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A cryogenic payload for the 3rd generation of gravitational wave interferometers
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Thermal noise is a limiting factor of interferometric Gravitational Wave detectors sensitivity in the low and intermediate frequency range. A concrete possibility for beating this limit, is represented by the development of a cryogenic last stage suspension to be integrated within a complex seismic isolation system. To this purpose a last stage payload prototype has been designed and built. It has been suspended within a dedicated cryostat with the same technique adopted for the VIRGO payload and making use of two thin wires in a cradle configuration to support a mirror made of silicon.

The cooling strategy, the thermal behaviour and the system mechanical response have been deeply studied while a measurement characterization campaign has been performed both at room temperature and at cryogenic temperature. In this paper, the preliminary results obtained together with the first cooling down of the 300 kg overal mass payload at about 25 K, are reported. This study will play a driving role in the design of the third generation Gravitational Wave detector.

Introduction

Low temperature physics and Gravitational Wave (GW) search met each other several years ago when W. Fairbank proposed the development of a resonant GW antenna cooled in the mK range [START_REF] Fairbank | Proceedings of the international school on Experimental Gravitation[END_REF]. The first detector weighting 20 kg was successfully cooled down to 4 K by the group headed by Edoardo Amaldi and Guido Pizzella in 1974 [START_REF] Amaldi | [END_REF]. The cooling runs were very useful to acquire experience in the cryogenic techniques and to understand the mechanical elements behavior as well as their material properties in the low temperatures range. A second important result was reached when three similar detectors were operated in coincidence, at CERN (Geneva), Stanford and Baton Rouge collecting data, for the first time, at liquid helium temperature. [3]. These milestones marked the starting point of the Gravitation Wave search era based on resonant antennae operated at cryogenic temperature and having a narrow detection bandwidth.

The current GW antennae are broadband detectors based on the working principle of a Michelson interferometer. They have been designed for the first direct detection and together with their advanced versions, presently in the preparation phase, are operated at room temperature looking at typical GW sources distant up to 100 Mpc [4], [5]. However, for an effective GW astronomy the antenna sensitivity should be increased ten-fold requesting an additional effort for the study of third generation interferometers which has just started [START_REF] Amaro-Seoane | Einstein Telescope Design Study: Vision Document ET[END_REF]. One of the dominant noise sources limiting the present interferometers sensitivity is the thermal noise of the suspended optics. This limit can be overcome by cooling the suspended mirror at cryogenic temperature [START_REF] Kuroda | [END_REF].

Many noise sources have a direct dependence on temperature while others are linked to it through the material properties. The brownian forces, for instance, drive the fluctuations of the mirror internal modes and those ones of its suspension wires. These phenomena are well quantified through the Fluctuation-Dissipation theorem, putting in relationship the system dissipation to the displacement noise power spectrum. On the other hand, great importance is due to dissipation mechanisms directly related to the temperature fluctuations, like the thermoelastic effect measurable in the wire suspension as well as in the mirror substrate and coating. This contribution depends on the materials elastic expansion coefficient and it is proportional to the second power of temperature.

The use of cryogenic techniques in the development of future GW detectors is also connected to the reduction of the thermal lensing due to the temperature gradients within the mirror substrate and coating. This effect is linked to the thermal conductivities and to the fluctuations of the coating refraction index. Since the thermal expansion coefficient decreases at low temperature reducing drastically the mirror deformation induced by the high light power stored in the optical cavities of the interferometer, the cryogenic approach seems to be the natural one.

For an effective use of low temperature technique in a GW detector, the design of a last stage suspension has to change in accordance with a couple of new guide lines:

-the transmission of the refrigeration power to the mirror level should not deteriorate the position control performance;

-the residual vibration transmitted to the mirror through the cooling system, should be well below the detector noise sensitivity curve.

With these requirements it is extremely important to have a good mechanical isolation between the mirror and the cooler. Moreover the importance of a good thermal link between the payload and the cooling system has a fundamental role in the design optimization, taking care of having links as short as possible and good thermal couplings, so to avoid refrigeration power losses. The use of a mechanical attenuation system as a heat link, is a good solution to filter the vibrations of the cryo-cooler, with the drawback to limit the heat flow. On the other hand the mirror suspension itself must have the required thermal conductivity reducing thermal gradients and optimizing the cooling time.

