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Abstract. In this work we study the thermal noise of two monolithically suspended mirrors in a tabletop
high-finesse optical cavity. We show that, given suitable seismic filters, such a cavity can be designed to be
sensitive to quantum radiation pressure fluctuations in the audio band of gravitational wave interferometric
detectors below 1 kHz. Indeed, the thermal noise of the suspensions and of the coatings constitutes the
main limit to the observation of quantum radiation pressure fluctuations. This limit can be overcome
with an adequate choice of mirror suspension and coating parameters. Finally, we propose to combine two
optical cavities, like those modeled in this work, to obtain a tabletop quantum radiation pressure-limited
interferometer.

1 Introduction

Thermal noise places a limit for all the experiments
designed to measure small position fluctuations. This is
the case of gravitational wave interferometers, in particu-
lar in a band ranging from few to some hundreds of Hz.
Another limitation to free-mass position measurements in
interferometric experiments at low frequency comes from
the quantum radiation pressure noise. This effect has been
recently observed in interferometric gravitational wave
detectors like Virgo [1,2] and LIGO [3]. In particular, the
combination of quantum radiation pressure fluctuations
at low frequencies and shot noise at higher frequencies
introduces an intrinsic limit to the measurement process,
called Standard Quantum Limit (SQL) [4,5], due to the
quantum nature of light. However, the effect of radiation
pressure can be also exploited in optomechanical cavi-
ties to generate a quantum correlation between phase and
amplitude noises, producing the so-called ponderomotive
squeezing [6]. In this paper, we will consider an optical
cavity with suspended mirrors having different masses,
where the lighter one behaves like an optical spring. Then,
we propose to combine two identical optomechanical cav-
ities of this kind obtaining an interferometric configura-
tion, thus allowing to cancel out all the noises common to
the two arm-cavities, like e.g. the RIN. In this configura-
tion, given a proper seismic isolation, pendulum thermal
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noise constitutes the main disturbance which is more likely
to be dominant, thus preventing to achieve the quantum
radiation pressure limit. For this reason, we have studied
in detail possible configurations of the system, evaluating
a range of key parameters and the experimental feasibil-
ity aspects. In particular, we propose to adopt a mono-
lithic suspension for the cavity mirrors, finding a suitable
choice of parameters for which the thermal noise is low
enough to allow the observation of the quantum radiation
pressure effect in the audio low-frequency range (10 Hz–
1 kHz). With this preliminary study we demonstrate the
feasibility of a tabletop experiment aiming at producing
frequency dependent ponderomotive squeezing that could
be exploited for broadband quantum noise reduction in
future generation of gravitational wave detectors.

2 Optical spring in a detuned cavity

Let us consider the case of a Fabry-Pérot cavity of length
L, tuned close to the cavity resonance frequency ωr, and
composed of a fixed and high-reflective input mirror with
mass M and a suspended perfectly reflective end mir-
ror with mass m. The impinging coherent laser beam has
frequency ω0 and input power I0. The power circulating
inside the Fabry-Pérot cavity is thus:

W (I0, φ) = I0G
1

1 + F sin2(φ2 )
(1)

where φ is the phase of the light field inside the cavity,
G is the gain of the Fabry-Pérot cavity related to the
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finesse F of the cavity by G = 2F/π and F = G2 is the
coefficient of finesse. The phase φ is: φ = δω/∆ν where
∆ν is the free spectral range of the cavity, c is the speed
of light and δω = (ωr − ω0) is the detuning factor of this
cavity [7]. We now introduce the linewidth [7]:

γ =
cTin
4L

(2)

where Tin is the input mirror transmittivity. Then, if we
rewrite the term F sin2(φ2 ), considering the approximation
on the phase term sin(φ2 ) ≈ (φ2 ), we obtain that:

F

(
φ

2

)2

=
(
δω

γ

)2

. (3)

We can now define the normalized detuning δγ as [7]:

δγ =
δω

γ
=

4L(ωr − ω0)
cTin

. (4)

Then, taking into account equations (1), (3) and (4), we
can finally write the power circulating inside the cavity as
[7]:

W (I0, δγ) = I0
2F
π

1
1 + δ2γ

· (5)

In such an optomechanical system, the joint action of radi-
ation pressure and gravitational force can be described as
a spring with high stiffness acting on the end mirror when
the cavity length fluctuates. The radiation pressure force,
i.e. the ponderomotive force, acting on the suspended mir-
ror depends on the circulating power:

Fp =
2W
c
· (6)

It is always positive and inversely proportional to the cav-
ity length (i.e. to the detuning), if we consider a detuning
to the long side, while the gravitational force acts as a
restoring force, like in a classical pendulum. Considering
the fluctuations of the mirror position x, those of the input
power I, and a generic external force Fext, the equation of
motion for the suspended cavity mirror can be written in
this form:

−mω2x = −ksx+
2
c

∂W

∂I0
I0 + Fext (7)

where I0 is the average of the varying input power I0, and

ks = kg + kopt (8)

is the total spring constant containing both the gravita-
tional (kg) and the optical spring (kopt) terms. For small
displacements kg takes into account the gravitational com-
ponent related to the pendulum of length l determined
by the suspended mirror of mass m, kg = mg

l (where g
is the gravitational acceleration). The optical spring con-
stant, due to the radiation pressure, is defined by the first
derivative of the radiation pressure force with respect to
the displacement [6,7]:

kopt = −2
c

∂W

∂x
≡ −2

c

∂W

∂δγ

∂δγ
∂x

= −4ω0W

γLc

δγ
1 + δ2γ

. (9)

Note that the derivative ∂δγ
∂x is calculated considering that

the cavity resonance frequency ωr = 2π∆ν = πc
L . In equa-

tion (7) the term ks = kg + kopt shows the linear elas-
tic response of the system to small displacements: if the
detuning increases (i.e. the cavity becomes longer), the
impinging power decreases and the mirror is pushed back;
if the detuning decreases (i.e. the cavity becomes shorter),
the impinging power increases and the mirror is pushed
forward. This occurs for a detuning to the long side. More-
over, the optical spring constant will be kopt > 0 when the
cavity is longer than the resonant length, and kopt < 0
when the cavity is shorter than that value. Finally, when
| kopt |> kg, and so ks < 0, the cavity becomes unstable.
The feasibility of an optomechanical quantum-correlated
system, such as the optical spring, has been demonstrated
in the past years with small membrane resonators in the
MHz region [8] and more recently (2019) with micro-
resonators [9] at lower frequencies. Moreover, the effect of
this quantum behaviour has been recently observed also
for kg-scale mirrors in Advanced gravitational wave detec-
tors [2,3]. Indeed, present technology assures the possibil-
ity to efficiently filter out seismic noise [10,11]. Then, it
is possible to design a macroscopic optomechanical cav-
ity with inch-size-scale suspended mirrors, in which the
lighter mirror is in the regime dominated by the quantum
radiation pressure noise. This seems feasible with a mir-
ror suspension system tailored in such a way to keep the
thermal noise associated to the suspension low enough,
and using low dissipation mirror coatings. Setting up an
experiment with a detuned optical cavity with suspended
mirror, it is possible to design the mechanical suspension
in order to have the mechanical pendulum frequency much
lower than the optical spring frequency. Moreover, work-
ing in the range between the pendulum and the optical
spring frequencies, for the evaluation of dominant noise
contributions, as the suspension thermal noise and the
radiation pressure noise, the optical spring contribution
can be neglected, and a classical approach can be used.

3 Single stage cavity mirror suspension

In this section, we describe a possible cavity configura-
tion where a high reflective mirror is hung through silica
(SiO2) fibers in a single stage suspension system. This
material is a suitable choice since silica has high quality
surface and good resistance to breakage [12]. Indeed, there
is a deep expertise using silica fibers in the kg-scale test
masses suspension in gravitational wave detectors [13,14].
In Section 3.1.2, we evaluate the thermal noise fluctua-
tions for different suspension configurations, given a mir-
ror mass within the orders of magnitude 1 g–100 g. Then,
we compare these results with the quantum radiation pres-
sure fluctuations expected in a high finesse cavity with F
in the range of some tens of thousands. Indeed, the suspen-
sion thermal noise associated to this system must be lower
than the quantum radiation pressure fluctuations in order
to exploit the optical spring effect to produce squeezing.
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3.1 Evaluation of the suspension parameters

The model parameters of the suspension to be defined are:
the length l, the diameter d of the silica fibers and the
mass m of the suspended mirror. We consider l ranging
between 30 cm and 50 cm, due to space constraints in a
vacuum chamber that could host a tabletop experiment.
The diameter d of the silica fibers can vary from 10µm,
the minimal diameter experimentally achievable for few
tens of cm-long fibers, to 400µm, the value of those used
in Advanced Virgo. For the suspended mirror mass we
investigate values ranging within the orders of magnitude
1 g and 100 g. Given the proposed mirror mass range, the
mirror diameter can vary between 1 and 3 inches, that
are substrate dimensions easily available on the market. In
this section, we describe how we evaluate the thermal noise
of the single stage mirror suspension given the parameters
ranges described before. Then, we compare them to the
quantum radiation pressure noise evaluated considering
an input laser power Pin = 2.5 W, a cavity finesse F of
the order of few tens of thousands and a laser wavelength
of λ = 1064 nm. This preliminary analysis allows us to
select those combinations of parameters which are a good
trade-off for the feasibility of a quantum radiation pressure
noise-limited optical cavity with suspended mirrors.

3.1.1 Dilution factor

The first analysis done to select among the feasible values
of suspended mass m, suspension length l and suspen-
sion diameter d, consists in the evaluation of the so called
dilution factor DilF [15]. It allows to discriminate those
parameters for which the mirror suspended to the silica
fibers behaves as a gravitational pendulum. In a real wire
the pendulum frequency is given by:

ω2
p = ω2

g + ω2
el (10)

where the gravitational contribution is:

ωg =
√
g/l (11)

and the elastic term is:

ωel =
√
kel/m. (12)

The elastic coefficient kel in equation (12) depends on the
wire geometry and material, and it is defined as [15]:

kel =
√

ΛY J/(2l2) (13)

where Λ is the tension of each wire, Y the Young’s mod-
ulus of the wire material and J the momentum of inertia
of the wire section with respect to the main axis. The
dilution factor is then defined as:

DilF = ω2
p/ω

2
el = 1 + ω2

g/ω
2
el. (14)

It indicates which term dominates between the gravita-
tional and the elastic, therefore if the suspension behaves
as an ideal wire, or as an elastic body with stiffness kel. In

Table 1 we report a selection of the dilution factor DilF

calculated for several combinations of m, l and d values
varying in the ranges described in Section 3.1. Those com-
binations for which the gravitational contribution is dom-
inant (i.e. those for which DilF � 1) and that are a good
feasibility trade-off for an experimental setup, are pointed
out in bold in Table 1. These values are then further inves-
tigated with an estimation of the associated simple pen-
dulum thermal noise. For this selection we should consider
that it is not convenient to use a 1 g mirror, since it would
require very thin suspension wires (10–20)µm, whereas it
seems more suitable to use a 10 g or a 100 g mirror mass.

3.1.2 Single stage suspension thermal noise

The second step of this analysis consists in the calculation
of the simple pendulum thermal noise, hereafter referred
as ThNP, for all the combinations selected in Section 3.1.1.
Using the fluctuation dissipation theorem (FDT) [16] we
can evaluate the power spectral density of the mirror posi-
tion fluctuations due to the thermal noise, that for a sim-
ple pendulum are given by:

XThNP (ω) =

√
4kBT
mω

ω2
pφp(ω)

((ω2
p − ω2)2 + (ω2

pφp(ω))2)
(15)

where kB is the Boltzmann constant, T the temperature
and φp(ω) is the pendulum loss angle which takes into
account all the dissipation processes in the silica fiber [15]:

φp(ω) = D−1
ilF [φSiO2 + φe + φte(ω)]. (16)

In the last definition φSiO2 is the loss angle due to the
intrinsic losses of fused silica [17]:

φSiO2 = 4.1× 10−9, (17)

and φe represents the surface losses in the dissipation
depth ds, given the surface to volume ratio S/V of the
fiber [18,19]:

φe = φSiO2(2dsS)/V. (18)

The last term of equation (16) represents the loss angle
associated to the thermoelastic losses [20]:

φte(ω) = ∆s
(ωτs)

(1− (ωτs)2)
. (19)

In equation (19) the term ∆s and the characteristic time of
heat diffusion τs depend on the material and geometrical
properties of the suspension as follows [20]:

∆s =
Y T

ρC

(
α− β Λ

AY

)2

; τs =
Cρ(2r)2

2.16 · 2πκ
(20)

where C, κ, ρ and α are respectively the specific heat,
the thermal conductivity, the density and the coefficient
of linear expansion of the fused silica. The second order
term of ∆s depends on β which is the relative coefficient
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Table 1. The dilution factor DilF calculated for several combinations of the suspension parameters: m, l and d. Values
highlighted in bold correspond to those sets of parameters representing a good trade-off for the feasibility of the proposed
tabletop optical cavity, given the available silica fiber production facilities such as those located at EGO, Virgo site.

l(cm) m(g) d = 10µm 20µm 50µm 100µm 200µm 400µm

30 1 1.4× 104 3.5× 103 5.6× 102 1.4× 102 36 9.8
40 1 1.5× 104 4.7× 103 7.5× 102 1.5× 102 48 13
50 1 2.4× 104 5.9× 103 9.4× 102 2.3× 102 60 16
30 10 4.5× 104 1.1× 104 1.8× 103 4.5× 102 1.1× 102 29
40 10 6.0× 104 1.5× 104 2.4× 103 6.0× 102 1.5× 102 38
50 10 7.4× 104 1.9× 104 3.0× 103 7.4× 102 1.9× 102 48
30 100 1.4× 105 3.5× 102 5.6× 103 1.4× 103 3.5× 102 89
40 100 1.9× 105 4.7× 104 7.5× 103 1.9× 103 4.7× 102 1.2× 102

50 100 2.4× 105 5.9× 104 9.4× 103 2.4× 103 5.9× 102 1.4× 102

of thermal gradient of the Young’s modulus Y of the fused
silica defined as:

β =
1
Y

dY

dT
· (21)

In equations (20), the parameters r, Λ and A are respec-
tively the radius, the tension and the section area of
the wire. At this point, the pendulum thermal noise of
each selected set of parameters can be compared with the
expected quantum radiation pressure noise (RPN) in order
to validate the configuration for which the suspended mir-
ror in the cavity is RPN-limited. Given the conditions
mentioned at the end of Section 3, RPN mirror fluctu-
ations of a simple pendulum suspension in a Fabry-Pérot
cavity can be modeled following a classical approach [21]:

XRP (ω) =
2F
πm

√
8hPPin/(λc)

(ω2
p − ω2)2 + (ω2

pφp(ω))2
(22)

where λ is the laser wavelength, hP the Planck constant,
c the speed of light. Assuming a finesse of F = 3 × 104,
an input laser power Pin = 2.5 W and a wavelength
λ = 1064 nm, we obtain the plot of Figure 1. In this plot we
compare the simple pendulum thermal noise (ThNP, con-
tinuous lines) and the quantum radiation pressure noise
(RPN, dashed lines) estimated for the four combinations
of parameters selected from Table 1. This second step of
our analysis allows us to select two suitable configurations,
one for a 10 g mirror (black curves) and the other for a
100 g mirror (red curves). For both mass values we select
40 cm-long silica fibers with a radius of 25µm. This choice
is compliant with the experimental feasibility for the fiber
production, assuring a significant clearance between RPN
and ThNP.

