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Design of a tabletop interferometer with quantum amplification
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The sensitivity of laser interferometers is fundamentally limited by the quantum nature of light. Recent
theoretical studies have opened a new avenue to enhance their quantum-limited sensitivity by using active
parity-time-symmetric and phase-insensitive quantum amplification. These systems can enhance the signal
response without introducing excess noise in the ideal case. However, such active systems must be causal,
stable, and carefully tuned to be practical and applicable to precision measurements. In this paper, we show
that phase-insensitive amplification in laser interferometers can be implemented in a tabletop experiment. The
layout consists of two coupled cavities and an active medium comprised of a silicon nitride membrane and an
auxiliary pump field. Our design relies on existing membrane and cryogenic technology and can demonstrate
three distinct features: (i) the self-stabilized dynamics of the optical system, (ii) quantum enhancement of its
sensitivity in the presence of the amplifier, and (iii) optical control of the amplifier gain. These features are
needed to enhance the sensitivity of future interferometric gravitational-wave and axion detectors.
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I. INTRODUCTION

Improvements in the performance of gravitational-wave
(GW) detectors continue to stretch the known boundaries of
precision measurement. Ever since the first discovery of gravi-
tational waves [1], there has been a concerted effort to enhance
both the sensitivity and bandwidth of these detectors. These
allow us to capture a wider range of astrophysical phenomena
whose detection is only possible due to their GW emission,
such as merger events between black holes [1], neutron stars
[2], or both [3]. The current pinnacle of sensitivity is achieved
by the Advanced LIGO (Laser Interferometer Gravitational-
Wave Observatory) [4] and Advanced Virgo [5] detectors and
is limited over much of the spectrum by fluctuations brought
about by the quantum nature of light [6]. Improvements
beyond previous quantum-induced limitations in interfero-
metric systems have been implemented already, ranging from
changes to detector configuration (such as the introduction of
signal recycling [7,8]) to implementing direct quantum-noise
suppression techniques (such as the squeezed states of light
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[9–13]). However, there are reasons for further enhancements
in the sensitivity and bandwidth of GW detectors. Contin-
uous improvements in detector sensitivity will provide us
with deeper and better localization [14,15]. Existing perfor-
mance improvements have led to a faster-growing catalog of
GW sources [16–18], which allows us to obtain population
statistics [19]. Further increases in detector bandwidth can
lead to the observation of high-frequency phenomena, such
as remnant collapse, allowing us to probe neutron star physics
[20–22], and core collapse supernovae [23–25].

There is ample motivation for increasing the sensitivity
and bandwidth without sacrificing either or, ideally, improving
both. The limits on these two properties are imposed by the
quantum fluctuations of the light field itself [26,27], com-
bined with the response of the detector’s optical cavities. It
is difficult to achieve simultaneous improvements in both due
to the constraints imposed by the Mizuno limit [28], which
shows an inverse relationship between the peak sensitivity
and bandwidth of the optical system. One of the key insights
into this limit is the generation of positive dispersion by the
optical cavities present in the system. Several proposals have
been made for enhancing the detector performance beyond
the standard quantum-imposed constraint using an optome-
chanical filter cavity [29–35]. This system has been variously
analyzed as a bandwidth-broadening device [30], a white
light cavity [35], and a phase-insensitive filter [36]. Propos-
als consider the implementation of the filter as an auxiliary
cavity attached to existing detectors [30], or as a conversion
of the existing signal-recycling cavity [32]. A mathematically
analogous system has also been proposed that consists of a
purely optical implementation [37]. Many of these proposals
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FIG. 1. Layout of the proposed experiment. It consists of the two coupled main and filter cavities. The setup includes control of the pump
power for the filter cavity. The silicon nitride membrane embedded in the filter cavity implements the quantum amplification. The pump field
is derived from the main laser with two AOMs. The driving frequency of AOM 2 is offset from that of AOM 1 by the required offset between
the pump and probe beams (303 kHz for our experiment). Some steering and mode-matching optics have been omitted for clarity.

consider an unstable system, requiring further active stabi-
lization. In recent studies [34–36], it has been argued that
alternate configurations of the filter cavity and the signal read-
out scheme can result in a stable system which still retains
sensitivity enhancement beyond the Mizuno limit.

