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Abstract

:

The Einstein Telescope is Europe’s next generation gravitational-wave detector. To develop all necessary technology, four research facilities have emerged across Europe: The Amaldi Research Center (ARC) in Rome (Italy), ETpathfinder in Maastricht (The Netherlands), SarGrav in the Sos Enattos mines on Sardinia (Italy) and E-TEST in Liége (Belgium) and its surroundings. The ARC pursues the investigation of a large cryostat, equipped with dedicated low-vibration cooling lines, to test full-scale cryogenic payloads. The installation will be gradual and interlaced with the payload development. ETpathfinder aims to provide a low-noise facility that allows the testing of full interferometer configurations and the interplay of their subsystems in an ET-like environment. ETpathfinder will focus amongst others on cryogenic technologies, silicon mirrors, lasers and optics at 1550 and 2090 nm and advanced quantum noise reduction schemes. The SarGrav laboratory has a surface lab and an underground operation. On the surface, the Archimedes experiment investigates the interaction of vacuum fluctuations with gravity and is developing (tilt) sensor technology for the Einstein Telescope. In an underground laboratory, seismic characterisation campaigns are undertaken for the Sardinian site characterisation. Lastly, the Einstein Telecope Euregio meuse-rhine Site & Technology (E-TEST) is a single cryogenic suspension of an ET-sized silicon mirror. Additionally, E-TEST investigates the Belgian–Dutch–German border region that is the other candidate site for Einstein Telescope using boreholes and seismic arrays and hydrogeological characterisation. In this article, we describe the Einstein Telescope, the low-frequency part of its science case and the four research facilities.
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1. Introduction


Nearly everything in the universe is almost completely transparent to gravitational waves (GWs), which is both why they were so incredibly difficult to detect but also why, since 2015, they have been helping us see things that no other form of energy does. Over the past 5 years, the current generation of ground-based GW detectors [1,2,3,4] have ushered in the detection of the first GW from colliding black holes [5], from colliding neutron stars [6], and with now over 90 other detections [7,8,9] have solidified a brand new corner of astronomy [10] and cosmology [11].



These monumental achievements would not have been possible without decoupling the instruments from the Earth’s ever present motion using complex mirror suspensions [12,13,14] and sophisticated control systems. This decoupling uncovers a whole slew of other noise sources masking the GW signal, including other seismic effects, thermal noises and quantum noises. Over four decades of development have made the current GW detectors sufficiently sensitive to signals once they move inside the detector bandwidth from about 30 Hz. The current infrastructures of 3- or 4-km long armed interferometers can be made more sensitive with significant effort until infrastructure limits are reached.



The next generation of GW detectors includes the Cosmic Explorer [15] and Einstein Telescope (ET) [16]—the American and European effort, respectively—to be constructed in the 2030s. As shown in Figure 1, the ET design features an equilateral triangular tunnel complex with sides of 10 km. ET uses two interferometer designs: one low-power, low-frequency cryogenic and one high-power, high-frequency room temperature detectors. The low-frequency ET detector, ET-LF, cools its mirrors down to 10–20 K and aims to ensure its seismic wall and thermal noises limitations are moved down to 3 Hz.



The high-frequency interferometer, ET-HF operates at room temperature but at 3 MW, which is roughly 20 times the intra-cavity power of the current detectors. Each of the three corner stations houses the laser, input and output optics for one ET-LF and one ET-HF detector. In total, there are six interferometers with 10-kilometer-long Fabry–Perot cavities. To be able to detect GWs < 10 Hz, the detector will be several hundred meters underground, where the seismic noise is lower.



1.1. Science Case for Detector Sensitivity Improvements below 10 Hz


Improving detector sensitivity at low frequencies provides significant benefits to a large spectrum of searches. At present, we have only observed GWs related to the coalescence of compact binaries (CBC). We have gained some understanding on their physics and rates and we are able to make predictions on future observations [10]. The Advanced LIGO/Virgo infrastructures limit us to observe CBC events, such as binary black holes (BBH) or neutron star-black hole (NSBH), with total mass (2–1000)   M ⊙   within redshift   z ≤ 2.0   [17].



