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Abstract

Squeezed states of light contribute to the reduction of quantum noise in gravitational-wave
interferometers. This result, predicted by Caves in 1981, has been demonstrated by the main
gravitational-wave detectors. The injection of phase-squeezed light only decreases quantum shot
noise fluctuations, improving the detector sensitivity in high-frequency band; the corresponding
anti-squeezing, indeed, induces radiation pressure noise, increasing quantum noise in low-frequency
band. This becomes important for near detector generation, where current low frequency noises,
that cover the radiation pressure noise, will be reduced. To face this problem, the use of frequency
dependent squeezing, obtained using a long external filter cavity, is planned. An alternative method,
based on EPR experiment, can be used for the same purpose. It has the advantage to avoid further
complex infrastructures required for the filter cavity. We propose a table-top experiment to test the
broadband quantum noise reduction that can be obtained injecting entangled beams through the
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interferometer dark port. The conceptual design and the possible implementation in a small-scale
suspended interferometer will be presented.

DOI: 10.5281/zenodo.3554320

Introduction

Vacuum fluctuations entering the dark port of an interferometric Gravitational Wave (GW) detector

are the origin of the Quantum Noise (QN). The high-frequency component of QN is Shot Noise (SHN),

while the low-frequency one is Radiation Pressure Noise (RPN). The sensitivity of the present detectors

is only affected by the first, the RPN being covered by technical noises. SHN reduction, by injecting

Frequency Independent Squeezing (FIS) from the dark port of the interferometer, has been already

demonstrated in GEO, LIGO and, recently, also in Advanced Virgo [1, 2, 3]. In the near future, once

low-frequency technical noises are reduced and the laser power is increased, RPN will limit the detector

sensitivity, then a broadband QN reduction will be needed. Since RPN noise is related to the vacuum

amplitude fluctuations, two different squeezing angles are necessary for low and high frequencies.

Squeezed vacuum, produced by a degenerate Optical Parametric Oscillator (OPO), can be kept in

a fixed squeezed quadrature by controlling the squeezing angle. In particular, in order to reduce SHN,

phase-squeezed quadrature is needed. The squeezing process, obtained in this way does not depend on

the observation frequency, for this reason it is referred to as Frequency Independent Squeezing (FIS).

The injection of frequency independent squeezed vacuum in an external Filter Cavity (FC), as we can

see in the following, makes the squeezing angle dependent on observation frequency and a Frequency

Dependent Squeezing (FDS) will be obtained.

The required squeezing angle rotation must occur around the frequency of the interferometer

pole (i.e. around 100 Hz). The additional requirement to limit intra-cavity losses to a few percent

implies that the FC must be hundreds meters long. Injecting Einsten-Podolsky-Rosen (EPR) entangled

vacuum fields into the interferometer can be a valid alternative to the use of a FC [4]. It will allow to

obtain the frequency-dependent rotation angle with a more compact system, avoiding the expensive

infrastructure needed for the Filter Cavity, including all the related control systems and the interface

optics between the filter cavity and the interferometer. A table-top demonstration of the squeezing

angle rotation using EPR has been already obtained [5, 6]. The encouraging results are a good

starting point towards the optimization of this technique for GW detectors. The frequency-dependent

squeezing produced with the table-top experiment we planned to build at the Advanced Virgo site, will

be used to test the radiation pressure noise suppression in a small-scale interferometer with suspended

test masses [7].

Need for a Frequency-Dependent Squeezing in GW detectors

Quantum noise reduction using squeezed state of light was mathematically demonstrated in 1981 [8].

The challenge for GW detection was to have a quantum noise reduction in the audio-band (from 10 Hz

to 10 kHz) that is the band of interest for interferometric gravitational-wave detectors. This result

was achieved in 2007 by the quantum optics group of the Albert Einstein Institute in Hannover [9].

Currently, the main GW detectors experienced a shot noise reduction using squeezed vacuum states,

with a consequent improvement of their sensitivity [1, 2, 3].
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In the near future, technical noises that, at present, cover radiation pressure noise will be reduced,

hence low-frequency quantum noise reduction will be also needed. Quantum noise will then dominate

the target Advanced Virgo sensitivity above 30 Hz.

To reach this target, FDS is needed. The squeezing angle must be rotated in order to have

amplitude squeezing below the cross-over frequency where the interferometer passes from being RPN

limited to being SHN limited.