We propose the tabletop layout that can verify the validity
of quantum amplification models [32,35,37]. In a scaled-down
system analogous to the analysis in Ref. [35], which was
applied to a contemporary GW detector, we make use of a
coupled-cavity scheme that augments one cavity with a phase-
insensitive amplifier. The amplifier performs a transformation
of its input field a according to the equation [38]

b = Ga + Kn, (1)

where b is its output mode, n is the filter noise, G is the
amplifier gain [39], and K is the noise coupling coefficient
related to G according to the equation |K|2 = |G|2 − 1 in
order to make the transformation unitary.

The effect relies on the ratio between the optomechanical
coupling rate (between the filter cavity and the mechanical
resonator) and the optical coupling rate (between the two
cavities) being close to unity. Since the latter increases as the
main cavity length decreases [21], a straightforward down-
scaling of the kilometer-size design analyzed in Ref. [35] to a
tabletop experiment is not possible. Such an experiment, how-
ever, is essential for developing a deeper understanding of the
fundamental physics underlying the parity-time-symmetric
quantum filtering before it can be applied to GW detec-
tors. Other technical challenges of the tabletop configuration
include accounting for the thermal noise introduced by
the mechanical resonator, stabilizing the resonant frequency
(locking) of the coupled cavity system, and providing effec-
tive mode matching between the small beam waist size for the
optomechanical interaction and larger beam size required for
the stability of a meter-scale setup.

We show how the challenges listed above can be overcome
in a tabletop setup with an appropriate choice of parameters.
The proposed interferometer implements an optomechanical
interaction of the signal field with a Si3N4 membrane, which
can achieve high mechanical quality factors of up to 109

[40] at cryogenic temperatures (10 K). The main goals of
the proposed experiment are to (i) demonstrate the stability
of the optical system with the quantum filter, (ii) measure
the propagation of the signal and noise fields in the system,
and (iii) prove that phase-insensitive filtering can improve the
sensitivity of quantum-limited interferometric detectors. We
outline the theory of quantum amplification in optical inter-
ferometers in Sec. II and find the optomechanical parameters
suitable for tabletop demonstration in Sec. III. We discuss the
quantum performance of the setup in Sec. IV.

II. DYNAMICS OF THE PROPOSED SYSTEM

Our design consists of a coupled-cavity interferometer with
a resonant mode ω0, as shown in Fig. 1. The optimized ex-
perimental parameters are listed in Table I. The signal field
at frequencies ω0 ± ωs is produced inside the high-finesse
main cavity and is further amplified inside the filter cavity.
The amplification is achieved by a membrane with a mechan-
ical mode at ωm and an auxiliary pump field at frequency
ω0 + ωp = ω0 + ωm + ωOS, where ωOS is the frequency shift
of the mechanical oscillator due to an optical spring in the
filter cavity [35]. Our layout is similar to a contemporary
GW detector with the auxiliary signal-recycling cavity tuned
to broaden the antenna response at the expense of the gain
at dc: the carrier field at the frequency ω0 is resonant in
the arm cavity but antiresonant in the signal-recycling cav-
ity. Our main cavity and filter cavity can be identified with
the arm cavity and signal-recycling cavity of the canonical
GW detector, respectively. The distinguishing feature of our
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TABLE I. Experimental parameters.