Due to the strong improvements described in the following sections, such signals will be visible by ET up to   z ≤ 100  , with detection rates of order   10 5  –  10 6   coalescences per year [18]. Regarding Binary Neutron Stars (BNS), whose total mass is bounded to   3   M ⊙   , they would be detected up to   z ≤ 3  , while the already observed signals, such as GW170817 [6] are at   z ∼ 0.01  , and their expected detection rate is about   7 ×  10 4    coalescences per year [18].



Due to these expected rates and redshifts, we will be able to perform studies on Black Hole (BH) population as function of their masses and distances in order to test BH formation theories. As ET will be able to watch beyond the   z ∼ 2   peak of the star formation, it will be possible to disentangle the contribution of stellar origin BHs from that of possible primordial origin BHs. Observing BBH mergers beyond the reionization epoch, at   z ≥ 6  , will enable the determination of the masses of the first metal-poor progenitor stars [19].



Moreover, the frequency at which signals enter the detector sensitivity band will significantly lower: while for Advanced LIGO/Virgo, this frequency is about 20–30 Hz [8,9,20], in ET it will become 2 Hz. This improvement has a strong impact on the observed early inspiral phase of CBC signals: according to [21], they will last in ET sensitivity band for a time longer by a factor ∼(0.5–1.4 )  ×  10 3    with respect to current GW detectors.



The increased signal duration, combined with the lowered noise floor, will result in highly enhanced Signal-to-Noise Ratios (SNR) and in extraordinarily precise parameter estimation.We can therefore obtain better understanding of the binaries dynamics, such as their formation mechanisms, the impact of star clusters and galactic nuclei on the production of binary systems.



Tests of General Relativity (GR) will also benefit, with particular attention to post-Newtonian (PN) parameters, which encode GR predictions: through their measure, we see how well experimental results are consistent with GR assumptions. With the present detectors, we were able to measure them with precision of about 10%—the most recent results are shown in [22]. Due to ET, we will be able to determine deviations of PN coefficients from GR predictions with ≤  10  − 2   –  10  − 3    accuracy.



The observation of CBCs from BNS will permit to determine the nature of matter and interactions in neutron star interior. An event like the first observed BNS coalescence, GW170817, would be seen with a SNR larger by a factor of   O  50    with respect to the actually observed in Advanced LIGO/Virgo. Observing BNS and NSBH coalescences starting from 2 Hz and with high SNRs would allow us to measure magnetic and rotational tidal Love numbers, which parametrize the perturbation on the quadrupole momentum of the system as consequence of the star tidal deformability [23].



In [24,25], it is shown that, with ET, we will be able to infer the Love numbers with an accuracy improved by one order of magnitude: thus, we will obtain stronger constraints on neutron stars Equation of State (EoS), with respect to the ones found in [26,27]. This will provide an unique window onto the behaviour of QCD at energy scales unreachable in Earth-based experiments.



ET will detect, for the first time, gravitational waves from still undetected sources: the instrumental improvements described in this paper will significantly enhance the detection chances of those signals. Regarding the search of Continuous Waves (CWs) emitted by non-axisymmetric neutron stars, opening the observable window to <10 Hz frequencies will permit the search for a huge number of known sources, already observed as pulsars through electromagnetic emission, never searched with current detector sensitivities.



However, since the CW signal amplitude is proportional to the squared rotational frequency of the star, these low-frequency sources will need to have ellipticities  ε  in the range of   10  − 1   –  10  − 5    to be detected [28]. These values are quite high with respect to current upper limits   (  10  − 5    –   10  − 6    )    on known sources at >20 Hz [29] but are still possible according to exotic proposed EoSs [30], mostly if we admit that neutron stars can have different internal composition depending on their particular formation history. The search of all sources at higher frequencies will clearly benefit, as their minimum detectable ellipticities will lower by more than one order of magnitude [28].



There are also other proposed CW sources. For instance, a variety of theories beyond standard model physics predict the existence of ultralight dark matter, with masses    m b  ≪ 1   eV. Recently, the proposal that boson clouds could form around spinning black holes through the superradiance mechanism and emit CWs [31] has received growing interest, and searches during the last advanced LIGO/Virgo O3 run have already been performed [32].