According with the guide lines described above, the overall design of the mirror suspension and its control system will be very different from those ones presently used in interferometric antennae. The new system will be the result of a trade off between the need to have a strong thermal contact with the cooling system and the tentative to reduce any dissipation source due to the coupling of the suspension with the mirror.

In the following sections we present the first attempt to design a cryogenic payload studying both the mechanical and thermal issues via finite element analysis. Then, we describe the first prototype, that has been built and cooled at low temperature. In the last section we report and discuss the experimental results aimed to the prototype characterization.

The payload mechanical design.

The most relevant peculiarity of the VIRGO interferometer for gravitational waves detection is represented by the use of a seismic noise isolation system, the Superattenuator (SA), developed to extend the detection bandwidth in the low frequency region starting from a few Hz. Conceptually, it is based on a cascade of several mechanical passive filters forming a long pendulum chain, attached to the top of a three legs structure conceived on the working principle of an Inverted Pendulum [8]. The seismic noise passive filtering performance of the mechanical structure is completed with an active filtering action in the low frequency region (below 5 Hz where the inner modes of the structure are confined) obtained with a few sets of sensors-actuators disseminated along the multi-stage suspension system. The basic idea is that the faster the position corrections are needed to keep in operation the detector, the closer to the mirror they must be applied. In this context, the role of the last stage payload is crucial. By using the actuators of the last stage, it must be possible to perform the alignment in DC of the test masses, to compensate the residual seismic noise below 2 Hz and to steer the optical components maintaining the relative position of the interferometer mirrors. The last stage suspension is essentially a double-stage branched system with the so-called marionette as first element chain. The reaction mass and the mirror, both suspended from it, representing the second branch. The idea of using a reaction mass to control a suspended mirror has been originally studied by the GEO group in great detail. [10] The Figure 1: The conceptual scheme of the cryogenic payload composed by four elements, the mirror, the marionette and their reference and reaction masses. marionette is hung to the SA and it can be steered along three degrees of freedom by means of electromagnetic actuators (see Fig. 1): the horizontal motion along the mirror optical axis (z direction), the rotation around the axis orthogonal to the previous one (θ x d.o.f.) and the rotation around the vertical axis (θ y d.o.f.). With the present configuration the electromagnetic coils acting at the marionette level are attached to the last filter chain of the Superattenuator, the so-called Filter7. Another set of four electromagnetic actuators, are screwed on the reaction mass facing four permanent magnets glued on the back side of the mirror. This last set of actuators is used to move the mirror along z, θ x and θ y for automatic alignment and locking purposes.

The design of the new cryogenic payload has been focused on the possibility to replace the four legs connected to the last filter chain and supporting the coils in front of the marionette magnets, with a new mechanical element called Marionette Reference Mass (MRM). The guide lines used have been derived from the precious VIRGO experience [9], while others are peculiar of the cryogenic configuration. In particular:

-the cross-talk among different degrees of freedom has to be as small as possible minimizing problems on the feedback control system. This implies an accurate design of the suspension point of each mechanical element;

-the mechanical resonance frequencies of the last stage suspension elements -the dimensions of the wires suspending the mirror should have a suited cross section for heating extraction from the mirror itself;

-the cooling refrigeration power has to be transmitted to the wire clamps of the marionette minimizing the perturbation of their fundamental modes;

-since the steering of the optical components needs to be performed with low heat dissipation and in an ultra-high vacuum environment, the design of electromagnetic actuators has to be carefully studied.

In order to fulfill the requirement on the resonance frequencies of each payload element, we have studied the mechanical behavior of the mirror reaction mass, the marionette and the new MRM element developing a finite element model for each of them based on the ANSYS software. The lowest internal mode of the reaction mass made of Aluminum has been found at 606 Hz while the lowest frequency of the marionette body, made of stainless steel AISI 316L, is at 4.4 kHz with the mechanical resonance of its arms at 600 Hz. In figure 2 the shape of the first vibrational mode of the mirror reaction mass and of the marionette body are shown.