Parameter Symbol Value

Main cavity length L0 4.1 m
Main cavity input coupler transmissivity T0 30 ppm
Main cavity loss ε0 10 ppm
Filter cavity length Lf 2 m
Filter cavity bandwidth (without membrane) γ f /2π 40 kHz
Filter cavity input coupler transmissivity T f 0.5%
Filter cavity loss ε f 2000 ppm
Membrane eigenmode ωm/2π 300 kHz
Motional mass M 40 ng
Membrane thickness h 50 nm
Membrane transmissivity Tm 0.8
Membrane temperature T 10 K
Input pump power Pin 70 mW
Filter cavity power (short side) Pf 3.4 W
Pump frequency offset ωp/2π 303 kHz

layout is the silicon nitride (Si3N4) membrane embedded in
the filter cavity. Among a vast diversity of optomechanical
oscillators [29], we choose the membrane because it can
support relatively large beam sizes (∼1 mm) and can exhibit
high mechanical frequencies (∼300 kHz) with a sufficiently
high intrinsic tension. These properties make the technology
readily applicable to the kilometer-scale Advanced LIGO de-
tectors without changing the g factors of their signal-recycling
cavities.

In Ref. [35], the mechanical resonator was coupled to the
filter cavity as a reflective component. However, the reflec-
tivity of silicon nitride membranes is typically low (∼0.2).
This fact makes their use as a reflective component in the
filter cavity impractical due to the high added optical loss.
In this section, we show how a pumped membrane disper-
sively coupled to the coupled-cavity system (i.e., using the
membrane-in-the-middle technique [41]) leads to the phase-
insensitive amplification of the signal field. In the analysis,
we consider standard equations for field propagation and in-
teraction at an optical component. The quantum amplification
occurs when an optical field interacts with the membrane,
which is driven by the radiation pressure force from the beat
of the pump and signal fields. The optical fields are defined in
Fig. 1.

Interference on the input test mass in the main cavity is
given by the equations

a1(t ) = r0a2(t − τ/2) + t0χa f 3(t − τ f /2)

a f (t ) = −r0χa f 3(t − τ f /2) + t0a2(t − τ/2),
(2)

where τ and τ f are the round-trip times in the main and filter
cavities, r0 and t0 are the field reflectivity and transmissivity
of the input mirror of the main cavity, and χ = eiθ , where θ is
the relative carrier phase delay across the filter cavity, tuned
to π/2 to achieve signal recycling. We keep χ as a parameter
in the following analysis to maintain generality and cover the
detuned signal-recycling case in future studies.

Microscopic motion of the main cavity causes a small
fraction of the static field A in the main cavity to convert to
a time-dependent field near the end mirror according to the

equation

a2(t ) = a1(t − τ/2) − 2iA
ω0

c
x(t ), (3)

where x is the displacement of the end mirror and c is the
speed of light. The field returning to the membrane from the
main cavity is given by the equation

a f 4(t ) = χa f (t − τ f /2). (4)

The pump field in the filter cavity at frequency ω0 + ωp

converts to frequencies around the carrier field at ω0 according
to the equations

a f 2(t ) = tma f 4(t ) + rmt f ain(t ) − 2iA f 1eiωpt rm
ω0+ωp

c y(t )

1 − rmr f

a f 1(t ) = r f a f 2(t ) + t f ain(t )

a f 3(t ) = tma f 1(t ) − rma f 4(t ) + 2iA f 2eiωpt rm
ω0 + ωp

c
y(t ),

(5)

where y(t ) is the oscillator motion, r f and t f are the field
reflectivity and transmissivity of the input mirror of the filter
cavity, and rm and tm are the field reflectivity and transmis-
sivity of the membrane. The equations above imply that the
membrane and the input filter mirror form a low-finesse cavity
with an eigenmode at ω0. The oscillator is driven by a thermal
force (Fth) and back-action force from the beat of the pump
with the signal fields (Frad) as given by the equation

ÿ + γ ẏ + ω2
my = 1

M
(Fth + Frad ), (6)

where M is the mass of the oscillator and γ is its damping
rate. The thermal force adds an unwanted noise to the system
as discussed in Sec. IV. The radiation force helps achieve the
quantum amplification and is given by the equation

