
vacuum coupled into the system as loss at key points. (b) The
schematic for the experiment. The squeezed vacuum is generated
from a squeezing setup that consists of a SHG and an OPO. The
amplified readout consists of an OPA and a balanced homodyne
detector. The photodiodes (PD) indicated are employed in the
feedback loops. The 21 MHz sideband is used for PDH locking of
OPO and OPA cavities. The 10 MHz CLF is used to control the
pump phase of the OPA, shown as a single AOM for simplicity.
The LO, split off from the main laser, is constrained to 150 pW to
avoid the photodetector saturation.

to pump a second harmonic generator (SHG). The SHG is a
periodically poled potassium titanyl phosphate (PPKTP)
crystal placed in a 33 mm Fabry-Perot cavity that is stabi-
lized on reflection with the Hansch-Couillaud method [37].
The pump field is split into two paths to pump the OPO
and OPA. These cavities were Pound-Drever-Hall (PDH)
locked to the pump with a phase modulation of 21 MHz. To
control the pump phase of the OPA, we use the coherent
locking field (CLF) technique where we inject a weak
frequency-shifted field into the OPA [38-40]. The CLF
10 MHz frequency shift is generated from two acousto-optic
modulators (AOM)’s (shown as one in Fig. 1) and is used to
control the phase of the light relative to the OPA [41]. The
LO is locked to the CLF using an error signal generated from
the homodyne signal. This allows us to control the phase of
the amplified readout scheme before injecting the squeezed
vacuum into the OPA.

Characterizing the OPO and the OPA—We measure the
squeezing generated separately by the OPO and OPA to
characterize the phase noise and the photodetector loss. For
the OPO squeezing measurement, the OPA is bypassed.
These squeezing measurements (not shown) allow a meas-
urement of total loss and phase noise in our setup. The
squeezing-antisqueezing variance (V) is given by

Axno
1l F——, 1
T Q22 (1)

Ve =
where 7,6 = opolnallaer 18 the total efficiency of the setup.
The normalized pump parameter x, often measured from
the nonlinear gain G, is given by

where P is the pump power and Py.q, 1S the threshold
pump power of the cavity.
The effect of phase noise on the squeezed state is given by

Viz)(0) = V()c0s°0; + Vzsin’0), (3)

where i € {opo,opa}. The characterized losses and phase
noise are summarized in Table 1.

These measurements show large amplifier phase noise
between the homodyne detection angle and the OPA. This
originates from the phase lock between the OPA’s CLF and
the local oscillator. Lower CLF power would reduce the
OPA phase noise to (144 + 16) mrad, at the expense of
the lock stability, due to the limited signal-to-noise ratio of
the 2 pm commercial photodetector. While such excess
phase noise is detrimental to measurements in the squeezed
quadrature, the OPA is operated under amplification, where
the effect of phase noise is strongly suppressed. This effect
has been modeled and verified in our previous work [35],
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TABLE 1. The experimental parameters.

Parameter Value
Escape efficiency of OPO, 1, (98.2+0.5)%
Escape efficiency of OPA, 7, (973 £0.5)%
Homodyne detector efficiency, 74 (98 £1)%
Other propagation loss < 1%
Mode match between OPO and OPA 97+£1)%
Photodiode quantum efficiency, 74 (74 £3)%
Squeezing phase noise (without OPA), 6, (46 £+ 4) mrad
Squeezing phase noise (with OPA), 6, (33 £+ 1) mrad

Amplifier phase noise, 0y, (218 £ 1) mrad

confirming that amplifier phase noise contributes negli-
gibly in the amplification regime.

Amplified squeezing measurements—In our configura-
tion, both the OPO and the OPA are operated without any
coherent seed field. We are measuring the quadrature being
amplified by the OPA while scanning the pump phase into
the OPO. With the homodyne detector locked to the
amplified quadrature we can operate the OPA at different
levels of nonlinear gain and inject different levels of
squeezed vacuum from the OPO.

Figure 2 shows the squeezing result for G,,, = 10 and
Gopa = 12. Trace (i) shows the amplified squeezing,
from the OPA, as the pump phase to the OPO is scanned
through the squeezed and antisqueezed quadratures. Trace
(i1)) shows the corresponding amplified vacuum noise,
sometimes referred to as amplified shot noise. Trace
(iii) shows the vacuum noise without parametric amplifi-
cation from the OPA measured by the homodyne detector
with a local oscillator power of 150 pW. Trace (iv) shows
the homodyne detector’s dark noise. As the homodyne
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FIG. 2. Measurement of the amplified squeezing level normal-
ized to the amplified vacuum noise centered at 52 kHz.
Traces correspond to (i) amplified squeezing and antisqueezing,
(i1) amplified vacuum noise, (iii) vacuum noise, and (iv) dark
noise. The data are taken for G,p, = 10 and G,,, = 12, respec-
tively. The zero span measurement was taken with a 1 kHz
resolution bandwidth and 30 Hz video bandwidth.

detector is locked to the OPA pump phase at the anti-
squeezed quadrature, the x-axis “time” is correlated to the
relative phase of the squeezing from the OPO as we slowly
scan the OPO pump phase. Without the OPA, the observed
squeezing is limited to 4 dB with 26% of photodetection
loss. With the OPA providing 14 dB of amplification, the
observed squeezing increases to (8 + 1) dB.