Since, at first order, the expected CW should have source-frame frequency proportional to ∼  480  Hz ·  m b  /   10  − 12    eV    [31], the current detectors sensitivity window allow us to search for boson masses in the range   [ 5 ×  10  − 14    –   10  − 11    ]    eV, coupled with solar-mass black holes within few-  k p c   distances [32].



With the lower noise floor of ET, we will be sensitive to those sources within the whole galaxy and even up to the nearby universe. Moreover, thanks to the frequency cut lowering from 20–30 Hz for current detectors to 3 Hz for ET, we can extend the searched boson mass down to   5 ×  10  − 15     eV, which, in this case, would be associated with intermediate mass black holes of about   1000   M ⊙   . In this way, we could make a bridge with the masses that could be covered due to future space-based detectors, such as LISA [33].



From what we presented here, a large amount of new science is achievable through the strong noise reduction at low frequencies that will be realized by next generation earth-based detectors, such as ET. On the other hand, further important windows will be opened due to the full band noise reduction up to the kHz regime, the GW produced in the post-merger of BNS, or by the remnant of core-collapse supernovae.



If they result in a neutron star: high frequency normal modes are expected to be excited, related to their interior composition, and produce GWs. Long transient GWs produced by newborn magnetars are also expected, up to a ∼1 per year rate at distances within 30–40 Mpc: the observation of these signals would give us important information on the initial life of magnetars [6,34]. Last, the observation of quasi-normal modes on post-merger BHs will allow us to test near-horizon effects, such as evidences for exotic compact objects [35] and signals from quantum gravity [36].




1.2. The Challenges for ET at Low-Frequency


The main limitations at frequencies below 10 Hz for ET are the seismic noise, the thermal noises and Newtonian noise, as shown in Figure 2. Newtonian noise arises from the gravitational coupling of the main mirrors of a GW detector with a varying local mass distribution because of passing seismic waves. As with KAGRA, ET will operate underground, which will reduce the ambient seismic and Newtonian noise. Seismic noise will be further reduced by improving vibration isolation technology in combination with underground operation.



Newtonian noise subtraction by about two orders of magnitude [16] is achieved by vast seismometer arrays. Both suspension and coating thermal noise can be reduced by use of low mechanical loss materials at cryogenic temperatures. Current room temperature detectors use fused silica and the optical technology in combination with a laser wavelength of 1064 nm is now well mastered [37].



However, the mechanical loss of fused silica increases by several orders of magnitude at cryogenic temperatures [38] and therefore many future cryogenic GW detector designs [15,16,39] feature silicon mirrors. ET-LF will feature a 45 cm diameter, 57 cm thick and 211 kg silicon mirror cooled to 10–20 K [16]. The relatively large mirror mass is necessary to ensure the radiation pressure noise caused by the quantum uncertainty on the impinging photon momentum does not endanger the low-frequency goals.



Silicon has excellent mechanical and thermal properties, including the special property that its coefficient of thermal expansion is zero around 18 and 123 K [40]. The contribution of thermo-elastic noise will therefore vanish at these temperatures. Q-factor measurements show that silicon bulk samples can reach a mechanical loss angle as low as   10  − 9    at 10 K [41]. For ET-LF, the mirrors are operated at a cryogenic temperature of 10–20 K to reduce both suspension and coating thermal noise.



The currently used laser wavelength of 1064 nm is absorbed by silicon and longer wavelengths, e.g., 1550 nm or around 2 µm, are therefore required. The requirement for optical absorption in the test masses of ET is <5 ppm/cm [16]. One of the largest challenges for ET is the switch to a new mirror material, new suspensions that cool the mirrors without noise injection from the cryogenic system and with technology at a new laser wavelength.



Although the development of high purity silicon is driven by the semi-conductor industry, procurement of a >100 kg, un-doped, high resistivity, silicon substrate in a precision-cut cylindrical shape is no trivial task. Float-zone (FZ) [42] or magnetic Czochralski (mCz) [43] are the two manufacturing techniques that can provide high quality ingots, in terms of purity and thus low optical absorption, for production of optical substrates for advanced GW detectors.