Frad = 1

c
[A f 1a∗

f 1(t )eiωpt + A∗
f 1a f 1(t )e−iωpt

+ A f 2a∗
f 2(t )eiωpt + A∗

f 2a f 2(t )e−iωpt

− A f 3a∗
f 3(t )eiωpt − A∗

f 3a f 3(t )e−iωpt

− A f 4a∗
f 4(t )eiωpt − A∗

f 4a f 4(t )e−iωpt ]. (7)
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The terms A f 1–A f 4 refer to pump fields in the filter on both
sides of the membrane (the numbering is consistent with the
signal fields a f 1–a f 4 shown in Fig. 1) and are related to the
input pump field Ap,in according to the equations

A f 1 = t f

1 − r f [rm + t2
mμ/(1 + rmμ)]

Ap,in

A f 2 =
(

rm + t2
mμ

1 + rmμ

)
A f 1

A f 3 = tm
1 + rmμ

A f 1

A f 4 = μA f 3, (8)

where μ = exp(−iωpτ f ) determines the additional phase ac-
cumulation of the pump field relative to the carrier field.

Solving the equations above in the frequency domain leads
to the input-output relationship between a f 3 and a f 4 of the
form given by Eq. (1), where the vacuum fields at frequencies
around ω0 + 2ωp play the role of an additional amplifier noise
n. The exact expression for G is quite complicated, but it can
be well approximated as

G(ω) ≡ ã f 3(ω)

ã f 4(ω)
≈ 1 + 2i g2ωmτ f

ω2 − iγω − ω2
m

. (9)

In the above formula, ω is related to the signal sideband
frequency 	 through ω = 	 − ωp. The constant g quantifies
the optomechanical coupling strength between the signal field
and the membrane, and it is approximately equal to

g ≈
(

rmt2
mPf ω0

(1 − r f rm)2McL f ωm

)1/2

. (10)

Here, Pf is the optical power of the pump field inside the
cavity formed by the membrane and the input mirror and
dominates over the optical power on the other side of the
membrane, which is smaller by a factor of 2.5. Guided by the
analysis in this section, we present our choice of experimental
parameters in the following section.

III. EXPERIMENTAL PARAMETERS

The quantum amplification is optimal and stable when
the Hamiltonian of the full optomechanical system is parity-
time symmetric in the single-mode approximation [34]. The
condition is fulfilled when the coupling strength g equals
the coupled-cavity resonant frequency ωc given by the equa-
tion [21]

ωc = c

2

√
T0

L0L f
. (11)

The equation above highlights the complexity of the tabletop
demonstration of the quantum phase-insensitive amplifica-
tion: for meter-scale cavity lengths, L0 and L f , the coupled-
cavity resonance is in the tens of kHz range. Therefore, the
optomechanical coupling strength g must be larger for smaller
scale experiments than for kilometer-scale ones.

In practice, g is chosen to be slightly smaller than ωc to
maintain a practical stability margin, as the system becomes

FIG. 2. Plot showing the effect of offsetting the pump frequency
on the signal response. The signal response is maximized when the
offset is equal to the optical spring frequency shown in Eq. (14).

unstable for g > ωc. We choose

g ≈ 0.97ωc, (12)

which is used in the subsequent sensitivity analysis, as this
is the highest value of g we confirmed to work in numerical
simulations. However, g can be optically tuned over the full
range of interest (from 0 to above ωc), which gives us the
ability to experimentally explore the margin of stability and
the sensitivity enhancement in more detail.

The mechanical eigenmode frequency must satisfy the con-
dition given by the equation

ωm � γ f . (13)

Since the filter cavity bandwidth γ f must be larger than the
highest signal frequency (γ f > ωs), we choose γ f and ωm as
shown in Table I. The relatively low finesse of the filter cavity
is similar to that of the Advanced LIGO signal recycling
cavity and helps mitigate the negative consequences of the
optical losses.

