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Abstract We report the tilt sensitivity reached by the ARCHIMEDES tiltmeter in the 2—
20Hz frequency region, where seismic noise is expected to give an important limitation to the
sensitivity in the next future Gravitational Waves detection, particularly through Newtonian
noise. The tilt noise level 8( f) is about 10~'2rad/+/Hz in most of the band, reaching the
minimum of § = 7-10~"3rad/+/Hz around 9 Hz. The tiltmeter is a beam balance with a 0.5m
suspended arm and interferometric optical readout, working in closed loop. The results have
been obtained by a direct measurement of the ground tilt at the Sos Enattos site (Sardinia,
Italy). This sensitivity is a requirement to use the tiltmeter as part of an effective Newtonian
noise reduction system for present Gravitational Waves detectors, and also confirms that
Sos Enattos is among the quietest sites in the world, suitable to host the third-generation
Gravitational Waves detector Einstein Telescope.
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1 Introduction

Since the first discovery of Gravitational Waves (GW) announced in 2016 [1], the Advanced
LIGO and Advanced Virgo experiments have detected gravitational radiation emitted by
Binary Black Holes and Binary Neutron Star mergers [2,3]. These detections represented
a breakthrough in astrophysics, as they widely improve the knowledge on Black Holes and
Binary Neutron Stars population, on gravity in the strong field regime, and opened the way
to the multi-messenger astronomy [4,5].

At present, existing GW detectors have been upgraded and are now under commissioning
until the beginning of the Observing Run 4 (O4), which is planned to start in middle 2022.
Meanwhile, the scientific GW community is proposing the realization of third-generation
ground-based detectors, namely Einstein Telescope (ET) [6] and Cosmic Explorer (CE)
[7]. In their design, a strong effort is devoted to improve the sensitivity and to extend the
observation band toward lower frequencies. This will allow for the search of intermediate
mass black holes and low-frequency spinning neutron stars, as well as a better estimation of
coalescing binary parameters thanks to a longer lifetime in the detection window.

The low-frequency limit, which is around 10 Hz in the present detectors, will be extended to
even lower frequencies in the next generation. In particular, the Einstein Telescope is designed
to reach about 2 Hz [6,8]. Seism is the dominant noise in the 2—20 Hz frequency band. It can
affect the sensitivity either through its direct transmission to the Test Masses (TM) or through
the so-called Newtonian noise (NN), the coupling due to gravitational field variation produced
on the TM by the displacements of surrounding masses [9—11]. Historically, the isolation
of test masses from direct seismic shaking has been accomplished with complex isolation
systems capable of reducing the coupling up to ten orders of magnitude [12,13]. Further
improvements will require either an even better seismic isolation or the installation of the
new detectors in suitable quieter sites, such as Sos Enattos, which is indeed a candidate site
to host the ET underground detector [14,15].

While direct shaking can be reduced with suitable passive isolators, gravitational coupling
must be subtracted by measuring the seismic field, inferring the gravitational field variation
and finally by subtracting this effect from the detector signal.

NN has until now not limited the detectors’ sensitivity, but it is expected that it will
be the dominant noise if no reduction will be implemented. This procedure requires the
measurement of the seismic field, with a signal-to-noise ratio (SNR) of about 100 in case of
Virgo and LIGO detectors[16] .

One of the possible strategies that could simplify the reconstruction of the gravity field is
the measurement of the seismic field with a tiltmeter [17].

A tiltmeter consists of an absolute rotational sensor, capable of measuring the inclination
of the ground surface with respect to a suspended reference arm. Such a device is specifically
designed to minimize the coupling with ground translations, so to be mainly sensitive to
ground tilts [18,19]. In recent scientific runs, both in Advanced LIGO and Advanced Virgo,
preliminary tests with tiltmeters have been conducted [20,21]. The measured tilt was of the
order of 10~ '%rad/ VHz (or slightly higher, depending on frequency). In the next runs, the
sensitivity of the GW detectors might be limited by the NN and tiltmeters with sufficient SNR
would help measuring this motion. In this paper, we show the results of an upgraded version
of our tiltmeter, tested at the quiet site of Sos Enattos (Sardinia, Italy), whose sensitivity
verifies the required characteristics. The paper is organized as follows: A first section is
devoted to describe the experimental setup, and a second section will present and discuss the
sensitivity and the noise budget. Implications for NN reduction and future developments will
be discussed in the last, conclusive, section.
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2 Experimental setup

Within the Archimedes experiment, devoted to measure the interaction of vacuum fluctuations
and gravity [22-24], an high sensitivity prototype balance has been developed [21]. If no
samples are suspended at the end of the arm, it can be used as a tiltmeter. It consists of a
0.5m long arm, whose mechanical design is similar to LIGO tiltmeters [19]. The arm is
suspended by its center through two thin wire-like suspensions (Cu-Be, 100pm x 500pwm),
as shown in Fig. 1.