4 Double stage cavity mirror suspension

In the previous section, a single stage-like configuration
for the suspension of the cavity mirrors has been inves-
tigated, and the associated suspension thermal noise has
been evaluated. This analysis, allowed to define the sus-
pension parameters to be further investigated such as
mirror mass, pendulum length and fiber diameter. Nev-
ertheless, a double stage-like configuration seems a more

Fig. 1. Simple pendulum thermal noise (ThNP, continuous
lines) compared to quantum radiation pressure fluctuations
(RPN, dashed lines) for the sets of parameters selected from
Table 1. Here only the worst case (cyan curves) among the cho-
sen ones and a similar configuration (blue curves) are compared
to the configuration selected for a 10 g mirror (black curves)
and the configuration selected for a 100 g mirror (red curves).
RPN is evaluated assuming F = 3 × 104, Pin = 2.5 W and
λ = 1064 nm.

suitable choice for several reasons. A double pendulum
configuration for the mirror suspension gives three main
advantages, since the presence of an intermediate suspen-
sion stage: (a) provides, at the level of the mirror, a further
seismic noise attenuation fundamental in the first phase
of the experiment, when it will not have other suspen-
sion stages (see Sect. Conclusions and [34]); (b) allows to
have a double steering of the mirror, both at the level of
the mirror and of the intermediate suspension stage, in
order to control all degrees of freedom in a hierarchical
control scheme which can provide lower noise signals; (c)
allows to ease the process of integration of the monolithic
suspensions which can be assembled out of the bench
and then clamped from the intermediate suspension stage
instead of the upper bigger bench that will be full of
other elements. This double-stage configuration is there-
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Fig. 2. Scheme of the suspended optical cavity considered
in our analysis. Each mirror, suspended from an intermedi-
ate stage called marionette, can be described as a double stage
pendulum. The input and end mirrors, of mass m and diame-
ter Dm, are monolithically suspended through two SiO2 fibers
(length L2, diameter d2) from the marionette (mass M), which
in turn is hung from an upper plate through a wire (length L1,
diameter d1) made of C85 steel. The cavity length value can
range between 100 mm and 1 m, due to tabletop space con-
straints.

fore evaluated as a more reliable choice for a setup like the
one presented in this work. Given that, the next step of
our analysis consists in comparing the quantum radiation
pressure noise with the suspension thermal noise in the
case of a Fabry-Pérot cavity composed of two mirrors in
a double stage suspension configuration.

4.1 Model description

In this model the mirrors of the Fabry-Pérot cavity are
suspended in double pendulum configuration as depicted
in Figure 2. In particular, each mirror is suspended by two
silica fibers from an intermediate steering stage made of
steel, called marionette, hung from the suspension point
with a steel wire. To increase the suspension quality fac-
tor (i.e. to reduce the associated thermal noise [12]), we
use the so-called monolithic suspension (see Sect. 4.2).
This configuration is defined monolithic because the mir-
ror and the fibers are made of the same material, and
the two parts are attached in such a way to be consid-
ered as a single body [13]. At the top level, the fibers are
welded to fused silica anchors that are in turn silicate-
bonded to the marionette of mass M = 1 kg. This stage
is directly suspended from an upper plate by a wire made
of C85 stainless steel having diameter d1 = 300µm and
length L1 = 30 cm. These values are compliant with the
feasibility requirements of a tabletop experiment. Accord-
ing to the mirror mass values selected before, we choose
two fused silica bulks: the lighter end mirror having mass
me = 10 g, which corresponds to a cylinder of diameter
Dm,e = 1′′ and thickness te = 1 cm, and the heavier input
mirror having mass mi = 300 g. The latter value, still
in the order of magnitude of hundreds of grams, corre-
sponds to a cylinder of diameter Dm,i = 3′′ and thick-
ness ti = 3 cm. Moreover, this mass value still satisfies

the requirement on the dilution factor mentioned in the
previous section. Indeed, in the case of a 300 g mirror,
for the chosen silica fibers parameters, we obtain a dilu-
tion factor of 1.3 × 104, which is even higher than the
values obtained for 100 g (see Tab. 1). For the length of
the Fabry-Pérot cavity, we should consider values ranging
between 100 mm and 1 m, due to space constraints in a
vacuum chamber that could host a tabletop experiment.
Finally, an high reflective coating, which provides a trans-
missivity of T = 1 ppm at 1064 nm, on the end mirror
intra-cavity surface, is needed to reach the required value
of finesse.