The main difference in the new payload structure is the presence, along the suspension chain, of an extra mass (MRM) between the last filter of the Superattenuator and the marionette acting as recoil mass when control forces are applied. For the design of this new mechanical element some additional requirements have been considered: -the MRM mass value should be of the same order of that one of the marionette (about 100 kg);

-the mechanical frequencies of its normal modes must be higher than the maximum frequency of the control bandwidth (200 Hz);

-the MRM center of mass must be kept on the suspension axis of the whole system.

Following these specifications we carried on a long study with several geometries, to better identify a shape fulfilling all the requirements. The outcome of this effort was the design of a stiff structure made of Aluminum alloy having a mass of the order of 100 kg. As reported in figure 3 the finite element analysis performed on the MRM puts in evidence that its first fundamental mode for the chosen geometry is at 384 Hz. Finally, in the figure 4 a three-dimensional rendering of the suspended payload is shown. The supports for the coil actuators screwed to the MRM body are visible giving a realistic image of the payload setting up. The ANSYS simulations on the low frequency modes has been computed in both two cases: with the mirror suspended by thin copper wires of circular section and by ribbons made of CuBe 3 . In the figure 5 the modes along the optical axis z and on two torsional modes θ y around the vertical axis are shown in the ribbon case. Since the interconnection elements made of wires and rods of different material, play a crucial role in determining the thermal behavior of the system, their design has been developed with the help of a thermal model described in the next section.

The thermal simulation

All the mirrors used as test masses in an interferometric GW detector, are part of a complex optical system. Simplifying the experimental apparatus description, it is composed by two Fabry-Perot cavities combined in a Michelson configuration tuned at the output port on the dark fringe. At the input port the Michelson interferometer can be considered as an "L" shaped virtual optical component. With this scheme using an auxiliary mirror having a suitable reflectivity to be installed between the injection system and the virtual optical component (in front of the Beam Splitter mirror), another optical cavity (Recycling cavity) is built. In this way the back-reflected light towards the laser source is coherently summed with the input beam, recycling the laser power and then reducing the Shot Noise. In the GW interferometer of the 3 th generation the electro-magnetic power stored in the interferometer cavities is expected to be a fraction of MW and the light absorbed by the mirror test mass should range between 0.1 and 1 W. This power is absorbed partially by the mirror bulk and partially by the thin coating layers on its surface. Now, conceiving a cryogenic payload it is extremely important to extract this thermal flux from the mirror structure keeping it at low temperature. As consequence of this simple consideration, in our first tentative of the payload thermal simulation, a very precise evaluation of the mirror temperature changes has been performed. The behavior of a 350 mm diameter mirror hung to a marionette by means of two thin copper wires (1 mm diameter) has been studied starting from a stationary state at 4K up to a new thermodynamic equilibrium reached after the switching on of the laser light. We assumed that the attaching points of the mirror suspension wires are in ideal contact with a 4 K thermal bath tacking also into account the variation of the material thermal conductivity for the mirror made of silicon, as well as for the wires made of copper. In table 6, it should be noted that the laser light does not change significantly the mirror temperature: in fact after a steep temperature increase of the mirror center a new steady state at ∼ 7.2 K is reached within ∼ 60 s.

It is important to stress that this thermal response can be achieved when the liquid helium is in thermal contact with the marionette, while in our experimental set-up the payload is hosted in a large vacuum chamber (a large cryostat) kept at low temperature by means of a pulse tube cryo-cooler. Thus, to simplify the simulation we assumed that the refrigeration power is applied directly to the clamps of the mirror wires screwed on the marionette and, to better define the refrigeration system, the cryo-cooler refrigeration power as a function of the temperature has been included in the simulation code (see the curve in figure 7).