Figure 3 shows the amplified squeezing and antisqueez-
ing generated by the OPO for the OPA operating under
three different gain conditions. We fit a squeezing phase
noise of 33 mrad. The OPA with phase locking acts as a
reference cavity for the OPO and reduces the squeezing
phase noise. Although the characterization of the OPA
exhibited relatively large amplification phase noise, our
model predicts that 218 mrad of amplification phase noise
would degrade the squeezing by less than 0.5 dB when
Gopo X Gopy- Figure 3 demonstrates that amplified squeez-
ing is largely insensitive to amplifier phase noise. In
comparison, high squeezing phase noise when operating
in the region of high nonlinear gain without an OPA can
significantly degrade the measured level of squeezing.

Our previous work [35] shows that the amplified
squeezing can be expressed as

amp

Vef_ — - ) -1
7V ey

4xop0’7lsqz Neff

(trge? Y

This equation has the same form as Eq. (1), where V?T;’ is

the amplified squeezing, V?gp |G,—1 is the amplified
vacuum noise, and #. is given by

ndet(znopa + Xopa — 1)2
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FIG. 3. Amplified antisqueezing and squeezing operating
versus the OPO nonlinear gain, with photodetector efficiency
of 74% and OPA operating at nonlinear gain of 4 (blue), 5.7 (red),
and 12 (green).
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FIG. 4. Enhanced effective efficiency versus OPA nonlinear
gain. Measured efficiencies are plotted as circles at each gain. The
threshold gain where internal OPA loss is exactly compensated is
marked by a red cross.

Here, we separate the efficiency terms into the efficiency
of squeezing generation 7, = Mopollprop and the effective
efficiency of the amplified readout 7. described by Eq. (5).
The effective efficiency, representing the amplified readout
efficiency shown in Fig. 1, is primarily tuned by varying the
nonlinear gain of OPA.

Figure 4 shows the enhanced efficiency of our meas-
urement system as a function of OPA nonlinear gain. We
obtained the effective efficiency #.¢ from our amplified
squeezing and antisqueezing results. The error bars for the
data points in Fig. 4 are estimated from the fitting para-
meters of Fig. 3. A theoretical curve is included in Fig. 4
that is calculated from experimentally measured parameters
such as photodiode quantum efficiency and OPA escape
efficiency (Table I). Figure 4 shows the increase in
efficiency corresponding to the increase in OPA nonlinear
gain. The graph is plotted with the fitted 7., and the 7.
calculated from measured 7opq, e, aNd Xop, Values.

We obtain the expression for the minimum pump required
to compensate for OPA internal loss x;, that can be written as

- Mopa _ Lopa
1- Ndet Ldet ’

(6)

Xint =

where L, is the intracavity loss of the OPA and L is the
photodetection loss. This expression is obtained by setting
Nett = Naer 1N Eq. (5). Without amplification from the OPA
(Gopa = 1), the overall efficiency is degraded due to the
additional intracavity loss introduced by the OPA. In our
measurement setup, the OPA requires a nonlinear gain of
1.25 to compensate for the 2.7% intracavity loss introduced
by the amplifier highlighted with the red cross on Fig. 4.
The upper limit for the amplified readout scheme is set by
Xini» Where a lossless OPA (x;,, = 0) is required to achieve
Nesr = 1. With a modestly high gain (G, > 10), we were
able to achieve an efficiency of 95% with our OPA.

dB relative to amplified shot noise

-10 (iii)
-15 (iv)
0 2 4 6 8 10
time (s)
FIG.5. Measurement of the amplified squeezing at G,,, = 3 at

3 kHz. The traces correspond to (i) amplified squeezing and
antisqueezing, (ii) amplified vacuum noise, (iii) vacuum noise,
and (iv) dark noise. The additional noise clearance is obtained
from Ggp, = 19. The zero span measurement was taken with a
1 kHz resolution bandwidth and 10 Hz video bandwidth.

The reduction of technical noise such as electronic noise
or photodiode dark noise is important at low frequencies
for applications such as GW detection where high levels of
squeezing are essential. As shown in Fig. 5, at 3 kHz
the noise clearance is reduced to 1 dB, where the limiting
noise source originates from the electronic noise floor of
the spectrum analyzer rather than from the photodiode.
Conventional detection schemes typically require more
than 10 dB of clearance to observe squeezing. By contrast,
the OPA adds 12 dB of noise clearance, enabling the
observation 6.5 dB of squeezing in the noise-limited region.
While the noise limitation here is electronic rather than
from the photodiode, the same principle still holds, where
phase-sensitive amplification extends the bandwidth of
measurement systems.

The bandwidth, with its upper limit set by the OPA
cavity linewidth, is especially valuable when the LO power
is limited, where further increase in LO power can couple
additional technical noise such as relative intensity noise
(RIN) or Johnson noise from heating of the photodiode,
limiting the observed squeezing. In this regime, some
sources of dark noise, such as flicker noise that scales
with 1/f, are not well understood. By amplifying vacuum
noise, the OPA can potentially mitigate the limitation of the
photodiode’s semiconductor properties.

Conclusions and discussions—We observed 8§ dB of
squeezing in 2 pm region with photodiodes that have a
quantum efficiency of 74%. This experiment demonstrates
an alternative wavelength-independent technique to
achieve high detection efficiency. At 2 pm, we demonstrate
an effective detection efficiency of 95%, among the highest
reported, while extending the bandwidth into the dark-
noise-dominated low frequency region. Although lower
intracavity losses have been achieved, developing a photo-
detector with an equivalent loss figure presents a much
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greater challenge at this wavelength. With an OPA that has
an escape efficiency of 99% [16], we could improve the
efficiency of the measurement scheme to 98%, a level
comparable to the photodiodes currently used in GW
detectors. We have shown that phase noise in the OPA
has a minimal effect on the observation of squeezing. In
addition, this technique allows amplification above dark
noise in the regime limited by semiconductor properties.
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