The pump field must be tuned to the resonant frequency
of the membrane in the presence of the optical fields. The
fields stiffen the mechanical oscillator due to the optical spring
effect, which results in a shift of the resonant frequency, given
by the equation


ωOS = rmt2
mg2ωm

4(1 − r f rm)2
(
γ 2

f + ω2
m

) , (14)

and is approximately equal to 3.0 kHz for our set of param-
eters. Such a frequency offset is crucial for both improving
the sensitivity and maintaining the stability of the system. In
Fig. 2, we illustrate its effect on the signal response, which is
normalized to unity at low frequencies for clarity. In Fig. 3,
we follow Ref. [35] and show the Nyquist plot—a parametric
plot of the imaginary and real part of the determinant of
I + MOL, with I being the 2 × 2 identity matrix and MOL

the open-loop transfer matrix for the signal field and the idler
field. Physically, the frequency offset of the pump field ωp is
tuned with a pair of acousto-optical modulators (AOMs) as
shown in Fig. 1.

Before measuring the quantum sensitivity, the interferome-
ter must be tuned on resonance at ω0. We propose to stabilize
the filter and the main cavity relative to the probe field (shown
in red in Fig. 1) using the Pound-Drever-Hall scheme. Similar
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FIG. 3. Figures showing the Nyquist plots of the system. The
left (right) figure shows the case without (with) offsetting the pump
frequency. The contour does not enclose the origin after we offset
the pump frequency by the optical frequency, which implies a stable
system.

to the Advanced LIGO detectors [4], we can stabilize the
detector by resonating radio-frequency sidebands in the filter
cavity. The resonance is needed to diagonalize the coupled
longitudinal degrees of freedom: the filter and main cavities.
Our parameter choice implies that the first radio modulation
frequency [equal to the free spectral range c/(2L f ) of the filter
cavity] should be 75 MHz. For our set of parameters, we get
600 mW of carrier power in the main cavity and 8 μW of
carrier power in the filter cavity for the input carrier power
of 1 mW. The second modulation frequency is set to 10 MHz
to avoid resonances in either cavity. Therefore, we can diag-
onalize the two degrees of freedom according to the sensing
matrix as shown in Table II.

Stabilization of the main cavity relative to the prestabilized
laser can be achieved by demodulating the 10-MHz sideband
and actuating on the laser frequency in a high-gain feedback
loop. High bandwidth is required to keep stability of the loop
when we introduce the pump field. The 75-MHz signal is used
to stabilize the filter cavity through actuation on the input filter
mirror with a bandwidth of 100 Hz. The pump field leads
to amplification in the filter cavity and increases the optical
gain of the detector in the 100 Hz–20 kHz band. Therefore,
feedback servos are used to maintain stability across both
regimes—with and without the pump field.

IV. QUANTUM SENSITIVITY

In this section, we show that improvements in the quantum-
limited sensitivity can be achieved with current technology. In
the GW detectors, complex seismic isolation systems are in-
stalled to suppress ground vibrations, whereas such advanced
systems are not present in our design. In the tabletop experi-
ment, we thus tune ωc and the other experimental parameters
discussed in Sec. III to achieve the quantum-limited sensitiv-

TABLE II. Optical gains in arbitrary units of the sensors in re-
sponse to the excitation of the main and filter cavities.

Demodulation frequency Main cavity Filter cavity

75 MHz 1 −1/3
10 MHz −1 0

FIG. 4. Figure showing the thermal noise contribution of the
membrane at different environmental temperatures. As a reference,
the dotted curve shows the quantum noise level when the pump
power on the membrane is turned off. All the curves are normalized
with respect to the low-frequency (below 100 Hz) noise level in the
pump-off case.

ity improvements at 100 Hz–20 kHz. This is a crucial design
choice to avoid coupling of the ground vibrations to the ex-
periment. As a result, the setup is limited by the thermal noise
of the membrane and vacuum fields from the interferometer’s
open ports: the input port and loss channels in the filter and
main cavities.