The goal of our design was the optimization of the payload geometry and the construction materials choice having a mirror with a final temperature around 10 K, a temperature value for which the thermal conductivity of copper wires is close to its maximum. As in the previous case we studied the temperature evolution of the system starting from an equilibrium state without the influence of the laser light and then switching it on. We based the new simulation on an educated guess of the thermal input on the inner vacuum chamber of a cryostat and we assumed that: -in the initial state the payload is at the equilibrium with a surrounding radiative surface at 10 K;
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-the light beam incident on the mirror surface has a Gaussian space profile;

-the overall power absorbed by the mirror is P abs = 1 W, but the absorption of the coating is dominant (∼ 0.9 P abs ).

In order to obtain a final mirror temperature not far from the initial value mainly dominate by the radiative heat exchange with the ambient surface at 10 K, the diameter of the mirror suspension wires made of pure copper has been increased up to 1.7 mm. In the figure 8 the marionette temperature and that one of the mirror center as a function of the cooling time are plotted.

As soon as the laser light is switched on a fast transient is experienced mainly by the mirror, whose temperature increases up to 14 K (poorly visible in the figure 8). Then, the thermalization process starts for both mechanical elements but, either the difference in the material thermal conductivity or the difference on the thermal link connection, their response to the thermal input is different: the marionette thermalizes at an operating point close to that one of the cryocooler while the mirror reaches the new equilibrium state around 9 K in a time interval of the order of ∼ 3 • 10 4 s. 
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The experimental apparatus

In accordance with the simulation results a first payload prototype has been built. The system (see fig. (1.5mm in diameter) inclined by an angle of 58 o , which are connected, to the main suspension rod by means of a junction box (see figure 11). This last element, having a shape of a Chinese hat, has been conceived with the possibility to rotate the MRM holding the actuation coils in front of the permanent magnets screwed on the marionette wings. The reaction mass (RM) is suspended from the marionette by means of a couple of steel wires (0.6mm in diameter) surrounding its structure in a cradle configuration while the mirror is suspended from the same element with the same technique but using two ribbons made of copper-berillium alloy. The material and the ribbon dimensions have been chosen mainly to support the mirror with a large safety margin during the assembly phase and facilitating the cooling process. The choice of a single piece silicon crystal weighting about 23 kg for the fake mirror construction, has been based on the material high thermal conductivity, the extremely low mechanical loss at low temperature and the very low thermal expansion (zero below 17 K). Finally, the 300 kg payload prototype has been suspended within the innermost vacuum chamber of a large cryostat installed at the European Gravitational Observatory (EGO) in Cascina (Pisa). An intermediate shielding is obtained with an aluminum dewar surrounding the innermost experimental vacuum chamber with the purpose to have a cryogenic level as close as possible to the liquid nitrogen temperature. The connection of the payload to the cooling heads of the refrigerating system has been created through thermal links made of eight electrolytic copper bundles 3 mm thick and 30 mm large. They have been screwed at one end to the aluminum flange of the cryostat innermost vacuum chamber and, on the other one, to the marionette copper plates where the clamps of the mirror ribbons are bolted.

The cryostat has been equipped with two Pulse Tube (PT), a closed loop cryocooler system invented by Alexander Mikulin in 1984. 2 The first one is a single stage PT60 CRYOMECH refrigerator, whose cold head is connected, by means of two electrolytic copper bundles, to the intermediate aluminum flange of the shielding dewar supposed to reach a temperature as close as possible to the liquid nitrogen. Its refrigeration power at 77 K is about 60 W. The second pulse tube is a PT410 CRYOMECH with two stages: the first one having the cold head connected to the intermediate aluminum flange of the shielding dewar as for the PT60 mentioned above, while the second stage is connected to the external side of the aluminum vacuum flange of the innermost dewar delimiting the experimental chamber. The refrigeration power for this device is 30 W at 77 K and 0.5 W at 4.5 K for the first and second stage respectively. Therefore, the experimental set-up has been completed disseminating within the different dewars and on the payloads a set of sensors monitoring the temperature at different levels. Within the innermost cryogenic chamber and on the payload mechanical elements calibrated diode sensors (Lake Shore model DT670) have been installed while the PT100 (Lake Shore model PT-103) sensors have been used outside the experimental volume. All these sensors have been connected to a monitoring system (model 218S by Lake Shore) read-out through a PC where a LabView program recorded the different temperature values with a rate of one sample each 100 seconds.