Currently, the dominant impurities in mCz silicon are sites of interstitial oxygen, which can turn into thermal charge carrier donors during annealing [39]. Unfortunately, the optical absorption of silicon has been found to correlate with an increase in oxygen content and/or a decrease in resistivity [44]. Float Zone silicon produces the purest quality ingots with the lowest levels of oxygen, resulting in optical absorption of <5 ppm/cm. However, this approach does not allow for cylindrical diameters >20 cm. For larger diameters a different approach must be found. Thus, mCz silicon is of interest, as diameters up to 45 cm can currently be produced.



Due to the higher levels of oxygen found in mCz silicon, this increase in diameter comes with higher optical absorption of ∼20 ppm/cm [16]. The requirements for a pre-stabilised laser system (PSL) used in current second generation GW detectors consist of its output power, as well as the frequency, power and pointing noise [45]. For the low-frequency detector of ET, an output power of at least 5 W at 1550 nm or ∼2000 nm in the fundamental   TEM 00   mode with similar and improved requirements for the power, frequency and pointing noise with respect to [45] is needed.



Specifically, the frequency noise should be about   10  mHz /  Hz   , the beam pointing noise (relative lateral and angular beam fluctuations) in the range of    10  − 6   /  Hz   , and a relative power noise of roughly   3 ×  10  − 10   /  Hz    [16]. No such laser system is available at the moment at the proposed wavelengths for ET-LF, and extensive research and development is required.



The coming 10 years will see many ET technology developments taking place at the four research institutes described in detail below. The experience with Advanced Virgo has taught us that it takes more than 10 years from prototype to having a working detector. Even though successful GW detectors have been built, the move towards underground and cryogenic operation at different wavelengths brings many challenges that necessitate these efforts. Table 1 provides a strategic overview of the main research lines towards ET-LF, followed by descriptions of the four research facilities.



At Sapienza University of Rome, the ARC was created with the main goal of combining inter-disciplinary research branches focused on experimental GW science. Research activities at ARC include GW physics and data analysis techniques, the improvement of mirror optical coatings, the development of quantum noise reduction strategies (EPR [46,47] and ponderomotive squeezing techniques [48,49]) as well as the development of a facility devoted to test a full-scale cryogenic payload. A dedicated laboratory infrastructure is presently under construction and will host the full-scale cryogenic payload with a large cryostat equipped with low-vibration cooling lines is described in Section 2.



ETpathfinder is an R&D facility located in Maastricht (The Netherlands), which will be used to test new technologies for third generation GW detectors, like ET. Specifically, the main goal is to test new laser wavelengths (1550 and 2090 nm) at low temperatures (15 and 120 K) and a new mirror material (silicon), as well as advanced quantum noise reduction techniques. As described in Section 3, the final configuration will be a full Michelson interferometer with 10 m Fabry–Perot cavities, working at cryogenic temperatures. During a preliminary phase two interferometers—one in each arm—will be working at different temperatures and wavelengths, in order to identify the optimal ones to be used for the second phase.



The SarGrav laboratory is an infrastructure located near the Sos Enattos mine in Lula (Nuoro, Sardinia), which is a potential site for ET. It aims to host underground experiments, such as low seismic noise experiments, cryogenic final stage mirror suspensions and cryogenic low-frequency sensor development. The combination of the Sardinian site characterization and the development of Archimedes, the first experiment in the surface-level laboratory, which will investigate the interaction between quantum vacuum fluctuations and gravity, is described in Section 4.



Lastly, in the heart of the Meuse-Rhine region—the Belgian-Dutch-German border area—E-TEST follows a two-pronged approach towards underground cryogenic detector technology. A prototype cryogenic suspension of a 100 kg silicon mirror will allow to investigate deep-cryogenic radiative cooling, combining active and passive vibration isolation systems and (cryogenic) sensor development. Additionally, E-TEST researchers will perform an underground study to map and model the geology of the Meuse-Rhine region by drilling boreholes, passive and active seismic array campaigns and hydrogeological characterisation. The project will run until the end of 2023 after which the suspension prototype will find a new home at ULiège (Belgium). The full approach is presented in Section 5.



We end with a summary and an overview of author contributions, funding and further acknowledgment.