In a double-recycled interferometer [10], where power recycling mirror and signal recycling mirror

are installed, the cross-over frequency depends on interferometer parameters and it is given by

ΩSQL =

(
tsr

1 + rsr

)
8

c

√
Parmω0

mTarm
(1)

where tsr and rsr are, respectively, the amplitude transmittivity and reflectivity of the signal recycling

mirror, Parm the power circulating in the arm cavities, m the mirror mass, Tarm the transmittivity of

the input mirror of the arm cavity, ω0 the angular frequency of the laser field and c is the speed of

light [11].

A proposed solution is to produce FDS by rotating a squeezing angle rotation of a phase-squeezed

beam by using an external cavity by means of its frequency dispersion in reflection. Theoretical

studies about this can be found in [11]. The first experimental demonstration has been obtained by

Chelkowski et al. [12] in 2005 using a cavity 0.5 m long with a squeezing angle rotation in the MHz

region. Ten years later, in 2015, the first rotation in the kHz region has been obtained using a cavity

2 m long. In order to obtain a squeezing angle rotation at the frequencies of interest for GW detectors,

the ratio between the round trip losses and the cavity length must be optimized, hence the cavity

must be hundred of meters long.

At the National Astronomical Observatory of Japan (NAOJ), using a FC 300 m long, a first rotation

angle below 100 Hz has been demonstrated, obtaining a FDS vacuum source able to reduce quantum

noise in the whole GW detection band [13]. This long cavity has been realized using the infrastructure

of the former TAMA detector [14]. LIGO also planned to use this technique, combining it with an

in-vacuum squeezed light source, to achieve the squeezing ellipse rotation at 50 Hz. Finally Advanced

Virgo planned to join the fourth observation run O4 with FDS implemented with a target of improving

the interferometer high frequency sensitivity by a factor of 7 dB to 8 dB without degrading the low

frequency region sensitivity where, quantum noise, due to RPN, will instead dominate. Considering

that the interferometer will work in a double-recycled configuration, one FC will be used. In particular,

this will have a linear geometry in order to minimize possible sources of scattering and losses, due to

the minimum number of reflection surfaces [15].

Filter Cavity (FC) working principle

Vacuum fluctuations, entering the interferometer output port, experience an opto-mechanical coupling

that induces amplitude and phase correlations. The interferometer transfer matrix depends on the

detection frequency Ω [11]:

TITF =

[
1 0

−K(Ω) 1

]
(2)

with

K(Ω) =

(
ΩSQL

Ω

)2 γ2ITF

Ω2 + γ2ITF

. (3)
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where γITF is the interferometer bandwidth. The rotation induced by the interferometer is ΘITF =

arctan(K(Ω)). Being Ω� γITF, it becomes

ΘITF = arctan

(
ΩSQL

Ω

)2

. (4)

Considering that the light, circulating in a detuned filter cavity experiences the following angle

rotation

θfc(Ω) = arctan

(
2γfc∆ωfc

γ2fc −∆ω2
fc + Ω2

)
(5)

where γfc is the filter cavity linewidth and ∆ωfc is the filter cavity detuning, in order to compensate

the rotation induced by the interferometer the cavity parameter must be chosen such that

∆ωfc = γfc =
ΩSQL√

2
. (6)

Frequency-Dependent Squeezing via EPR entanglement

In [4], a solution that allow to avoid to setting up an additional low-loss and long filter cavity has been

proposed. This method consists into the injection of EPR entangled signal and idler beams, where

the first is resonant inside the interferometer while the idler is slightly detuned and experiences the

interferometer as it was a filter cavity. The measurement of frequency-dependent rotation acquired

by the idler, conditionally squeezes the signal in the same frequency-dependent way.

Being ω0 the interferometer carrier frequency, the OPO pump beam must be detuned by a frequency

shift ∆ with respect to the second harmonic frequency 2ω0; the pump beam frequency will be then:

ωp = 2ω0 + ∆ (7)

where ∆ is of the order of few MHz. This beam frequency shift will be achieved by phase-locking an

external laser to the interferometer main laser, in order to keep this frequency difference constant.

The signal will have the same frequency of the interferometer carrier frequency ωs = ω0, while the

idler will have a frequency ωi = ω0 + ∆, due to the energy conservation law (see figure 1). Signal and

idler beams are correlated being their upper and lower sidebands correlated, as we can see in figure 2.

These two collinear beams will enter the interferometer and will recombine at the output port; then,

they will arrive to the interferometer output mode-cleaner cavities that will separate and filter them.

