
Classical and Quantum Gravity

Class. Quantum Grav. 41 (2024) 117004 (14pp) https://doi.org/10.1088/1361-6382/ad407e

Note

New Generation of Superattenuator for
Einstein Telescope: preliminary studies

A Bertocco1, M Bruno1, R De Rosa1,2, L Di Fiore1,
D D’Urso3,4, F Frasconi5,∗, A Gennai5, L Lucchesi5,
M Refat1, F Pilo5, D Rozza3,4, P Ruggi6, V Sipala3,4,
I Tosta e Melo3,4 and L Trozzo1,∗

1 Istituto Nazionale di Fisica Nucleare, Sez. Napoli, Strada Comunale Cinthia,
Naples 80126, Italy
2 Dipartimento di Fisica ‘Ettore Pancini’, Univesrtità degli Studi di Napoli Federico
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Abstract
Seismic noise and local disturbances are dominant noise sources for ground-
based gravitational waves detectors in the low frequency region (0.1–10 Hz)
limiting their sensitivity and duty cycle. With the introduction of high-
performance seismic isolation systems based on mechanical pendula, the 2nd
generation laser interferometric detectors have reached the scientific goal of the
first direct observation of GW signals thanks to the extension of the detection
bandwidth down to 10 Hz. Now, the 3rd generation instrument era is approach-
ing, and the Einstein telescope giant interferometer is becoming a reality with
the possibility to install the detector in an underground site where seismic noise
is 100 times smaller than on surface. Moreover, new available technologies as
well as the experience acquired in operating advanced detectors are key points
to further extend the detection bandwidth down to 2 Hz with the possibility
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to suspend cryogenic payload and then mitigating thermal noise too. Here,
we present a preliminary study devoted to improving seismic attenuation per-
formance of the advanced VIRGO superattenuator in the low frequency region
of about five orders of magnitude. Particular care has been carried on in ana-
lyzing the possibility to improve the vertical attenuation performance with a
multi-stage pendulum chain equipped with magnetic anti-springs that is hung
to a double inverted pendulum in nested configuration. The feedback control
requirements and possible strategies to be adopted for this last element will be
presented.

Keywords: seismic noise, seismic isolation, mechanical filters,
interferometric detectors

1. Introduction

The first direct observation of a gravitational wave signal (GW150914) by using ground-based
interferometric detectors, marked the starting point of a new era in the Universe study [1].
After that, more than 5 years of joint observation run by the LIGO and Virgo collaborations
working as a single network with three interferometers based on the same working principle,
has produced many scientific results [2]. The observation of a relevant number of stellar bin-
ary black-hole mergers has completely changed the previous expectation for a population of
intermediate-mass black-holes and black-hole binary formation. Moreover, the simultaneous
observation of binary neutron stars by GW instruments and space gamma-ray detectors, fol-
lowed by the identification of the astronomical counterpart and consequent measurement of
the EM afterglow using standard telescopes in IR, visible, UV, and x-ray frequency bands
have opened the new research field of multi-messenger astrophysics [3]. The success of the
modern GW detectors, based on the working principle of the Michelson interferometer with
Fabry–Perot optical cavity along the two orthogonal arms, is the result of the wide technolo-
gical developments lasted many decades. The pioneering cryogenic Weber resonant bar has
been replaced by the development of a new concept of an interferometric detector with a laser
source. This lead to the first idea of a broad frequency band instrument and then to the con-
struction of the two LIGO detectors in the USA and the French–Italian VIRGO interferometer
in the Pisa countryside (Italy). Today they represent, passing through different upgrade pro-
grams, the 2nd generation interferometers that finally observed GW signals on Earth. In the
following paragraphs, we report the results of our preliminary studies on the detector sensit-
ivity to technical and environmental noise sources. This is of great relevance in the frequency
region below 10 Hz where the active feedback control of the detector introduces some disturb-
ances and seismic noise represents an important limiting factor of the instrument performance
[4]. A simulation model based on the experimental apparatus of the advanced VIRGO (AdV)
interferometer and developed within the MATLAB commercial software has been used to this
purpose, with the intent to optimize the instrument response in view of the Einstein telescope
(ET) interferometer construction. In figure 1 a comparison between the AdV displacement
sensitivity during the last data taking period (O3—observation run 3) and the design sensitiv-
ity of the ET giant interferometer is shown [5]. The frequency bandwidth of the 2nd generation
detectors ranges from 10 Hz to 10 kHz, while for the 3rd generation ones, like ET, the goal
is the improvement of the current sensitivity by about a factor 10 extending the observation
bandwidth down to about 2–3 Hz. For the AdV detector this means that the required improve-
ment with respect to the present experimental limits is more than 5 orders of magnitude [6]
defining also important guidelines for future technologies to be implemented in the field.
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Figure 1. Displacement sensitivity of 2nd generation detector AdV compared with its
design sensitivity and the ET target sensitivity.

