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Гравитационные волновые детекторы по своей сути являются детекторами вибраций. Они преобразуют
колебания пространства-времени в электрические сигналы, которые могут быть измерены. Сейсмический
шум является одним из неизбежных источников помех, поскольку наземные детекторы связаны с поверх-
ностью Земли, что приводит к постоянному воздействию шумов. Одним из способов борьбы с этим шумом
является создание подвесной системы, изолирующей эксперимент от грунта, по крайней мере уменьша-
ющей связь между поверхностью Земли и экспериментальной установкой. В данной работе представлен
подход к проектированию таких подвесных систем, который не ухудшает общую эффективность детекто-
ров.
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Gravitational Wave detectors are ultimately vibration detectors. They transform the vibrations of space-time
into electrical vibrations that can be measured. Seismic noise is one of these unavoidable sources of noise as the
terrestrial detectors are connected to the ground, this is a constant source of noise. One way to deal with this
noise is to make a suspension that isolates the experiment to the ground, at least reduces the coupling between
ground and the experiment. This works shows the way to design such suspensions that does not compromise the
overall performance of such detectors.
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Introduction

Gravitational waves (GWs) are space–time ripples generated by accelerated massive objects, to
have a reasonable intensity, these massive objects must be of a cosmic origin like compact stars such as
Neutron Stars or Black Holes. Considering the Einstein General Theory of Relativity, these GWs move
at the speed of light and can accelerate masses or excite quadrupolar normal-modes of elastic bodies
as the equivalent principle predicts. The potential sources of GWs include binary compact star systems
composed of white dwarfs, neutron stars and black holes.

The existence of GWs is also a consequence of the Lorentz Covariance of Einstein General Theory
of Relativity. GW does not exist in the Newtonian theory of gravitation, which postulates that physical
interactions propagate at infinite speed.

The first detection of GWs came from the inward spiral and merger of the Black Hole (BH) binary
[1]. The event is called GW150914, and the name is given by the Letters GW followed by the year, month
and day of the detection, then the detection happened on September 14, 2015. In 2017 a simultaneous
detection of GW radiation and electromagnetic radiation was made [2] from what is called a hipernova,
a binary Neutron Star (NS) system that merged, it is called GW170817, which could have started the
era of multi-messenger astronomy, which involves GW, optical radiation, radio, gamma-rays and X-rays
radiation. Studying the universe with these different types of radiation opens a new era for understanding
the universe.

In 2017, the Nobel Prize in Physics was awarded to Barry Barish, Kipe Thorne and Rainer Weiss
for their role in detecting gravitational waves. Before the first GW detection, there was indirect evidence
of these GW. Measurements of the Hulse and Taylor binary pulsar system suggested that GW was more
than a hypothetical concept, at least for the emission of such waves; the authors of this measurement
also won the Nobel prize. This system is one of the potential sources of detectable GWs, but because
of the frequency with which this system operates, a new kind of detector can detect much smaller
frequencies than the one that detected GW150914. The kind of detector responsible for this detection
are terrestrial interferometric ones, whose sensitivity is limited at frequencies close to 10 Hz and lower
because of seismic noise on the mirrors. These detector are vibration detectors and as such must deal
with seismic noise that comes from the ground vibrations, this work deal in the ways of reducing this
noise.

This work deals with this kind of suspensions, the authors worked in the Mario Schenberg Spherical
Gravitational Wave Detector [3] with the instrumentation and also making ways to isolate vibrations
from the sphere. This work is structured in the following sequence: chapter methods describes how the
simulations are performance; the chapter results presents the results in three of the vibrations systems
of Schenberg detector: the sphere suspension, vibration isolation from the microwave cabling used in
for the transducers and the system that connects the dilution refrigerator (that cools the sphere to
milikelvin temperatures).

The authors are members of the Graviton group. a Brazilian group devoted to studies in gravity.

1. Methods

The analysis is done by creating the detector in Solid models and then analyzing their performance
using Finite Elements Modeling (SolidWorks software is used) using the vibration module and the
frequency response to the vibrations (seismic and from the 1K dilution refrigerator pot). The test bed
is the Schenberg detector. The detector can be seen in Figure 1. More details about the detector can be
seen in [3] The results can be extrapolated for other terrestrial detectors.

2. Results

In this section three different vibration system are analyzed using frequency response in finite
element modeling. The meshed solid model is put in contact to a vibration noise source matching the
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Fig. 1. The Mario Schenberg detector is presented in this figure, the central part is a 65 cm in diameter CuAl
sphere, cooled down using liquid nitrogen, liquid helium and a dilution refrigerator. Source: The authors.

characteristic of each source, then a frequency response is made to analyze the response of this vibrational
source in the regions of the sphere were the transducers are located.

2.1. Results of the Sphere Suspension

The limit to measure a signal in a resonant detector is the thermic noise, no signal in the detector
can be measure below this limit. Using the characteristics of the Schenberg detector operating at 4 K,
the attenuation of the seismic noise in the sphere must be bigger than 10−16. Figure 2 shows the sphere
suspension made of titanium cable that suspends 3 CuAl disk and 2 oxygen free cooper, connects by three
titanium rods for each pair of disks, it also shows the positions where the displacements are measured,
then these displacements are presented in Figure 3. The modeling was calibrated with measurements
of each of the suspension stage, to total attenuation is too big to be measured but for each pair of
connected disks it was done and the modeling works pretty well [4].