Measurements and results

In the figure 12 we report the temperature evolution plot of the cryo-cooler cold head and those ones of the different payload elements during the cooling down process. It should be noticed that the curve referring to the temperature monitoring of the pulse tube PT410 second stage (labelled in the plot "COLD HEAD 4K" -black curve), presents very large fluctuations during the first sixteen days of the run. This is due to the failures of the cooling water system connected to the pulse tube compressor experienced at the beginning of the run. As soon as this technical problem was fixed, the cooling process went on without additional difficulties. In the same plot is also visible the sharp temperature decreasing of all the others payload elements, while the sudden temperature change occurred the forty-sixth day is due to the helium gas filling of the experimental vacuum chamber. This action was performed to speed-up the cooling down process. With these working conditions, the final mirror temperature was around 25 K while the cold head was at 15 K. Most of the refrigeration power, provided by the cryo-cooler (more than 10 W at ∼ 20 K), was lost for compensating an undesirable thermal load of the cryostat. It turned out, indeed, that the performance of the super insulation material wrapping the intermediate shield of the dewar supposed to reach a stationary condition around 77 K, was not adequate. In the steady state the heat transfer through the suspended payload elements results to be low: along the two CuBe 3 wires used in a cradle configuration for the mirror suspension the heat power transmission was 1.9 mW, while along the two Steel C70 wires used to suspend the reaction mass with the same technique, was 1 mW. Once the stationary condition was achieved, the fifty-first day of the cooling process, the helium gas exchange was removed from the innermost vacuum chamber and the mechanical characterization campaign of the payload at low temperature started. The temperatures of the payload elements during the data taking are reported on the left side of the figure 12.

To this purpose the mechanical response of the system has been measured by using two optical fiber-bundle sensors installed in front of the Reaction Mass (RM) and Marionette respectively. The fiber-optic lever technique is the simplest contact-less method for high-precision displacement measurements. Its working principle was originally recognized by Frank [START_REF] Frank | Detection and measurement device having a small flexible fiber transmission line[END_REF] and Kissinger [START_REF] Kissinger | Fiber optic proximity probe[END_REF], then it was analyzed by Cook and Hamm [13]. Our sensor uses the inner reflection properties of step-index fibers having significant motion sensitivity as displacement transducer. It consists of a light source, a bifurcated optical fiber bundle and a photo sensor. The light emitted from the source passes through the fiber and then it radiates the target object to be monitored. On its surface the light forms a diverging cone or annular ring. The reflected cone is differentially subtended as a function of the object distance and, as a consequence, monitoring the power variation detected by the photo sensor a very precise displacement measurement can be performed.

In the plot of figure 13, the Fast Fourier Transform (FFT) measured at low temperature (blue curve) shows some stray peaks at 1.4 Hz, 2.8 Hz and 2 Hz. They are due to the standing wave of the two PT cryo-coolers vibration. For comparison purpose in the same figure, the red curve represents the suspended mechanical elements response as a coarse mode frequencies identification obtained during the preparation set-up at room temperature.

The sensor-actuator Transfer Functions (TF) at low temperature have been measured by driving the electromagnetic actuators of the marionette with a white noise excitation in the frequency bandwidth from few mH to 10 Hz. In the figures 14 and 15, the amplitude and the phase of the two bundle fiber signals, each one normalized to the coil excitation, are shown. The plots are obtained exciting the fake mirror along the optical axis z (fig. 14) and around the vertical one θ y (yaw mode -fig. 15) respectively. In addition, the system characterization was performed by measuring also the transfer function for the pitch oscillation mode θ x . In this case it was necessary to inject a r.m.s. current signal of several mA into the electromagnetic coils for exciting the fake mirror (the system is rigid on this d.o.f.). As a consequence of this last action, a significant thermal drift of the whole apparatus at low temperature has been induced (we measured ∼ 3•10 -2 K/s for the silicon plate). Since this was due to an extra thermal input dissipated by the copper wire coils (a few watts), the need of a new actuator design appeared. In the future the coils will be made of Nb-Ti wires with an inner core made of copper. The inner core will insure an efficient use of the actuators at room temperature, while below the critical temperature of 10 K the superconducting Nb-Ti alloy will cancel the Joule effect. Further investigations on the payload have been carried on by using the electromagnetic actuators installed in front of the mirror as velocity sensors. With this technique it has been possible to better disentangle the system frequency response among different degrees of freedom. The motion of the magnet, glued on the mirror edge has been monitored through the 250 turns coil mounted on the Recoil Mass in front of it. The coil signal was sent to a EG&G 5113 low noise preamplifier set in cascade to a PAR 189 select amplifier.