2. New Generation of Superattenuators (NGSAs)

The modern GW detectors are based on a Michelson interferometer (ITF) with a LASER
source and two Fabry–Perot optical cavities along the arms 3–4 km long each one. The exper-
imental apparatus is formed by a complex mechanical structure, ground based, to support the
delicate test masses, the mirrors, where the laser beam is reflected forward and backward. The
structure adopted to isolate and suppress seismic noise transmitted to the test masses, is meant
as fundamental element of the instrument so that to consider the test masses as free-falling
bodies starting from a few Hz. To this purpose, a cascade of harmonic oscillators has been
developed with the intention of having the mechanical structure act passively above a cut-off
frequency, while the internal modes are confined to the low frequency range where active sup-
pression is applied. The introduction of the superattenuator (SA) [6–8] as a hybrid system for
filtering seismic noise and suspending the optical components of the advanced VIRGO inter-
ferometer is, today, a cornerstone of the present technology and the most performant seismic
isolation system in the world. As shown in figure 2 the AdV superattenuator is conceived as a
three-legs mechanical structure based on the working principle of an inverted pendulum (IP).
Together with the filter on its top (called Filter 0) it has two fundamental roles: (i) it represents
a pre-isolation stage starting from a few tens of mHz and (ii) it is used as a mechanical support
for the suspension point of the filter chain. Moreover, thanks to the presence of a set of sensors
(position sensors and acceleration sensors) and actuators, it is possible to actively dump the
inner modes of the chain and to compensate the tidal effect applying small forces (of the order
of a few Newtons). The total length of this structure, from the suspension point of the filter
chain on Filter0 to the center of the mirror, is about 9 m.

Considering the same experimental lines mentioned above and thanks to the experience
acquired in operating a so complex system to isolate the test masses from seismic noise, a
project to develop a NGSAs has been elaborated with the goal to reach the target performance
demanded by the ET interferometer. In this paper we consider two possible configurations as
guidelines for the next generation of superattenuator. The first one represents the traditional
solution, as detailed in the framework of the ET conceptual design [9, 10]. It consists of a
longer version of the SA presently in operation on the AdV interferometer, with a three-legs
Inverted Pendulum pre-isolator stage supporting a chain of mechanical filters and payload.
With this configuration, the ET attenuation requirement can be achieved optimizing the mass
distribution along the filters chain [11], improving the performance of the magnetic anti-spring
system installed on each filter, and forming a multi-stage pendulum with all elements at the
same relative distance. Even with this geometry the ET stringent requirements can be fulfilled
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Figure 2. Technical drawing of the AdV Superattenuator. Together with the three legs
structure of the inverted pendulum (ground connected through the bottom ring visible
in this rendering), from the top to the bottom, are visible: the filter F0 (on the top of the
platform), a chain of five mechanical filters, and the payload (marionette and mirror).
Reproduced with permission from [6].

keeping the total length of the structure (from suspension point to mirror center) as small as
12 m.