The expression used for the seismic noise is Xτ = 10−16/ν4m2/Hz.
The seismic noise is applied in the very top of the titanium cable, then a frequency response is

applied and the displacements are measured in the green dots of Figure 2 and presented in Figure 3,
the upper curve represents the seismic noise itself.

2.2. Results of the Microwave Cabling Attenuation

The measurements of the vibrations on the Schenberg sphere is made by microwave resonant
cavities. The electronics schematics can be seen in Figure 4. The microwave are generated, the signal is
divided in two, one goes to the microwave cavities then it returns and meets the other microwave wave
signal in a mixer to decouple the signal from the cavities to form the signal at the Schenberg frequency.

There are 6 microwave cavities in the sphere surface, all of then must have on cable coming in and
one cable coming out, a view of all this cabling can be seen in Figure 5, as when as the solution found
to decrease seismic noise going down to the sphere. A set of masses, carefully designed [5] are inserted
in the cabling to reflect the vibrations back to the upper parts of the Dewar.

Figure 6 shows the best solution for the microwave cabling, five masses are placed on the cable
then the cable is connected to the last suspension mass, then this cable goes to the microwave cavity
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Fig. 2. Here the suspension is presented. A titanium cable suspends 5 disks connected by 3 titanium bars (for
each pair of disks). The vibrations displacement are measured where the green dot are located.

Fig. 3. The graphic of the frequency response displacements is showing the displacement of the green dots of
Figure 2, the curves represent the green dots displacements in the same vertical. The upper curve is the seismic
noise itself. Source: the authors

without touching anything.
The simulation with the frequency response is made and the results are presented in Figure 7.

The upper curve is the seismic noise in the top of the microwave cable, the curve in the middle is the
vibration on the last suspension mass and the curve in the bottom is the vibration on the sphere itself.

2.3. Results of the dilution refrigerator attenuation

The planning of Schenberg is be cooled down to 50 milikelvin by using a dilution refrigerator fridge.
It is now that the bubbling of the Helium 4 in the missing chamber is a source of vibration. The dilution
refrigerator would be mounted below the last of the suspension masses as can be seen in Figure 8.
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Fig. 4. This figure shows a schematics of the Schenberg microwave electronics. Source: Graviton group.

Fig. 5. This figure shows all microwave cabling connecting the microwave oscillator to the cavities and back
to the pre-amplifier. Source: Graviton group.

To connect the dilution refrigerator to the last stage of the suspension (the cooling flow is made
by the oxygen free copper bar that connects the disk in the last stage of the suspension to the sphere)
a similar solution was design using five oxygen free copper wire with some masses in the way [6] as can
be seen in Figure 9.

The frequency response of the system is calculated and the results are show in Figure 9. The upper
curve is the white noise from the dilution refrigerator and the bottom curve is the response in frequency
on the sphere.
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Fig. 6. This figure shows the best solution for the attenuation in the microwave cabling (for one cable). Source:
The authors.

Fig. 7. This is the graphics of the frequency response for the best solution for the cabling attenuation. Source:
The authors.

Discussion

The results show that the seismic noise can be reduced to a level that allows the detection of
Gravitational Waves.

For the suspension: the attenuation needed was reached. The goal was 1016 and 1026 was reached.
The first stage of the suspension (a pneumatic one) was not considered, the stage could increase the
attenuation by a factor of 103.

The effect produced by the seismic noise that is transported by the cabling, on the places where
the transducers will be connected, was obtained in the simulation. In the model the excitation was made
only at the end of the cabling, to consider only the effect of the cables. It is estimated that the addition
of the other cables will not result in a significant increase in noise. In the response graph of this analysis
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Fig. 8. The figure shows on the left the dilution refrigerator which will be hanged above the sphere, on the
right the 1 K pot can be seen in the second disk above the sphere. Source: Graviton group.

Fig. 9. The figure shows the connection from the dilution refrigerator to the last of the suspension disks.
Source: The authors.

it can be observed that: an attenuation of the order of 20 decades (1020) between the excited end of
the cable and the lower face of last suspension mass; an additional 19 decades attenuation between the
lower face of the last suspension mass and the cavities on sphere surface.

Thus the attenuation between the excited end of the cabling and the transducer locations has been
estimated at 39 decades at frequencies of the order of 3200 Hz, attenuation is sufficient so that the
sensitivity designed for the detector can be achieved.

Considering that the vibration noise on the sphere surface is Xν ≈ 10−46m2/Hz and that the
vibration noise in the region close to the dilution refrigerator is Xτ ≈ 10−22m2/Hz. Considering that
in the first case (mixing chamber connected to the last mass) the attenuation was 10−23. The total
vibration on the sphere surface due to the dilution refrigerator is of the order of the thermal noise, then
this connection is almost fine, but the noise used here is very conservative, it should be much lower
due to a 4 tons mass on the top of the Dewar being use to decrease the vibration noise, more work is
required in the simulation, but a much more complex model is needed.

The calculations made in her used the URES (Resultant Displacement) that considers the total
displacement in the suspension. But sometimes there are to much displacement in one direction than in
the others.

The Kagra interferometer gravitational wave detector is improving the suspension adding more
attenuation to the vertical direction and cooling down the suspension as can be seen in Kagra schematics
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Fig. 10. Title

in Figure 11.

Fig. 11. The figure shows a schematics of Kagra laser interferometric GW detector. The right part shows the
suspensiion of the mirrors, it can be seen that this is a very complicated suspension. Source: Kagra group.
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