The effect of the amplification can be classically demon-
strated by measuring the transfer function from the main
cavity end mirror motion to the readout photodetectors. How-
ever, the amplification of the optical gain can be canceled
by the noise amplification if the optical and mechanical pa-
rameters are not chosen carefully. Our proposal to avoid this
excess noise amplification uses a high-quality-factor Si3N4

membrane operated at a cryogenic temperature, which has
been recently used in quantum-limited measurements [40,42].

Figure 4 shows the sensitivity of the same system under
consideration for different levels of thermal noise, specified
by the ratio T/Qm. Given this result, it is possible to see real
sensitivity improvements for a T/Qm ratio as large as 10−7 K.
A significant improvement in the sensitivity can be achieved
for T/Qm < 10−8 K. With a reasonable temperature of 10 K,
this implies a constraint of Qm � 109. With state-of-the-art
Si3N4 membranes, it is possible to reach Qm = 5 × 108 at a
mechanical eigenfrequency of 777 kHz [43]. Therefore, with
some further research, the parameters we consider should be
within reasonable grasp of future membrane development.
In the broader picture, we are not tightly constrained to the
parameter space we specify here and thus it will be possible
to tailor parameter values to the available technology.

Precise positioning and general operation of the membrane
inside a cryostat presents significant (but not insurmount-
able) practical challenges. Following the practical insights
of Ref. [41,44], we opt for a rigid connection between the
input mirror and membrane to minimize the relative motion
between the two components. However, to achieve the fine-
tuning in positioning necessary to place the membrane at the
nodal point of the intracavity field, we adopt the approach
of Ref. [45] and design the mirror-membrane assembly with
a sufficiently compliant spacer material. The spacer can be
compressed to the correct mirror-membrane separation and
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clamped in place. The remaining optics are placed outside of
the cryostat environment and thus may suffer from significant
injection of relative motion, particularly from the cryopump
vibrations. It is quite possible that this will need to be sup-
pressed with an appropriate vibration-isolating suspension,
and more investigations of this will be undertaken as the need
arises. We benefit from a comparatively low finesse in the fil-
ter cavity, which somewhat loosens the stability requirements.

Another concern is the membrane structure and its effect
on the stability of the system. The phononic bandgap mem-
branes investigated in Refs. [40,42] represent the state of the
art in low-mechanical-loss membrane design but contain a
dense forest of eigenmodes above and below the target eigen-
mode, which raises stability concerns in the case where these
modes are excited and generate unstable carrier sidebands in
the filter cavity. We operate in the resolved sideband regime
with well-separated carrier and pump fields (ωp = 7.5γ f ),
which somewhat improves the stability of the system. How-
ever, the closest secondary membrane resonance is a mere
150 kHz away from the primary eigenmode at ωm, which is
not sufficiently above the bandwidth of the filter cavity to
be significantly attenuated. Further, this mode is well above
the bandwidth of the main cavity, which means this auxiliary
beat note will not benefit from the main cavity’s stabilizing
effect. Fortunately, the overlap between the filter cavity’s
fundamental optical mode and the auxiliary modes of the
membrane is small, which significantly reduces the coupling
of these mechanical modes to the optical system. Should this,
nonetheless, still lead to instabilities, we will actively control
the troublesome modes directly.