The second and more innovative solution, is based on the use of two pre-isolators Inverted
Pendulum in a Nested configuration (NIP) where the innermost one supports the traditional
multistage pendulum chain and the payload (see figure 3). Here below we describe the results
of a preliminary simulation campaign devoted to the optimization of some relevant parameters
for this innovative approach. Our study is based on the possibility to reduce the total length of
the mechanical structure within 10 m optimizing the mass distribution along the chain, redu-
cing the crosstalk among different degrees of freedom and confining the mechanical modes
below 1.5 Hz.

2.1. NIP-SA as a solution for the ET detector

The solution with a NIP as a pre-isolation stage offers evident advantages from the point of
view of horizontal attenuation performance at the level of the test mass. With this geometry,
our preliminary studies show that the total hight of the superattenuator could be maintained
around 10 m fulfilling the seismic filtering performance for ET. In figure 3 is showed a 2D
sketch layout of this superattenuator with NIP.

It consists of a first Inverted Pendulum (IP1), ground connected through its feet, fromwhich
a mechanical platform is hung and supporting a second pre-attenuation stage (IP2). On top of
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Figure 3. 2D sketch of theNIP-SA.All the isolation stages are visible going from the top
to the bottom: the first pre-isolator (inverted pendulum-IP1 grounded connected through
its feet), a second inverted pendulum-IP2, three passive mechanical filters, and the pay-
load (last four stages).

the IP2, a chain of three passive filters (F1, F2, and BF) with the last four stages of a payload
(for a total load of about 600 kg) [12] is suspended.

On the other hand we do not forget that a nested inverted pendulum has never put in opera-
tion within themechanical structure of a Superattenuator. All this leads tomany open questions
about its stability, its automatic control, and the crosstalk among different degree of freedom as
well as about the difficulty in the normal modes confinement below 1.5 Hz. For these reasons
it is important to develop a detailed simulation model before starting a prototyping process.

3. Modeling the NIP-SA system

In this paragraph we pass through the key points of the simulationmodel of our superattenuator
with two pre-isolators Inverted Pendulum in a nested configuration (NIP-SA) which represents
the most complex geometry considered. The goal is the detailed analysis of its mechanical
behavior, the characterization of the filter chain normal modes and cross-couplings, as well as
verifying the stability of the structure and its performance.

The model is based on representing each mechanical element as a rigid body (mass) or an
elastic element (wires, blades), whose transmission properties are kept in a matrix Z(ω) called
impedance matrix [6, 13–15].

3.1. NIP-SA overall impedance matrix

In the impedance matrix representation, a complex mechanical system is a collection of com-
ponents linked in series or parallel, whose transfer function is obtained using the impedance
matrix algebra. According to these rules, the impedance matrix of our model is evaluated by
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combining the impedance matrices of two inverted pendulums, the suspension wires, and the
masses. Passing through the description of the system reported in figure 3 (from the payload
to the IP1), we connect the following impedances: Zpay, Zchain, Zw, ZIP1, ZPF, ZIP2 and ZFi [6,
13, 14]. The Zchain is obtained by connecting in series Zpay with the standard filters (ZFi and
ZBF,) through the impedance matrix representing the elastic element of the suspension wires
(Zw) as follows:

Zchain = Z3 ·Zw, ·ZF01 (1)

where Z3 is given by:

Z1 = Zpay ·Zw, ·ZBF

Z2 = Z1 ·Zw, ·ZF2

Z3 = Z2 ·Zw, ·ZF1

. (2)

From the filters chain to the IP1, the ZSUS matrix, representing the overall suspension, is
obtained by connecting in series Zchain, ZIP2, ZPF, ZWPF , and ZIP1. Here ZPF and ZWPF, represent
the impedance of the mechanical platform and its suspension wires respectively, while ZSUS

matrix is used to calculate the transfer function from ground to test mass. The result of this
computation provides a 12× 12 complex matrix whose elements are the transfer functions for
a selected d.o.f. of the system.