The resonance peaks, observed in the TF measurements, have been compared with the output of the finite element mechanical analysis based on the ANSYS software package code for the whole payload. Several normal modes of the main degrees of freedom (d.o.f.) have been identified. They are reported in table 2 where a correspondance between the measured frequencies at low temperature and the simulation results are listed. The d.o.f. in the mode identification column are referred to the reference frame drawn in figure 9 while the ANSYS representations of z and θ y oscillation modes are shown in figure 5. There are still few missing modes to be detected or with an un-clear identification. This is partially due to the quasi-degeneracy of x and z mode frequencies and to the limited information provided by the two selective fiber bundle sensors3 . On the other hand we note that the mode identification, experimentally performed by exciting in a selective way the oscillation modes with the coil actuators, is more efficient at low temperature than that at 290 K. This is a direct consequence of the change in the elastic material properties at low temperature, a well known phenomena affecting in particular the Cu Be 3 strips of the mirror suspension [14] .

Mode Simulation

Although the assignment campaign is not fully exhaustive, through these results a more efficient design strategy for future cryogenic payloads can be pursued. This is particularly true thanks to the good agreement between the simulation and the identification modes frequency measurements indicating that the thermal links do not perturb significantly the dynamic of the mechanical system. Moreover, the complete set of these results is the basic information for the control loop system design of the payload, a crucial issue in the GW detector, that can be improved by using a higher number of sensors with different orientation. Taking advantage of the experience gained on the present cryogenic set up we are confident to be able to optimize the payload parameters for improving the thermal contacts with the mirror, minimizing the noise transmission due to the cryocooler and limiting the perturbation on the dynamic properties of the mechanical system.

Conclusions

A new last stage suspension system for the mirrors of the 3 r d generation of gravitational waves detectors has been designed. The first prototype has been built with the aim to study the mechanical, cooling and control strategy for the optimization of this crucial element of a typical seismic isolation chain included in the ground based interferometric detector. For the first time a payload with a total mass of about 300 kg was cooled down to 25 K. The preliminary measurements focused on a mechanical characterization shown very encouraging results comparing the experimental values with the finite element analysis. The frequency response of the system at cryogenic temperature demonstrated the very low influence of the thermal links on the dynamic of the mechanical system. Useful informations on the new payload dynamic as function of the temperature have been also obtained with a precise temperature monitoring of each mechanical element. These promising results represent the starting point for the development of next generation payload that will be integrated in a more complex detector working at cryogenic temperature and avoiding potential problem coming from the pulse tube cryocooler.
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 2 Figure 2: Left side: ANSYS simulation result of the first vibrational mode of the mirror reaction mass. Right side: modal analysis output for the marionette central body made of stainless steel.
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 3 Figure 3: The first vibration mode at 384 Hz of the Marionette Reference Mass made of Aluminum as simulated via ANSYS software package.
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 4 Figure 4: The 3-dimensional rendering of the suspended payload.
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 5 Figure 5: Results of the ANSYS simulations on the pendulum modes along the optical axis z and on the two torsional modes θ y around the vertical axis in the case of the mirror suspended with CuBe 3 ribbons.
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 6 Figure 6: The mirror temperature vs. time after the laser light is switched on.In this case the marionette is in contact with a thermal bath at 4 K.
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 7 Figure 7: Refrigeration power versus temperature of the cryo-cooler model PT410 produced by CRYOMECH.