The tiltmeter center of mass is positioned within 10pm of the bending point, which allows
for areduction of the translation-to-tilt coupling. Depending on the center of mass positioning,
its resonance frequency is around 20-30 mHz. The free oscillations of the suspended arm are
read with a Michelson interferometer, whose optical design is an improved version of the
one described in [21]. In the old version, the interferometer had unequal optical paths and it
was more affected by common noise coupling, such as laser frequency and amplitude noise.

In the present improved version, these two noise sources have been reduced by using
an optical delay line to equalize the optical paths, and normalizing the output signal to the
input laser power. The delay line is located after the beam splitter reflection and is made of
4 right-angle prisms, exploiting total internal reflection, as shown, in blue, in Fig. 1. In this
way, the length difference between the optical paths has been reduced from 100 mm to 2 mm
at worst, yielding to a frequency noise reduction by a factor 50.

The tiltmeter working point (interferometer output on half-fringe) is kept by controlling
the arm position through electrostatic actuators. They consist of 4 metallic 2cm x 10cm
plates located along the arm ends, as shown in Fig. 2. The control signal is given by a
digital filter fed with the interferometer output. This control suppresses tiltmeter motion at
low frequency (the unity gain frequency is 0.3 Hz), while leaving the arm free to oscillate at
higher frequencies. In this way, the control loop has no effect in the NN frequency region and,
together with the low resonance frequency, makes the tiltmeter arm an inertial reference for
ground tilts in the frequency band of interest for Gravitational Wave detectors, particularly in

Fig. 1 Tiltmeter scheme. The red line identifies the path of the laser light in the interferometer. The light is
injected with the fiber (in yellow at the top left) and split by the beam splitter. In the shorter interferometer
arm, there is a delay line, consisting of prisms, which equalizes the pathlength. The two lenses, shown in blue,
have focal lengths equal to their distance from the balance arm, so that the interferometer contrast is sensitive
only to the second order to the tilts of the arm itself. Below the arm is the optical lever, which serves as an
initial alignment reference

@ Springer



1069 Page 4 of 8 Eur. Phys. J. Plus (2021) 136:1069

Fig. 2 Scheme of the electrostatic actuators, reported in blue in the picture

the band 2-20 Hz. Notice that the upper bound of the tiltmeter sensitivity is presently above
20Hz, extending up to about 100 Hz where a low-pass filter is used as anti-aliasing.

3 Sensitivity and noise budget

The results obtained from these measurements are shown in Fig. 3. The figure shows the
previous ground tilt measurement, performed at the Virgo site, and the current one, on the
Sos Enattos site. The ground tilt measured at Sos Enattos remains around picoradiants/~/Hz
in most of the frequency band, reaching the minimum value of 7 - 10~"3*rad/+/Hz in the
region of a few Hz and the maximum value of 6 - 10~ rad/ /Hz, at a resonance peak of the
infrastructure, at 17.5 Hz. We also notice a peak at 7.5 Hz, with a tilt value of 10~ rad / JHz,
due to a resonance of the vacuum chamber, and a resonance at 4 Hz, still to be investigated.
As can be seen from the figure, if we exclude the infrastructural resonance peaks, the value
of the ground tilt measured at Sos Enattos is at least two orders of magnitude lower than at
the Virgo site. It reaches almost three orders of magnitude in the region just above 10Hz,
where Virgo has a number of infrastructure resonances. If the value measured at Sos Enattos
is taken conservatively as the sensitivity, we deduce that the tiltmeter is capable of measuring
the Virgo site tilt with an SNR greater than 100, which is more than sufficient to be used
for NN reduction. The sensitivity of the tiltmeter was also analyzed by evaluating the main
fundamental noises. These included shot noise, laser radiation pressure noise, thermal noise
and acquisition noise.
Main noise sources contributing:

— Shot noise
The shot noise contribution to the tilt is evaluated as [25]:

oo L a [(mNT 0
AT ATA Y Kok
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Fig. 3 Ground tilt in Virgo and Sos Enattos sites

where we have taken into account that the working point of the interferometer is the half
fringe. In the above equation, % is the Planck constant, A = 532nm is the laser wavelength,
L=0.1 m is the interferometer arm length, v = c¢/A, n = 0.9 is the photodiode quantum

H — 3 H — (Vimax —Vimin) ~ 1
efficiency, P =3 mW is the input power, and C = Vymy = 0.5 is the contrast,

computed by measuring the voltage at bright (Vinax) and dark (Vi) fringe. The shot
noise is independent of the frequency, and its level is 1.9 x 10~'#rad/+/Hz .