2. Amaldi Research Center (ARC)


The Amaldi Research Center (ARC) was funded in 2018 by the Italian Ministry of University and Research (MIUR) as an excellence centre at the Department of Physics of Sapienza University of Rome [50]. ARC activities are inter-disciplinary research branches pivoting on the theme of observational GWs science of research, ranging from quantum optics to R&D developments concerning cryogenic payloads for the Einstein Telescope [51]. ARC is partially supported by INFN Roma Sapienza branch. This report touches only the activities conducted towards the realization of cryogenic Laboratory and the foreseen installation of related apparatuses.



In Section 2.1, an overview on the status of current GW detectors payloads is provided, leading to Advanced Virgo+ Phase II Large-Mass payload, and KAGRA cryogenic payloads, which are paving the way towards ET. Section 2.2 at first hints the connection between the existing payload apparatuses in operational GW detection facilities and that envisaged for ET. Then, it covers the essential requirements to be taken into account while designing the payload of interest. ARC plans and objectives are briefly highlighted. The construction of ARC Laboratory infrastructure has already commenced, and the commitment in designing the cryogenic facility to be installed was pursued in parallel. In Section 2.3 the state of the art is illustrated. We started from the cooling line prototype, following the key concept of developing a cryostat suitably designed to hold a full-scale scale basic payload prototype that accounts for all the known and most relevant issues derived from the current experience.



Given the overall commitment of experimental activities at ARC, directly focused on GW, further aspects are also included, including the improvement of the optical coatings of mirrors and development of quantum noise reduction strategies, such as frequency dependent squeezing via quantum entanglement (EPR) [46,47] and ponderomotive techniques [48,49].



2.1. State of the Art: Lessons Learned from Current GW Detectors


The present subsection summarizes the main technologies concerning test mass payload that can be exploited in ET to build up a feasible project for a cryogenic payload.



2.1.1. Advanced Virgo Suspension System


Several aspects and features of Advanced Virgo are relevant to the activities of ARC regarding the design of ET. Among those (see Figure 3), the seismic attenuation system and the mechanical structure of the payload are of great interest. The seismic attenuation system, called Superattenuator (SA) [52,53,54,55], is used to isolate the test-mass payload (see Figure 3), it was designed in the nineties and it is very close to what is needed for ET-LF.



The mechanical structure of the payload is of importance, being suspended from a single wire. This allows locating the suspension bending points of both steering stages (marionette and mirror) close to their respective center of mass, leading to the optimization of angular modes to the lowest values (∼50 mHz for pitch and roll). Advanced Virgo (AdV) also enables the realization of a composite monolithic suspension, which may be designed in separate components and subsequently assembled. Furthermore, ARC can learn a lot from the challenges of the next upgrade of Virgo (AdV+ Phase II, 2024), as shown in Figure 4, where the mass of end mirrors will be increased from 40 to 105 kg. This is mainly due to the fact that the assembly of a suitable payload with large mass mirrors is not so trivial, in common with ET.




2.1.2. KAGRA’S Cryogenic Suspension System


KAGRA, which belongs to the current generation of ground-based GW detectors [3], represents an important step towards ET-LF as it adopts both underground and cryogenics operations [16], and for this reason, it is often referred as a “2.5G” GW detector. Its installation in Japan finished in 2019 and, after one year of commissioning, in February 2020, KAGRA started its first observing run, terminated in April 2020 [3].



Concerning test masses and the whole isolation and suspension system, KAGRA inherited and further developed a configuration that arose through a worldwide collaborative effort. In fact, the passive attenuation system is inspired by Virgo concept, while the digital control hardware (and software) is the same as in LIGO. Interestingly, the payload merges mechanical and electromechanical aspects of both Virgo and LIGO cases.



Some of the important choices already adopted in KAGRA have been regarded as guidelines for the cryogenic project now being developed at ARC, which will be explored in detail in the following subsections. To name a few, conduction is considered as the primary cooling technique (no use of fluids), and cryogenic ducts are regarded as separating the cryocoolers from the cryostat to prevent transmission of vibration. Additionally, the possibility of Hydroxide Catalysis Bonding (HCB), developed in KAGRA to reduce the thermal noise at interfaces of sapphire elements [3,57], for Al2O3 and also for Silicon (possible alternative materials) should be investigated.