Figure 8 :

 8 Figure8: Thermal simulation results for the cooling down response of a payload connected to a cryo-cooler used as refrigeration system. The plot on left side represents the temperature evolution of the mirror center and that one of the wire clamps installed on the marionette after switching on the beam light. The initial temperature increase is so fast that results to be poorly visible in the figure. On right side the thermal flux through the mirror and the marionette is shown in their final steady state.
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 9 Figure 9: The cryogenic payload surrounded by its assembling frame (the golden structure in the photo).

  Figure 10: The fake mirror (left side picture) inserted inside its reaction mass equipped with coils to drive the magnets glued on the back side of the mirror. The photo on the right side shows a top view of the marionette.

Figure 11 :

 11 Figure 11: The marionette reference mass suspended by means of three metallic suspension wires interconnected to the main rod through the Chinese hat junction box. The assembling frame surrounding the payload is also visible.

Figure 12 :

 12 Figure 12: On the left the temperatures of different mechanical elements of the payload as a function of cooling down process time. At the beginning of the run the Pulse Tube cryo-coolers were stopped many times, because of failure in the water refrigeration system of their compressors. On the right side it is put in evidence the steady state temperatures of the mechanical elements during the TF measurements.
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 13 Figure 13: Low frequency FFT of the last stage suspension.
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 14 Figure 14: Actuator-sensor transfer functions for both marionette(right) and reaction mass (left) for the z degree of freedom.

Figure 15 :

 15 Figure 15: Actuator-sensor transfer functions for both marionette (right) and reaction mass (left) for the θ y degree of freedom.

  

Table 1 :

 1 1, a list of other boundary conditions used in the simulation is reported. Simulation hypothesis Looking at the plot reported in figure

	Substrate absorption rate	1 ppm/cm
	Coating absorption rate	1 ppm
	Power in the Fabry-Perot cavities	1 MW
	Light Power crossing the mirror bulk	9 kW
	Power absorbed by mirror substrate	100 mW
	Power absorbed by mirror coating	900 mW

Table 2 :

 2 Mode assignment of the mechanical resonance frequencies measured at low temperature compared with the ANSYS simulation results. The label * is associated to frequencies of uncertain assignment.

			[Hz] Frequency at 30 K [Hz]
	z 1	0.48	0.49
	z 2	0.65	0.62
	z 3	0.71	0.75
	z 4	1.01	0.96
	x 1	0.47	0.50
	x 2	0.68	0.63 *
	x 3	0.74	-
	x 4	1.0	1.1
	θ x2	0.89	0.98
	θ x3	2.27	2.3
	θ x4	4.0	4.0
	θ y 3	1.02	1.21
	θ y 4	1.46	1.47
	θ z 1	0.59	0.58
	θ z 2	2.14	2.6 *

Corresponding author: Fulvio Ricci, Department of Physics, University of Rome La Sapienza, Piazzale A. Moro

, I-00185 Roma, Italy. E-mail: fulvio.ricci@roma1.infn.it

Alexander Mikulin modified a device known as "basic pulse tube" and created a new class of cryocooler, the Orifice Pulse Tube cryocooler.

The sensor sensitivity to a particular d.o.f. depends also on the fiber bundle positioning and orientation.
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The paper presents the R&D of cryogenic mirror system for ET project. The cryogenic mirror system is one of key technologies that characterize ET with the adoption of underground. Since ET increases the frequency band of gravitational wave towards a few Hz, the success of ET project will expand the observation volume of the universe, which certainly widens our knowledge of the Universe. ET adopts silicon mirror and the laser wavelength is 1.54 micron. Since heat produced in the input test mass is extracted through suspension fiber, the design of the ET suspension is pursued to meet the requirement to optimize the heat flow with minimizing the mechanical vibration. In this paper, the author firstly designed the suspension system utilizing the technique applied to Virgo suspension system and experimentally tested the cooling performance. The result of this experiment is the basis towards the realization of the cryogenic mirror suspension system for ET.