— Radiation pressure noise
Given the tiltmeter arm momentum of inertia as / = 1.3 x 10_2kg . m2, the radiation
pressure noise can be written as:

1 L [Phv

272V @
where w = 27 f. The radiation pressure noise contribution is absolutely negligible, as it
corresponds to 10~2%rad/+/Hz at 10Hz.

— Suspension thermal noise
To compute the suspension thermal noise contribution, we must define the loss angle as
the inverse of the Q of the arm resonance: ¢j,5s = 1/Q = 0.01. Given the resonance
frequency fy = 0.025 Hz, suspension thermal noise can be written as [26]:

2 w((aof — 10?)? + (1)) ¢,

Orp =

where kg is the Boltzmann constant and 7 = 300 K is the temperature. The contribution
remains well below 10~!3rad/+/Hz over the entire frequency band.

— Internal thermal noise
For this contribution, the resonance frequency of the arm has been considered as equal
to fo, = 950 Hz, and the internal Q; = 1000. The noise results to be [26]:

4kp T(ICU%I.) * Ploss;
a)((]&)()[z - 1w2)2 + (1600!'2)2(])120‘“;)

“

Oty =
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The contribution is almost flat and is about 10~'%rad/+/Hz at 10 Hz.

— ADC noise
The ADC noise has been measured by using a 50 €2 BNC termination at the ADC input.
The noise level results to be 2.2 x 10713, almost flat over the 2-20 Hz frequency band.
The value and the verified dependence from the square root of the sampling rate are
consistent with the theoretical expectations. It is the main instrumental contribution to
the noise budget.

The noise level shown in the figure is typically reached during the night or during the
weekend. On working days, due to activities related to mine maintenance, the noise is sig-
nificantly higher. From the noise budget and the above considerations, we can interpret the
curve of Fig. 3 as an upper limit of the site seismic noise when not disturbed by anthropogenic
noise. Further commissioning activities are planned to ensure that there are no other noises
that are limiting the sensitivity. These include, in particular, laser frequency noise due to the
residual asymmetry of the arms or scattered light.

4 Discussion and future developments

The tiltmeter has reached the required sensitivity to be used in Newtonian noise reduction in
the next scientific runs of the Virgo gravitational wave detectors. In this case, in fact, to obtain
an effective Newtonian noise reduction it is necessary that the ground tilt is measured with a
good SNR. The ground tilt 6 at the Virgo site (similarly at the LIGO site [17]) is of the order
of @ ~ 10~ '%rad/+/Hz; the sensitivity achieved ensures an SNR of around 100, which is
more than sufficient to meet the specifications. For future-generation detectors, in particular
the Einstein Telescope, the study of Newtonian noise subtraction is still at a preliminary
stage and moreover the detectors’ sites have not yet been chosen. At this preliminary stage,
it is particularly important to measure the characteristics of the candidate sites in order to
make an appropriate choice, keeping in mind that the band of interest of future detectors will
extend down to frequencies of around 2 Hz. The sensitivity achieved, which to our knowledge
is, in this region of frequencies, at the best in the world for ground tilt measuring devices
[17,27,28], makes it available for the characterization of the various candidate sites for third-
generation gravitational wave observatories. For Sos Enattos, the measurements show that at
low frequency, the site is about 100 times quieter than the sites where Virgo and LIGO are
installed. This result is expected, because it is compatible with similar results obtained with
seismometers [14,29] and confirms that Sos Enattos is one of the quietest sites in the world
where to install the future ET observatory.

Funding Open access funding provided by Universitd degli Studi di Napoli Federico II within the CRUI-
CARE Agreement.

Data Availability Statement This manuscript has associated data in a data repository. [Authors’ comment:
The data are stored in the Archimedes’ repository and are available upon request. Please contact the corre-
sponding author.]

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are included in the
article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is
not included in the article’s Creative Commons licence and your intended use is not permitted by statutory

@ Springer



Eur. Phys. J. Plus (2021) 136:1069 Page 7of 8 1069

regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder.
To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

20.

21.

22.

23.

24.

25.

26.
27.

. B.P. Abbot et al., Observation of gravitational waves from a binary black hole merger. Phys. Rev. Lett.