Figure 5 shows a schematic diagram of the KAGRA suspension system and cryogenic payload. Structurally, the design appears inspired by the first generation of room temperature Virgo payloads, but with two new features. The marionette is split in two (lumped) parts: DC motorized steering and actively controlled part (IM) for operation set-point lock.



Given the foregoing context, the primary emphasis of ARC’s activities are payload concept design and cryogenic testing. On one hand, ARC uses computer simulations to arrive at a desirable mechanical design for ET’s payload that exhibits acceptable thermo-mechanical behavior. This is covered in further depth in Section 2.2. Section 2.3, on the other hand, offers some information on ARC’s efforts related to the construction of a facility that will allow cryogenic testing on a full-scale prototype of the model after it has been finished.





2.2. Payload Development at ARC


While providing early payload design for ET, ARC attempts to cherish the valuable experiences gained by the community over the past few decades: Virgo (AdV) experience with low frequency room-temperature payloads, pioneering cryogenic prototype developed in Rome since 2006 (EU-FP6), and later at the EGO site [60], and the major and unique vein developed by the Japanese GW groups expressed by KAGRA [61]. The main components of the envisaged prototype at ARC include the platform (as in KAGRA), reaction actuation cage (a single body), marionette and a hanging dummy mirror. Splitting the marionette in two bodies will also be considered but not at the first stage of development. The purpose of the project is the following:




	
Defining a reasonable size for the inner shield of the cryostat (see Section 2.3), mainly the height while also paying attention to the horizontal section.



	
Designing a feasible configuration for the prototype, accounting realistic prediction of thermal noise and seismic noise through the cooling system [62].








The key features are the following. First, the adoption of long fibres for both marionette and mirror (approximately 100 cm), made of materials with high thermal conductivity and high quality factor, such as sapphire or crystalline silicon. The production of properly sized sapphire fibres is already feasible, though further optimization is expected in the next years [63].



To evaluate the production limits of quality sapphire and silicon fibres in terms of length and purity, collaborations with Institut Lumière Matière of the University of Lyon and Norwegian University of Science and Technology (NTNU) are ongoing. In order to pursue this plan, the issue of anchoring crystalline suspension is of principal relevance and will be the topic of the main R&D, leading to the construction and test of double hooked suspension element. The ”quasi-monolithic” solution chosen for KAGRA ensures thermal conductivity, but the monolithic double-head suspension element must still be fully developed in order to achieve the high quality factor demand.



The third crucial element being studied at ARC is the marionette, whose structure, especially in case of sapphire suspension, will adopt high quality factor blades. It is also foreseen to adopt a solution, which permits easy removal of suspension elements (without causing damage) is advantageous due to high manufacturing cost of suspension elements.



The finite element method (FEM) is implemented to analyse and study the corresponding thermo-mechanical response of the early payload design, developed at ARC. This consists of a full-scale prototype with Si   2  O   3   or sapphire mirror (diameter of 550 mm and mass of 130 kg), a marionette of same mass, and sapphire wires of 2.2 mm and 5.4 mm for the mirror and marionette, respectively.



All the suspension elements will be tested at low temperature concerning the breaking strength, mechanical quality factor and thermal conductivity through collaboration with Urbino, Perugia, Tor Vergata at EGO (Virgo site), in close collaboration with KAGRA. ARC is not considering small-scale prototyping to be rescaled at later stages; rather, the entire design process is built around the idea of a full-scale prototype since the beginning. Technology should be gradually developed and, eventually, the payload prototype will be assembled with a dummy mirror with the equivalent mechanical dynamics.



The payload structure will embed all the crucial crystalline components involved in the cooling process. The actuation cage, suspended by means of wires, will be inspired by both Virgo and KAGRA experience. The same body can be used to actuate on both marionette and test-mass. Very low stiffness heat links [64] will be certainly needed to connect the actuation cage to thermal radiation shields, but the concept ARC will pursue is the minimization of their presence in the lumped chain marionette-mirror. At the level of the mirror, KAGRA-like ears, attached using hydroxide catalysis bonding, can be adopted [65].