4.2 Monolithic suspension

Fibers made of suitable materials, such as SiO2, and
with high quality surfaces imply a low suspension ther-
mal noise (Eq. (15)) and a higher resistance to break-
age [12]. Moreover, reducing the diameter of these fibers
(Fig. 2) assures a further reduction of the suspension
thermal noise. To achieve this, we use the same method
developed for Advanced Virgo in which two parts of sil-
ica, called anchors, are welded on a silica rod through a
CO2 laser. Then, a long annealing is performed on the
rod to reduce surface defects [22], and finally the fiber is
produced [23]. Currently, there are two methods used to
attach the fibers to the mirror:

– Virgo method: two parallel cuts (flats) are machined on
the substrate barrel and polished with a λ/10 flatness.
Two silica supports (ears) are bonded to the flats, one
per side, with the hydroxide-catalysis method [24,25].
Fibers are produced starting from silica rods, welded
to silica parts (anchors) using a CO2 laser pulling
machine. Then, the lower anchor of each fiber is glued
to the lower side of the lateral support (ear), while the
upper anchor is bonded to the top side of the steering
stage (marionette) [23];

– LIGO method: as for the previous method, two lat-
eral flats with a high quality surface are produced on
the barrel of the mirror substrate and lateral supports
are bonded with the hydroxide-catalysis method. Each
support has two tips and the fibers are directly welded
to those tips. In this way, the last gluing step foreseen
by the Virgo method can be avoided [14].

Both methods show advantages and disadvantages. The
main difference consists in the number of elements to be
glued which implies a variation in thermal noise due to
the bonding. We performed finite element analysis to esti-
mate the effect on the small mirror (10 g, 1′′) thermal noise
due to different thickness of the bonding layers in a Virgo-
like configuration. The results, summarised in Table 2 and
shown in Figure 3, demonstrate that the bonded parts
have a small effect on the total thermal noise calculated
according to Levin’s approach (see Sect. 4.4). Therefore,
we decided to adopt a method similar to those developed
for Virgo, which has the advantage of a better ease in the
positioning of the fibers and guarantees a live control of
the mirrors perpendicularity. Figure 3 also shows that the
requirement for the quality of the surfaces to be glued is
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in line with an optical finish. This leads to a simplification
of production and a cost reduction. Concerning the geom-
etry of the silica fibers (mainly diameter and length), it
is defined taking into account the evaluation described in
Section 3.1.1.

4.3 Double stage suspension thermal noise

The thermal noise for the double pendulum system has
been estimated by using the approach of the analytic
model of the sequential pendula [26]. The double pen-
dulum is composed of a first steering stage (marionette)
plus the mirror as schematized in Figure 2. The equa-
tions of motion of the system give the impedance matrix
Zij(ω) which takes into account all the dissipation pro-
cesses present in the system [27,28]. Then, in order to cal-
culate the thermal noise of the mirror suspension, which in
our case corresponds to the element 2,2 of the impedance
matrix, we have to apply the fluctuation dissipation the-
orem to the element 2,2 of the inverse of the impedance
matrix [26]:

Xtherm(ω) =

√
4kBT
ω2
<{[Z−1(ω)]22}. (23)

With a similar approach we estimate the transverse vibra-
tion modes of the suspension wire, which are called violin
modes, in analogy with vibrating strings. Indeed, in sus-
pension wires, when the tension due to the applied load
dominates over their internal elasticity, they behave as
vibrating strings. This effect, in terms of the power spec-
tral density of the mirror displacement, can be modeled
according to the approach made by Gonzáles and Saulson
[29]:

Xvio(ω) =

√
4kBT

ω

2ρr2l

πm2

∑

n

ω2
nφn/n

(ω2
n − ω2)2 + (ω2

nφn)2
, (24)

where r and l are the fiber radius and length and ωn,
φn represent the frequency and the total loss angle corre-
sponding to the n-th harmonic. φn is defined as:

φn(ω) =
2φ(ω)
lkv(ω)

[
1 +

(nπ)2

2kv(ω))l

]
, (25)

in which the wave number related to the flexural rigidity
of the fiber is given by [29]:

kv(ω) =

√
Λ +

√
Λ2 + 4Y Jρπr2ω2

2Y J
, (26)

where Y is the Young’s modulus of the fiber and J is the
moment of inertia of the wire section with respect to its
axis. In equation (25), φ(ω) is the total loss angle given
by the sum of the structural φs, thermoelastic φte(ω) and
surface losses φe:

φ(ω) = φs + φte(ω) + φe. (27)

Therefore, the total thermal noise of the double suspension
system is given by the square of the quadratic sum of the

Table 2. The dissipative contribution due to the silicate bond-
ing (i.e. the loss angle φSB) is calculated for several values of
thickness of the silicate layer to attach the ears to the mirror
flats and to attach the lower anchors to the ears. Even increas-
ing the thickness to few µm the loss angle due to the silicate
layers is still within the loss angle value of the high reflective
coating estimated for a 10 g, 1′′ fused silica mirror which is
3.7× 10−6.