The main cavity by necessity has a rather large finesse
(over 105), which will pose some technical challenges during
setup and operation. However, long-storage-time optical cav-
ities have been experimentally demonstrated [46], including
cavities with finesse significantly in excess of our own [47].
Optical losses in the main cavity come from scattering and
absorption of the laser beam on the optical coating. For our
meter-scale setup, optical losses as small as 5 ppm per mirror
are routinely achieved by commercially available superpol-
ished mirrors [48]. We follow the formalism discussed in
Ref. [20] and find the noise level imposed by the loss ε0 in
the main cavity:

Sε
0 (ω) = 4

Teff
ε0, (15)

where the noise’s power spectral density (PSD) Sε
0 is normal-

ized to the dc level of the noise PSD in the absence of the
pump field (i.e., the one provided by the shot noise only), and
Teff is the effective power transmissivity of the compound
mirror formed by the central mirror, the membrane, and the
input mirror.

The filter cavity, similar to the recycling cavities in Ad-
vanced LIGO, witnesses larger optical losses due to a larger
number of mirrors, the antireflective coating of the main
cavity input coupler, and mode mismatch between the two
cavities. Due to the small waist size that must be achieved on
the membrane, we insert a further mode-matching mirror in-
side the filter cavity to facilitate this small waist and to support
stable optical modes in both cavities. By adding curvature to
the mode-matching mirror and the end mirror of the main cav-

FIG. 5. Figure showing the noise budget of our proposed exper-
iment for the quantum demonstration with realistic optical loss in
both the main cavity and the filter cavity. The thermal noise from the
membrane is also included. The “input vacuum noise” arises from
the vacuum fluctuation at the input; it is the lowest quantum noise
level when the optical loss and thermal noise are absent.

ity (with all remaining mirrors flat), we can arrive at a stable
configuration with radii of curvature of 548 mm and 6183 mm,
respectively. Due to practical limitations, we cannot achieve
reflection off the mode-matching mirror at normal incidence,
which will lead to additional loss from astigmatism. This, to-
gether with the inherent loss of an additional optic, will further
increase the filter cavity losses. However, the filter cavity loss
ε f is also less important at low frequencies. If we keep to the
lowest order of the filter cavity loss, its contribution to the
noise level is approximately given by

Sε
f (ω) = 2(γ 2

0 + ω2)τ

Teff γ0
ε f , (16)

where γ0 ≡ T0/(2τ ) is the bandwidth of the main cavity.
Optical-loss-induced dissipation is analogous to the sensi-

tivity limit from the mechanical dissipation. The thermal noise
can be mapped to an equivalent optical loss in the main cavity
by using the following equation [20]:

ε
eq
0 = kBγ0

h̄g2

(
T

Qm

)
. (17)

With the parameters listed in Table I, T/Qm ∼ 10−8 K corre-
sponds to around 70 ppm loss in the main cavity.

Figure 5 shows the total noise of our proposed experiment.
It includes additional quantum noise from the optical loss
in the main cavity and filter cavity. As we can see, given a
realistic level of optical loss and T/Qm ratio of 10−8 K, we
could observe a factor of two suppression in the noise level
compared to the pump-off case, which is comparable to the
quantum noise improvement from squeezed states of light.

The state-of-the-art membranes can achieve even lower
values than we need, T/Qm � 10−10 K, if positioned in a dilu-
tion refrigerator [49]. However, the optical absorption and low
thermal conductivity of silicon nitride will increase the mem-
brane temperature [44,50] above millikelvin temperatures. We
estimate the thermal resistance of a membrane heated by an
optical beam at its center as

R ≈ Rm

w

1

2πh

1

α(T )
, (18)
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where Rm/w = 2.5 is the ratio of the membrane radius to
the beam size on the membrane, α(T ) is the temperature-
dependent coefficient of thermal conductivity, and h is the
membrane’s thickness. The membrane temperature is then
given by the equation

T ≈ RPa, (19)

where Pa is the power absorbed by the membrane. We com-
pute the power according to the equation

Pa = ABPf , (20)

where A = 10 ppm is the membrane absorption computed
using the imaginary part of the film refractive index, k = 10−5

[51], and B ≈ 6 × 10−3 is the ratio of the power on the mem-
brane to the maximum filter power. Similar to Ref. [52], we
propose to minimize B by positioning the membrane at the
node of the cavity field.