2.3. Cryostat and Cryogenic Cooling System


The laboratory infrastructure at Sapienza University is under construction as shown in Figure 6. Its first purpose is testing a cooling line module (Figure 7), which has been designed and is now under construction, leading to the installation of a full cryogenic facility. The pulse tube cooling station design is the result of local cryogenics experience and collaborative contributions inspired by the pioneering work of KAGRA team [14,58,61,66,67] and CUORE (Cryogenic Underground Observatory for Rare Events) [68].



Two pulse tubes Cryomech PT400 (1.8 W at 4.2 K) have already been bought by Amaldi Research Center. They are meant to operate in counterphase, and connected to a 5 N pure aluminium (Al5N) thermal duct, mechanically suspended and decoupled from the cryostat. Soft heat links (Al6N) are being designed, following the Japanese experience [58,67], to connect the bar to the cold stages and the cryostat inner shields. Initially, the device will be tested using a service small cryogenic chamber equipped with vibration sensors (on the left in Figure 7).



The application for the large cryostat funding has not been finalized at the moment. We envisage a test cryostat of about 3.5 m in diameter and 3.5 m in height (dimensions limited by the host building). It will be designed to be as close as possible to the ET requirements but focused only on the local test of a full-scale payload. Namely, there will not be any super attenuation system installed above the vacuum chamber, and the access will be implemented through a side flange. We also plan to install a prototype pipe, cooled down by another refrigerator, to test the radiation input impinging on the dummy mirror. In ET, we foresee the use of four cooling units similar to the prototype we are building.



The schedule of the activities is the following:




	
Test of the pulse tube cooling station (equipped with two Cryomech PT400) under construction.



	
Payload design followed by one-by-one tests on crucial parts and then by prototype construction.



	
Cryostat design driven by the overall suspension structure and cooling procedure.



	
Test of the payload prototype in clean room at room temperature and study of the characteristic frequencies with their dissipation at high and low frequency.



	
Cryostat construction followed by cryogenic tests.



	
Payload integration and test of the integrated system.








We plan to have a prototype payload by 2024 and, if suitable funding is granted, to start the commitment for the cryostat construction in 2023. The cryogenic facility will be available for cryogenic tests on different type of full-scale payloads for the Einstein Telescope.





3. Etpathfinder


3.1. Introduction


ETpathfinder [71,72] is currently in its initial construction phase in Maastricht in the Netherlands. This project will develop and integrate suspended silicon mirrors with novel suspension elements in a 10 m prototype facility and aims to verify the technical readiness of subsystems, such as laser systems as well as photo-detectors, that are currently under development at new laser wavelengths applicable to ET (1550 and 2090 nm).



As outlined in the introduction of this article, the requirements on a pre-stabilised laser system (PSL) are quite stringent. While the development for a 1550 nm PSL is on a very promising path [73] (this system will be implemented and tested in ETpathfinder), the availability of a suitable ∼2000 nm laser source and PSL is a large challenge. This statement can also be transferred to suitable photo-detectors.



While the availability for 1550 nm high quantum-efficiency (QE) photo-detectors is promising with state-of-the-art InGaAs photo-diodes, there is currently no suitable solution for ∼2000 nm. ETpathfinder will help and push the development of these subsystems and will be able to test them in a full interferometric setting. To give an example, for a laser system at ∼2000 nm, ETpathifnder will use a laser source at 2090 nm and develop a suitable PSL.



The necessity of moving away from the well-known NPRO laser source at 1064 nm (at which all current GW detectors, including KAGRA, operate [1,2,3,4]), stems from the aspiration to operate the interferometer at cryogenic temperatures with silicon optics. The new cryogenic operating temperature requires to abolish the amorphous mirror material fused silica due to high mechanical loss at low temperature and to move to crystalline materials, such as silicon or sapphire. Figure 8 outlines the changes and challenges when moving from the second generation GW detectors to the Einstein Telescope or other third generation GW detectors.