Thickness φSB

315 nm 4.0× 10−7

630 nm 7.5× 10−7

1µm 1.1× 10−6

2µm 2.1× 10−6

2.5µm 2.6× 10−6

3µm 3.0× 10−6

two contributions: thermal noise of the suspension and
thermal noise of the violin modes:

XThNS(ω) =
√
X2
therm(ω) +X2

vio(ω). (28)

4.3.1 Residual gas damping

The residual gas damping due to Brownian motion of the
air particles can introduce a non-negligible effect when
considering the suspension thermal noise of a system like
the one presented in this paper. Therefore, in our detailed
thermal noise study, we must take into account this contri-
bution in the overall calculation of the impedance matrix
of the system. We suppose to work in high vacuum con-
dition, having a residual gas pressure p = 10−9 mbar of
molecular hydrogen. This can be expressed as a viscous
term βvisc in the equation of motion of the mirror and
then translated into a mechanical quality factor Qvisc to
be included in the total mechanical quality factor of the
mirror in the impedance matrix of the system [36]. The
viscous term can be expressed as βvisc = pA/vT , where p
is the residual gas pressure (10−9 mbar in our case), A is
the section area of the mirror A = πR2 and vT is the ther-
mal velocity of the particles vT =

√
kBT/mH2 with mH2

the molecular mass of H2 [36]. The viscous mechanical
quality factor Qvisc can be derived from the βvisc accord-
ing to Qvisc = ω0m/βvisc, where ω0 is the resonance of
the suspended mirror of mass m. We evaluated the Qvisc

for both the end and input mirrors, obtaining the values:
Qvisc,i = 2.75× 109 and Qvisc,e = 8.35× 108. In the noise
budget plots for the two cases (Figs. 4 and 5) the dashed
blue curves represent the thermal noise associated to the
suspensions if we consider the contribute of the gas damp-
ing. These plots demonstrate the importance to satisfy the
requirement to work in high vacuum conditions, for any
experiment aiming to setting up an optical cavity like the
one described in this work.

4.4 Mirror thermal noise

The mirror thermal noise, hereafter referred as ThNM,
due to the reflective coating is calculated according to

https://www.epjd.epj.org
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Fig. 3. The dissipative contribution due to the silicate bonding to the thermal noise (ThNM) of the lighter mirror (1′′, 10 g)
is evaluated for several values of silicate layer thickness as explained in Table 2. Even increasing the thickness to few µm the
thermal noise of the mirror is still within the requirements.

Levin’s approach [30] and using a finite element analysis
(FEA) with ANSYSR© software.
The mirror thermal noise, according to Levin’s approach,
is then given by:

XThNM(ω) =

√
8kBT
ωF 2

0

Umirφtot. (29)

In equation (29), Umir is the total strain energy of the
suspended mirror under an impinging Gaussian pressure:

P (r) =
2F0

πw2
e−

2r2

w2 , (30)

given the integrated unitary force F0, the beam waist w
of the laser on the mirror surface and the radial coordi-
nate r on the mirror surface. For the beam waist we set
a value of 254µm, which corresponds to 1/100 of the 1′′
diameter mirror, and satisfies the stability condition for
the optical cavity. All the dissipation processes are taken
into account by the total loss angle, which is the sum of
all the dissipative contributions calculated with the FEA
following this formula:

φtot = φB +
∑
lay

Ulay

Utot
φlay

mat. (31)

φB is the loss angle of the bulk substrate material and
the second term represents the sum of all the loss angles
related to the dissipative layers. For each of these layers,
the loss angle of the material composing the layer φlay

mat is
multiplied by the fraction of strain energy stored in the
layer Ulay, over the total strain energy Utot stored in the

system composed by the mirror substrate plus the dissi-
pative layer under the Gaussian pressure of equation (30).
Ulay and Utot are evaluated through the FEA analysis. In
the double pendulum model considered in this analysis,
the dissipative layers are those related to the coating on
the mirror intra-cavity surface and to the silicate bonding
layers used to monolithically attach the ears to the mirrors
and the lower anchors of the suspension wires to the ears
(see Sect. 4.2). In order to reach a finesse in the range
of some 104, we consider coatings like those that can be
produced via an ion beam sputtering (IBS) machine as
described in Table 3 [35]. The 10 g end mirror (EM) and
the 300 g input mirror (IM) coatings will be composed by
alternative layers of low refraction index material (LR)
and high refraction index material (HR), made of SiO2

and Ta2O5 respectively. The thickness of these layers is
different for the EM and IM, since the cavity end mirror
should have a very low value for the transmittivity, while
the input mirror a slightly higher one (see Tab. 3). For the
silicate layers, related to the mirror monolithic suspension,
we considered a thickness of 315 nm, which is easily achiev-
able applying the silicate bonding between the flats of the
mirror lateral surface and the ears, and between the ears
and the lower anchors of the silica fiber (see the Sect. 4.2).
The intrinsic losses of the material composing the silicate
bonding can be considered equal to φsibon = 0.1, while the
density is the same of the bulk material 2200 kg/m3 and
the Young’s modulus is 7.9 GPa. Therefore, we obtain:

φtot = φB +
UHRcoat

Utot
φHRmat +

ULRcoat

Utot
φLRmat +

USB
Utot

φSB , (32)

where the strain energy ratios for the coatings (ULRcoat/Utot,
UHRcoat/Utot) and for the silicate bonding (USB/Utot) lay-
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Fig. 4. Noise budget computed for the 1′′ diameter fused silica mirror of 10 g mass (m) in double suspension configuration. The
suspension wires are fused silica cylinders of 50µm diameter (r = 25µm) and 40 cm length (l). The total suspension thermal
noise (blue curve) considers also violin modes of the wires. The blue-dashed curve represents total suspension thermal noise
when considering the effect of residual gas damping due to a pressure p = 10−9 mbar of molecular hydrogen. The mirror thermal
noise (black curve) has been estimated with finite element analysis considering coating produced by a IBS machine [35] (see
Tab. 3) and a 315 nm layer of silicate bonding to monolithically attach the fibers to the mirror. At 10 Hz the quantum radiation
pressure noise for a finesse of 3000 is a factor 600 above the thermal noise.