116, 061102 (2016)

B.P. Abbot et al., GW170817: observation of gravitational waves from a binary neutron star inspiral.
Phys. Rev. Lett. 119, 161101 (2017)

B.P. Abbot et al., GWTC-1: a gravitational-wave transient catalog of compact binary mergers observed
by LIGO and virgo during the first and second observing runs. Phys. Rev. X 9, 031040 (2019)

B.P. Abbot et al., Binary black hole population properties inferred from the first and second observing
runs of advanced LIGO and advanced virgo. Astrophys. J. Lett. 882, 2, .24 (2019)

B.P. Abbot et al., Low-latency gravitational-wave alerts for multimessenger astronomy during the second
advanced LIGO and virgo observing run. Astrophys. J. 875, 2161 (2019)

M. Punturo et al., The einstein telescope: a third-generation gravitational wave observatory. Class. Quan-
tum Grav. 27, 194002 (2010)

D. Reitze et al., Cosmic explorer: the U.S. CoNTRibution to gravitational-wave astronomy beyond LIGO.
Bull. Am. Astron. Soc. 51, 51 (2019)

B. Sathyaprakash et al., Scientific objectives of Einstein telescope, Class.Quant.Grav. 29 (2012) 124013,
Class.Quant.Grav. 30, (2013) 079501 (erratum)

PR. Saulson, Terrestrial gravitational noise on a gravitational wave antenna. Phys. Rev. D 30, 732-736
(1984)

M.G. Beker et al., Improving the sensitivity of future GW observatories in the 1-Hz to 10-Hz band:
Newtonian and seismic noise. Gen. Rel. Grav. 43, 623-656 (2011)

. J.C. Driggers et al., Subtraction of newtonian noise using optimized sensor arrays. Phys. Rev. D 86,

102001 (2012)

F. Acernese et al., Measurements of Superattenuator seismic isolation by Virgo interferometer. Astropart.
Phys. 33(3), 182-189 (2010)

F. Matichard et al., Seismic isolation of advanced LIGO: review of strategy, instrumentation and perfor-
mance. Class. Quant. Grav. 32, 185003 (2015)

M. Di Giovanni et al., A seismological study of the Sos Enattos area, the Sardinia candidate site for the
Einstein telescope. Seismol. Res. Lett. 92, 352-364 (2021)

. FE. Amann et al., Site-selection criteria for the Einstein telescope. Rev. Sci. Instrum. 91, 9 (2020)

F. Badaracco, J. Harms, Optimization of seismometer arrays for the cancellation of Newtonian noise from
seismic bodywaves Class. Quant. Grav. 36, 145006 (2019)

J. Harms, K. Venkateswara, Newtonian-noise cancellation in large-scale interferometric GW detectors
using seismic tiltmeters. Class. Quant. Grav. 33, 234001 (2016)

C.C. Speake, D.B. Newell, The design and application of a novel highfrequency tiltmeter. Rev. Scient.
Instr. 61, 1500 (1990)

K. Venkateswara, C.A. Hagedorn, M.D. Turner, T. Arp, J.H. Gundlach, A high-precision mechanical
absolute-rotation sensor. Rev. Sci. Instrum. 85, 015005 (2014)

M.W. Coughlin et al., Implications of dedicated seismometer measurements on Newtonian-noise cancel-
lationfor Advanced LIGO. Phys. Rev. Lett. 121, 22 (2018)

E. Calloni et al., High-bandwidth beam balance for vacuum-weight experiment and Newtonian noise
subtraction. Eur. Phys. J. Plus 136, 335 (2021)

G. Bimonte, E. Calloni, G. Esposito, L. Rosa, Energy-momentum tensor for a Casimir apparatus in a
weak gravitational field. Phys. Rev. D 74, 085011 (2006)

E. Calloni, M. De Laurentis, R. De Rosa, L. Di Fiore, G. Esposito, F. Garufi, L. Rosa, C. Rovelli, P. Ruggi,
F. Tafuri et al., Towards weighing the condensation energy to ascertain the Archimedes force of vacuum.
Phys. Rev. D 90, 022002 (2014)

S. Avino, E. Calloni et al., Progress in a vacuum weight search experiment. MDPI Phys. 2, 1-13 (2020)
D.V. Martynov et al., The sensitivity of the advanced LIGO detectors at the beginning of gravitationalwave
astronomy. Phys. Rev. D 93, 112004 (2016)

PR. Saulson, Thermal noise in mechanical experiments. Phys. Rev. D 42, 2437-2445 (1990)

F. Matichard, M. Evans, Bulletin of the seismological society of america, review: tilt-free low-noise
seismometry 105 No. 2A, pp. 497-510

@ Springer


http://creativecommons.org/licenses/by/4.0/

1069  Page 8 of 8 Eur. Phys. J. Plus (2021) 136:1069

28. N. Azaryan, J. Budagov et al., The seismic angular noise of an industrial origin measured by the precision
laser inclinometer in the LHC location area. Phys. Particles Nuclei Lett. 16, 343-353 (2019)

29. L. Naticchioni et al., Microseismic studies of an underground site for a new interferometric gravitational
wave detector. Class. Quantum Grav. 31, 105016 (2014)

@ Springer



	Picoradiant tiltmeter and direct ground tilt measurements at the Sos Enattos site
	Abstract
	1 Introduction
	2 Experimental setup
	3 Sensitivity and noise budget
	4 Discussion and future developments
	References