3.2. NIP-SA: preliminary transfer functions

Given the complexity and the dimension of the matrices, specific MATLAB code has been
developed and used over the last twenty years for evaluating and improving the AdV seismic
attenuators response [6, 8, 14]. This code, in combination with the mass distribution optimiz-
ation approach given in the work [11], has been widely emploied to investigate the coupling
terms among degrees of freedom and optimizing the NIP-SA performance by tweaking appro-
priate parameters like length, stiffness, and mass. In this section, the longitudinal, tilt coup-
ling, and the vertical transfer functions for the following configurations have been calculated:

• Case A: a NIP-SA 8 m tall with a total mass of 2650 kg
• Case B: a NIP-SA 10 m tall with a total mass of 2650 kg
• Case C: a NIP-SA 10 m tall with a total mass of 3250 kg

The vertical transfer function is calculated considering four standard filters (F01, F1, F2, and
BF) identical to those ones of the AdV SA [6–8]. In figures 4 and 5, the simulated transfer
functions for the longitudinal d.o.f., tilt-coupling d.o.f. and completed with their zoom in the
frequency region 0.8–3 Hz, are respectively shown. The TF value at 2 Hz is 6 · 10−11 for all
the configurations considered and for the longitudinal d.o.f. As detailed in section 5, this result
represents a good achievement for our purposes. However, an improvement on the tilt-coupling
parameter of a factor 16 at 2 Hz, is well visible passing from the configuration of the Case A
to the configuration of the Case C (2.5 · 10−5 for Case A, 4.3 · 10−6 for Case B and 1.5 · 10−6

for Case C). Moreover, the simulation results obtained for the vertical transfer function of
the three different configurations reported in the plots of figure 6, show that they are similar.
The presence of a peak in the region 30–50 Hz puts in evidence a deteriorated response of the
mechanical filters which can be mitigated with a new geometry of the magnetic anti-spring. To
this purpose the optimization of a new cross-bar design equipped with rare earths permanent
magnets is in progress, because the total weight of the structure (cross-bar mechanical structure
and magnets) seems to be at the origin of the problem.
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Figure 4. NIP-SA transfer function, from ground to suspended mass, longitudinal d.o.f
(left panel) and tilt coupling (right panel).

Figure 5. NIP-SA transfer function zooms of longitudinal d.o.f (left side) and tilt coup-
ling (right side) as simulated for three different configurations. At 2 Hz, the longitudinal
attenuation is about 6 · 10−11, while tilt-coupling attenuation improves of a factor 16,
changing from Case A to Case C.

Figure 6. Vertical transfer function for three different configurations of the NIP-SA: a
peak structure is visible in the frequency region 30–50 Hz.
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Figure 7. Transfer function of the IP1 for different ballast installed on its top stage and
for the geometry of the Case B as detailed in the text. The different curves represent
the response of the system when a ballast is used on the IP1 up to the instability of the
system (curve labelled + 100 kg).

3.3. NIP-SA: potential instabilities condition

Exploring the instability of our NIP-SA, which is a typical non-degenerate mechanical system,
it is possible to approach the problem heuristically by counting the number of modes visible in
the transfer function plot in the frequency region below 100 mHz. Furthermore, being our sys-
tem a composite one with two inverted pendulums, it is expected to show two resonances (one
for each IP). Under this assumption and without losing generality, one might try to give a heur-
istic stability criterion for the NIP-SA: it is stable if both modes are present below 100 mHz,
while it is unstable if the lower value is moved to the flat region of the spectrum7. Adding some
ballast, indeed, it is possible to move the IP frequency down to its instability in accordance
with the equations reported in the endnote below and detailed in [16, 17]. In figure 7 is reported
the transfer functions obtained with our simulation model (Case B) and with different ballast
on top of the IP1 evaluating the system stability.

The curves shown in figure 8, instead, are the transfer functions of our system when the
ballast is installed on top of the IP2. This has been done with the intent to evaluate the stability
of the system as in figure 7.

However, the optimization and the stability of the NIP-SA structure will be studied in exper-
imental way avoiding problems of any origin and finding the right compromise in the ballast
distribution (on IP1 and on IP2).