Fig. 5. Noise budget computed for the 3′′ diameter fused silica mirror of 300 g mass (m) in double suspension configuration.
The suspension wires are SiO2 cylinders of 50µm diameter (2r) and 40 cm length (l). The total suspension thermal noise (blue
curve) considers also those related to violin modes of the wires. The blue-dashed curve represents total suspension thermal noise
when considering the effect of residual gas damping due to a pressure p = 10−9 mbar of molecular hydrogen. The mirror thermal
noise (black curve) has been estimated with finite element analysis considering coating produced by a IBS machine [35] (see
Tab. 3) and a 315 nm layer of silicate bonding to monolithically attach the fibers to the mirror.
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Table 3. Parameters used in our analysis for the coating layers
of the Fabry-Pérot cavity end mirror (EM) and input mirror
(IM). We considered coatings made of layers of high refraction
index (HR) and low refraction index (LR) materials, produced
with a SPECTOR 500 machine according to [35].

Coating HR index LR index

Material Ta2O5 SiO2

Density 7470 kg/m3 2360 kg/m3

Young’s modulus 121 GPa 78 GPa
Loss angle 1.9× 10−4 1.5× 10−4

Thickness IM 1.995µm 2.653µm
Thickness EM 2.673µm 3.980µm

ers are calculated with FEA simulations. We assume here
that the coatings can withstand the high power stored in
the cavity. This condition must be verified with the coat-
ing producer when setting up an experiment using the
described configuration.

4.4.1 Thermal noise budget for the end mirror

A suspended mirror in a Fabry-Prot cavity, in order to
be sensitive to the radiation pressure fluctuations, should
have a spectral density of the mirror displacement due
to the quantum radiation pressure noise at least one
order of magnitude above those ones due to the ther-
mal noises. According to the methods explained in Sec-
tions 4.3 and 4.4, we evaluate now the total noise bud-
get for 10 g mass, 1′′ diameter, monolithically suspended
silica mirror. In this analysis, we consider the 10 g mir-
ror as the end mirror of a Fabry-Pérot cavity having a
high reflective coating like the one produced by IBS tech-
nique and described in Table 3 [35]. The suspension sys-
tem considered is a double stage, as shown in the scheme
of Figure 2, and the thermal noise of the suspension is
calculated using equation (28). The mirror thermal noise
is estimated according to Levin’s approach and by evalu-
ating all the dissipative contributions through finite ele-
ment analysis as explained in Section 4.4. The total loss
angle, calculated according to equation (32), is then used
to compute the mirror thermal noise which is represented
by the black curve in Figure 4. The noise budget estima-
tion of Figure 4 shows that the cavity realized suspending
a mirror with mass 10 g will be quantum radiation pres-
sure noise-limited in the audio-frequency band of ground
based gravitational wave detectors below 1 kHz. In par-
ticular at 10 Hz, given an input laser power Pin = 2.5 W
and cavity finesse F = 3 × 104, the quantum radiation
pressure noise (RPN) is about 3×10−15 m/

√
Hz while the

thermal noise due to the mirror and the suspensions are
about 5 × 10−18 m/

√
Hz: a factor 600 lower than radia-

tion pressure noise. As shown in the blue-dashed curve
in Figure 4, also considering the effect of a residual gas
pressure 10−9 mbar of molecular hydrogen, which means
working in high vacuum conditions, the suspension ther-
mal noise still satisfies the requirement.

4.4.2 Thermal noise budget for the input mirror

We repeat the analysis done on the lighter mirror, for a
heavier mirror of mass 300 g and diameter 3′′. We chose a
mirror of mass 300 g, value still compliant with the require-
ments described in the previous analysis and which corre-
sponds to an off-the-shelf bulk fused silica mirror having 3
times the diameter and the thickness of the lighter one (i.e.
3′′ diameter and 3 cm thickness). The procedure used for
the estimation of the total suspension thermal noise, the
mirror thermal noise and the quantum radiation pressure
noise is the same used for the 10 g mirror. In this analysis,
we consider the 300 g mirror as the input mirror of the
Fabry-Pérot cavity, with a partially transmitting coating
that can be produced with an IBS machine whose parame-
ters are described in Table 3 [35]. In this section, Figure 5
showcases the estimated noises for this 300 g (or equiv-
alently 3′′) monolithically suspended mirror. The noise
budget estimations of Figures 4 and 5 show that the cav-
ity realized suspending an end mirror with mass 10 g and
an input mirror with mass 300 g will be quantum radi-
ation pressure noise-limited in the audio-frequency band
of ground based gravitational wave detectors below 1kHz.
Obviously, this is true if we don’t take into account the
power and phase fluctuations produced by the laser source
itself.