Solving Eqs. 18 and 19 relative to the membrane
temperature T and approximating α = 0.23 + 0.032(T −
T0) W m−1 K−1 around T0 = 10 K [44], we get the minimum
possible membrane temperature of T = 8.6 K with the pa-
rameters listed above and in Table I. Therefore, we can assume
the membrane temperature of T = 10 K in our estimations of
the thermal noise shown in Fig. 4.

The noise originating from the laser presents technical
challenges that require addressing. The laser frequency noise
of our free-running nonplanar ring oscillator (NPRO) laser lies
at 10 Hz/

√
Hz at 1 kHz [53]. It is necessary for us to provide

a more stable frequency reference for the laser and suppress
this noise by multiple orders of magnitude. Many standard
techniques exist in the literature to achieve this, and thus we
do not consider it to be a fundamentally limiting noise source.
Similarly, we do not consider the laser intensity noise to be
a fundamental problem, particularly as our locking scheme
is to first order insensitive to the laser intensity fluctuations.
Coupling of laser intensity noise becomes possible in the
case of certain imbalances in the cavity operation [54], which
should generally remain below the quantum-noise sensitivity.
Should we become limited by noise arising from intensity
fluctuations, we will implement an intensity stabilization loop
as needed [55]. The signal detection scheme relies on a suffi-
ciently clean separation of the carrier and pump fields in the
reflection port. This can be readily achieved by the output
mode cleaner shown in Fig. 1 with a bandwidth of around
10 kHz. We are aware of other technical challenges that re-
main unaddressed but none pose a fundamental limitation or
a novel problem within the field. Therefore, we consider the
discussion of the feasibility of our scheme in this section to
include the most fundamental objections.

V. CONCLUSION

Active parity-time-symmetric and phase-insensitive quan-
tum amplification stands as a promising method of enhancing
the quantum-limited sensitivity of interferometric devices. We

propose an experiment that has the potential to demonstrate
quantum amplification using existing technology on a tabletop
scale. This is a crucial step towards embedding the technology
in devices such as gravitational-wave and axion detectors.
The technology has the potential to increase the reach of the
detectors by an order of magnitude [35].

Importantly, the parameter values we lay out here are not
tightly restrictive, which means that the scheme is robust to
changes based on the outcome of future research and de-
velopment. We develop a framework for the analysis of this
quantum amplification scheme, which can be readily adapted
to a wider array of application in the future. In addition to
the general treatment, we motivate the feasibility of such a
system by finding a parameter regime that is experimentally
sound and within reach of current or near-future technology.

We optimize the experiment to demonstrate quantum am-
plification with a pair of coupled high-finesse and low-finesse
optical cavities. The quantum amplification of the signal field
can be achieved with a Si3N4 membrane at 10 K and a prop-
erly tuned pump beam. Our design targets the suppression of
quantum noises around 100 Hz–20 kHz to avoid noises related
to ground and acoustic vibrations.

We explore the stability of such a system in terms of the
optomechanical coupling strength, the pump-field frequency,
and maintenance of the cavities’ operating point. To this
end, we lay out the methods for control of the pump-field
frequency using a dual AOM approach, and for the cav-
ity length control using two radio-frequency sidebands in a
Pound-Drever-Hall locking scheme. We thus specify a practi-
cal solution for the stable control of such a system. Through
the setting of the pump-field amplitude (optical control), we
have the ability to alter the amplifier gain in real time without
disrupting operation.

We show that quantum noises from realistic optical losses
in the main and filter cavities do not negate the positive effect
of the quantum amplification. The choice of the mechanical
oscillator (Si3N4 membrane) lets us avoid significant clipping
losses in the filter cavity. Moreover, Si3N4 membranes have
applications beyond tabletop experiments in kilometer-scale
gravitational-wave detectors.
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