4. Seismic noise measured at Sos Enattos site

Seismic noise in underground and surface locations depends on the proximity to the coast,
urban areas, and their geological history morphology. At frequencies f > 1 Hz, the amplitude
of the seismic spectrum is associated with human activities and with drastic weather changes.
Moving from surface to underground, it is possible to observe that the atmospheric perturbation
influence is minimal: the environmental conditions are more stable and, therefore, seismic

7 In the frequency domain the behavior of the IP is governed by the equation fIP = 1
2π

√(
k
m
− g

L

)
and, as a con-

sequence, the stability condition for this mechanical structure is fixed by the mathematical relation
(
k
m
− g

L

)
> 0

where m is the ballast on top of IP, k is the total stiffness of the three legs with flex joints and L their length.
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Figure 8. Transfer function of the IP2 for different ballast installed on its top stage and
for the geometry of the Case B as detailed in the text. The different curves represent
the response of the system when a ballast is used on the IP2 up to the instability of the
system (curve labelled + 30 kg).

Figure 9. Spectral density of seismic noise displacement measured at laboratory of
Experimental Gravitation in Naples, compared to that one measured at Sos Enattos
former mine.

noise is attenuated by about a factor of 100 [18, 19] with respect to the surface. This has been
put in evidence in figure 9, where the horizontal spectral seismic noise profiles measured at
Naples and at the Sos Enattos former mine, are plotted. In particular, at 2 Hz seismic noise
value associated to Naples site is 10−8 m√

Hz
, while that one associated the Sos Enattos former

mine is 8 · 10−11 m√
Hz

. Low seismic noise level, geological stability, as well as the distance
from industrial activities of the Sos Enattos’s site represent the most appealing features of
this area to be considered one of the best candidates to host the construction of the Einstein
telescope (ET).

4.1. Sos Enattos site: ground tilt lower limit estimation

Despite the efforts performed by different experimental groups [20, 21] in the development of
a suited sensor for high precision ground-tilt measurements, we do not have any experimental
measurements supporting our simulation model investigation, and we can only give a lower
limit evaluation of it by using the following empirical formula:

α0 =
ω

v
· x0 (3)
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where v and x0 are the seismic waves’ speed and the longitudinal spectral density of the
ground displacement, respectively. Assuming the value for v to be 3000 m s−1 and for x0 to be
8 · 10−11 m

√Hz
, the estimated lower limit of the α0 spectral density at 2 Hz is about 3 · 10−13 rad

√Hz
.

5. NIP-SA performance: projection on the ET LF sensitivity

A good method in determining whether a seismic isolation system is compliant with GW
detector requirements is to measure how much seismic noise is transmitted to the test mass.
The purpose of this section is to determine the amplitude spectral density of residual motion
for a test mass suspended through the NIP-SA, as described in section 3 and virtually installed
in the Sos Enattos site.

5.1. Longitudinal and tilt coupling contributions

The residual motion of the test mass of our NIP-SA (response of the system), can be evalu-
ated by filtering the longitudinal seismic profile reported in figure 9 and using the ground tilt
estimated in paragraph 4.1. This has been done through the transfers function of the NIP-SA
suspensions, plotted in figures 4 and 5, as follows:

xTM1 = TFxx · x0 (4)

xTM2 = TFxα ·α0. (5)

In figure 10 the residual motion of the test mass along the longitudinal degrees of freedom is
drawn (left panel), while a zoom of the region 0.8–3 Hz (right panel) completes the estimation
for the three different configurations. All the results are compared to the ET sensitivity curve
(dotted line). The residual motion of the test mass at 2 Hz reaches the spectral density value of
5 · 10−21 m

√Hz
, which is more than two orders of magnitude lower than the ET design sensitivity

(10−18 m

√Hz
).

The tilt contribution within our simulation model has been evaluated by using the
equation (3) and the seismic spectral density (x0) as measured at Sos Enattos site (see black
curve plotted in figure 9). As previously anticipated, this is considered a lower limit because
no experimental measurements are available. In table 1 is summarized the results obtained at
2 Hz. This is the contribution to the residual motion of the test mass due to the ground tilt
calculated with equation (5) and for three different configurations of NIP-SA as described in
the text.