5 Other sources of noise

In this work we limited our analysis to the thermal noise
associated with the proposed tabletop optical cavity. Nev-
ertheless, other sources of noise must be taken into account
to be able to observe and exploit the effect of quantum
radiation pressure noise inside the cavity composed of
double-stage suspended mirrors. In particular, setting up a
dedicated experiment, one should consider a system capa-
ble of significant seismic noise attenuation but also to can-
cel out the noises induced by the laser source inside the
cavity.

5.1 Seismic noise attenuation

The seismic noise can be attenuated by suspending the
optical cavity bench from the last steering filter of a Super-
attenuator (a chain of mechanical filters plus an inverted
pendulum) like those used for Virgo test masses [10,11],
which ensures about 180 dB of seismic noise attenuation
at 10 Hz. An alternative method to filter out the seismic
noise relies on the use of active damping systems, such
those used for the test masses of LIGO [31]. In this way the
ground motion would not limit the possibility to observe
the quantum radiation pressure effect in the cavity in the
band of frequency considered in this work (few Hz – hun-
dreds of Hz).

5.2 Interferometric configuration

As pointed out at the end of Section 4, the relative inten-
sity noise (RIN) and the phase fluctuations of the laser
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source could spoil the low thermal noise design of the pro-
posed double-stage suspended optical cavity. A solution
to this important issue is to combine two identical Fabry-
Pérot cavities, like the one presented in this paper and
depicted in Figure 2, with a 50/50 beam splitter to form
the arm cavities of a Michelson interferometer. In this way
it is possible to cancel out the common-mode noises due to
the laser stability in power and phase. Of course, the bal-
ancing of the beam splitter would be crucial to achieve a
good common-mode rejection ratio. Another advantage of
the interferometric configuration is that it would be capa-
ble of producing squeezed light of vacuum states through
the ponderomotive mechanism within the detection band
of ground-based gravitational wave interferometers.

6 Conclusions

The study presented in this paper demonstrates that it
is possible to realise tabletop optical cavities with 10 g–
300 g scale mirrors suspended in quantum radiation pres-
sure noise regime. According to our estimations, adopting
a suitable suspension system, composed of a double pen-
dulum with a monolithic suspension and working in high
vacuum condition, the suspension thermal noise is lower
than the quantum radiation pressure noise, e.g. of a factor
600 at 10 Hz. Moreover, the use of high reflective coatings,
like those achievable with a IBS coating machine providing
the parameters of Table 3, allows to keep the mirror ther-
mal noise low enough to make the radiation pressure noise
observable. Note that in this context we have assumed that
the coatings can withstand the high power stored in the
cavity. This requirement is of paramount importance and
when setting up the experiment it should be verified with
the coating producer. Combining two identical cavities like
those ones studied in this work would result in a table-
top interferometer capable of ponderomotive squeezing in
the typical frequency band of ground-based gravitational
wave interferometers. Another interesting application of
the interferometric configuration of the studied cavities
is to use the proposed setup as a demonstrator of the
Einstein-Podolsky-Rosen (EPR) technique [32] to gen-
erate frequency-dependent squeezing. Indeed, before a
possible application to GW detectors, like Advanced
Virgo, the EPR squeezing technique needs to be prop-
erly tested with a RPN-limited interferometer. This can be
achieved by integrating a dedicated EPR squeezing exper-
iment, with the monolithically suspended high finesse
optical cavities, here proposed, as described in [33,34].
We can conclude that, exploiting the ponderomotive tech-
nique, or testing the EPR squeezing technique, a quantum
radiation pressure noise-limited interferometer, obtained
from the combination of two monolithically suspended
high finesse optical cavities, like those described in this
study, can be used to achieve broadband quantum noise
reduction in GW detectors below 1kHz.
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29. G.I. González, P.R. Saulson, J. Acoust. Soc. Am. 96, 207
(1994)

30. Y. Levin, Phys. Rev. D 57, 659 (1998)
31. F. Matichard et al., Class. Quantum Grav. 32, 185003

(2015)
32. Y. Ma et al., Nature 13, 776 (2017)
33. V. Sequino et al., in GRASS 2019 Proceeding (2020), http:

//dx.doi.org/10.5281/zenodo.3554320

34. S. Di Pace et al., in GRASS 2019 proceeding (2020), http:
//dx.doi.org/10.5281/zenodo.3569196

35. M. Granata et al., Class. Quantum Grav. 37, 095004 (2020)
36. A. Cavalleri et al., Phys. Lett. A 374, 3365 (2010)

https://www.epjd.epj.org
https://tel.archives-ouvertes.fr/tel-01170076/file/2014NICE4108.pdf
https://tel.archives-ouvertes.fr/tel-01170076/file/2014NICE4108.pdf
http://dx.doi.org/10.5281/zenodo.3554320
http://dx.doi.org/10.5281/zenodo.3554320
http://dx.doi.org/10.5281/zenodo.3569196
http://dx.doi.org/10.5281/zenodo.3569196

	1 Introduction
	2 Optical spring in a detuned cavity
	3 Single stage cavity mirror suspension
	4 Double stage cavity mirror suspension
	5 Other sources of noise
	6 Conclusions