Each beam will beat with a local oscillator (LO) at a frequency ω0 and ω0 + ∆, respectively. These

LO beams will be provided by two other external lasers, phase-locked between each other. In order

to obtain practical benefits from the signal conditional squeezing, a Wiener filter must be applied to

the photocurrent of the idler and it must be subtracted from the signal photocurrent. In this way, a

broadband quantum noise reduction of the interferometer will be obtained.
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Figure 1: In standard squeezers for GW detectors, OPO is used in degenerate configuration, where signal and
idler have the same frequency. For the EPR squeezer, we need squeezed beams with different frequencies, where
one of them must have the same frequency of the GW interferometer carrier field.

Figure 2: This is a representation of the upper and lower sidebands for signal and idler beams. In the center,
there is the frequency whose second harmonic beam, at a frequency 2ω0 + ∆, is used as pump beam for the
OPO. Upper and lower sidebands of each beam are respectively correlated to the lower and upper sideband of
the other beam, the sum of their frequency is indeed equal to the OPO pump beam frequency.

Proposal for a table-top demonstrator

In this paper, we want to report the state of the art of the table-top experiment, already proposed

in [16], in which a test cavity is planned to be used instead of the interferometer. The first step will

be the production of the two entangled beams and their injection in this cavity, that will be suitably

detuned for the idler beam. The two beams, reflected back from the test cavity, will be separate and

separately sent to a homodyne detector where they will beat with LO beams at the same frequencies.

The homodyne measurement of the idler will conditionally squeeze the signal beam, as we mentioned

before.

A preliminary study on the feasibility of this experiment and the its optical design has been

performed; most of the components we will use have been already tested for a long time, being part

of a squeezing facility, located at the Advanced Virgo site, used to test a fully automated squeezed

vacuum source. The control software, based on Finite State Machine, tested on this facility gave good

results and it is ready to be used for the planned EPR table-top experiment [17].

As it is shown in figure 3, three lasers must be used. One of these will be our reference and its

frequency must be equal to signal beam one. Another laser, phase locked to this, with a frequency

shift of ∆/2, will pump a second harmonic generator (SHG) cavity that will provide the pump beam
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for our OPO. This pump beam will have a frequency of 2ω0 + ∆. The two entangled beams, at ω0

and ω0 + ∆ will be our signal and idler beam, respectively. They will be reflected back by this cavity

and will be separate using an etalon, designed to transmit the signal and reflect back the idler beam.

Being the chosen frequency shift between these two beams, equal to the Free Spectral Range (FSR)

of the OPO cavity, the FSR of the etalon must be double with respect to that of the OPO. Etalon

length will be controlled by acting on the temperature; in order to ensure thermal stability, a suitable

mechanical holder has been designed and manifactured at the AstroParticule & Cosmology (APC)

laboratory in Paris (France), where some tests on etalon have been performed. These tests show

that the thermal control meets the stability requirements (±0.03 ◦C). Once separated, each beam will

reach an homodyne detector where they will beat with a LO beam, at the same frequency. The local

oscillators, for signal and idler beams, will be provided by two different lasers.

All the auxiliary beams, including the beam used to implement the coherent control technique [9],

in the following referred to as “coherent control beam” (CCB), will be provided by frequency shifting

the laser beams by means of acousto-optic modulators (AOM) in double-pass configuration. Tests on

the AOM have been performed in the Quantum Optics laboratory located in Genova (Italy) [18]. As

we can see in figure 3, for each coherent control beam, we planned to use two AOMs, the reason is

that, since the CCB must experience the nonlinearity of the OPO, that has a cavity pole equal to

25 MHz, we need a frequency shift of few MHz, that the commercial AOM are not able to provide.

The idea is to use them in cascade in order to subtract the frequency shifts.

Figure 3: Conceptual scheme for the proposed EPR table-top experiment. The first laser is doubled in
frequency by a Second Harmonic Generator (SHG). This beam, after being power-stabilized by a Mach Zehnder
interferometer and mode-cleaned by a triangular cavity, is injected inside a degenerate OPO that produces the
two entangled beams. This two beams will be both injected in a test cavity, the reflected squeezed beams will
be separated and their squeezing level will be measured using the homodyne detection technique, using two
local oscillators beams provided by the other two lasers. Auxiliary beams for length and phase control will be
frequency-shifted using acousto-optic modulators.
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Conclusions

We have proposed a table-top experiment to test the conditional squeezing provided by a couple of

EPR-entangled beams. This two beams will be injected in a test cavity that will mimic an interfer-

ometer. The second step will be to test the effect of the obtained frequency-dependent squeezing by

injecting the squeezed beams in a small-scale interferometer with suspended test masses that is under

construction at the University La Sapienza in Rome (Italy) [7].
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