In CASE A, the tilt coupling is eight times higher than the ET sensitivity, in CASE B, it
is approaching the ET target value, while in CASE C, it is two times lower than the nominal
value of the sensitivity. According to these values we can preliminarily conclude that the tilt
contribution may limit the detector sensitivity.

5.2. Vertical contribution

Due to the Earth curvature the coupling term, αgrav, between longitudinal and vertical direction
is not negligible. Indeed, on about 10 km, the expected value of αgrav is about 3 · 10−3.

Assuming this value, and neglecting structural imperfection on the system, the estimation
of the residual motion of the test mass due to the vertical contribution can be calculated as:

xTM3 = αgrav ·TFyy · y0. (6)

10
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Figure 10. NIP-SA: expected residual motion of the test mass along the longitudinal
degrees of freedom and due to the Sos Enattos seismic noise as represented by the black
curve of figure 9. On the right-side panel, a zoom of the frequency region 0.8–3 Hz is
shown.

Table 1. Expected residual motion of the test mass due to the ground-tilt contribution as
estimated in section 4.1.

CASE A 8 · 10−18 m

√Hz
CASE B 10−18 m

√Hz
CASE C 4.5 · 10−19 m

√Hz

Figure 11. NIP-SA zoom of the expected residual motion of the test mass due to the
vertical ground displacement in the region 1–50 Hz. In the region 1–3 Hz, the test mass
displacement is about one order of magnitude below the ET sensitivity curve. In the
range 5–20 Hz, the test mass displacement is more than two orders of magnitude below
the ET sensitivity. Around 30 Hz, a mechanical resonance of the standard filters reaches
the value of 5 · 10−19 m

√Hz
.

In figure 11 is plotted a zoom of the residual motion for the test mass due to the vertical
ground displacement in the frequency region 1–50 Hz for the three configurations considered.
In this plot is superimposed the ET sensitivity curve (dotted line) for comparison purpose: the
spectral density at 2 Hz is of the order of 10−19 m

√Hz
, providing a safety factor of 10 with respect

to the ET demand.
Around 30 Hz, the presence of a mechanical resonance due to the crossbar of the standard

filters, deteriorates the system response. For this reason, within our experimental program an
important activity will be devoted to re-designing the filter crossbar and the magnetic anti-
spring: they seem to be at the origin of the problem.
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Figure 12. Expected residual motion of the test mass for the NIP-SA studied (Case B).
Different contributions to the complete system response (see dotted curve labelled NIP-
SA Total) are compared with the ET sensitivity (dotted green curve). A vertical dotted
line at 2 Hz is marked in this plot as a reference value for all the studies carried out with
this simulation activity.

As a general result of our studies, in figure 12 is plotted the expected residual motion of the
test mass in the NIP-SA configuration for Case B. The different contributions (longitudinal—
blue line, tilt—red line and vertical—yellow line) and the total response of the system are
reported together with the ET target sensitivity (dotted green line).

6. Conclusions

In this paper we have summarized the preliminary results of our simulation studies around
a NGSA for ET interferometer to be installed within the Sos Enattos mine. The used model
is based on the Advanced VIRGO superattenuator where a two stage pre-isolator Inverted
Pendulum in a Nested configuration (NIP) has been included as an innovative element. We
demonstrated that adopting this configuration, the residual motion of the test mass is roughly
two orders of magnitude lower than the ET target sensitivity along the longitudinal direction.
Moreover, our study put in evidence that the cross-coupling between tilt and longitudinal dir-
ection, could be a potential problem whether a fine-tuning of the mechanical parameters is
not performed in an accurate way. This is of great importance in view of obtaining the best
performance of the new Superattenuators for next generation of GW detectors. This is also
confirmed by the detailed evaluation of the vertical mechanical transfer function from which
we inferred the need to re-designing the mechanical crossbar and the anti-spring system with
the intent of improvig the passive filtering performance of each element of the multi-stage
pendulum.
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