In the ETpathfinder project, the baseline for Phase 1 is to operate two independent interferometers with 15 cm diameter, 8 cm thick float zone (FZ) silicon mirrors to minimize optical absorption in the input test masses of the Fabry–Perot (FP) arm cavities. A detailed description of the ETpathfinder test masses can be found in Section 3.2.2. ETpathfinders uniqueness stems from the fact that it will operate two interferometers at the same time, while utilizing two new laser wavelength, 1550 and 2090 nm; both potential solutions for ET.



At the same time, it will be able to investigate these two interferometers at two cryogenic temperatures, 15 and 120 K; chosen to be near the zero crossings of the thermal expansion coefficient of silicon. Due to its cryogenic nature, ETpathfinder will also be able to investigate new challenges, such as the growth of ice on its main mirrors that has recently been observed in the KAGRA detector [74].



Based on the findings in ETpathfinder mitigation techniques for this new challenge can be developed and tested in the ETpathfinder prototype interferometer. As a unique full cryogenic Fabry–Perot Michelson interferometer utilizing silicon mirrors and new laser wavelengths, ETpathfinder will address all the challenges outlined in Figure 8. This includes investigations of advanced quantum noise reduction technologies, such as frequency dependent squeezing [75], or a speedmeter topology [76].



These techniques can be investigated in a full interferomteric setting, and ETpathfinder will be able to achieve this while operating with novel technologies. The R&D programme to outline a set of verification experiments is currently under development. For this article, we give examples where applicable, and we focus on highlighting a subset of the design choices for the ETpathfinder project as per design report [71].




3.2. Key Technologies


This section highlights three selected key technologies that make ETpathfinder the unique research facility it aspires to be. Starting with the general mechanical and optical layout, the cryogenic system and the silicon mirror-suspensions of ETpathfinder will be described in more detail. Due to the nature of this article, not all ETpathfinder key technologies can be described here. For an in-depth description of the project and its key technologies, further information can be found in the ETpathfinder design report [71] and the ETpathfinder reference paper [72].



3.2.1. Layout of ETpathfinder


The goal of ETpathfinder in Phase 1 is to verify the technological readiness of the subsystems that are being planned to be implemented in the Einstein Telescope [16]. The parameter matrix that ETpathfinder is going to investigate is of different laser wavelengths (1550 vs. 2090 nm) and different operating temperature (15 vs. 120 K). Despite being hosted in an L-shaped vacuum system, in Phase 1, ETpathfinder will operate with two complete and folded Fabry–Perot Michelson Interferometers (FPMIs); one in each arm. The silicon mirrors used as input end end mirrors of the FPMIs are 15 cm in diameter and with 8 cm thickness. The simplified optical layout for this configuration can be seen in part (a) of Figure 9.



In Phase 2 of the ETpathfinder project, the plan is that the two arms of the L-shaped vacuum system will be equipped with large, ET-like test masses of order 100 kg, with diameter ∼45 cm. It is yet to be determined what type of silicon material will be available at that time and what will be used.



The mechanical layout of ETpathfinder can be seen in part b of Figure 9. The vacuum system consists of six towers in an L-shaped arrangement. Two table towers host optical benches that will be populated with the input and output optics, as well as steering optics and the main beam splitter. The four mirror towers are equipped with a sophisticated seismic isolation system in the form of a dual inverted pendulum system with an active platform in between. From this system a four stage pendulum is suspending the mirror to further reduce coupling from seismic motion. The layout of the lowest suspension stage is described in detail in Section 3.2.2.



In order to operate the interferometer at cryogenic temperatures the input and end mirror of the 10 m Fabry–Perot resonators in the interferometer arms are cooled. To reach the cryogenic temperatures via either radiative cooling to 120 K or conductive cooling to 15 K, the mirrors are housed in a suspended cryostat with a multi-layered cryogenic shield around them. The specifics of this system are summarised in Section 3.2.3.




3.2.2. Silicon Mirror-Suspensions


As mentioned in the introduction, utilising a new material for the optics and suspension elements in a GW detector will require extensive research and development. Although silicon has ideal thermal conductivity and low mechanical loss at cryogenic temperatures, it is also a crystalline semi-conductor, which can lead to some additional challenges when understanding its optical and mechanical properties. Thus, the entire process of creating a coated silicon optic that is suitable to be used in a next generation GW detector, such as ET is still to be defined.



The silicon test masses of the Einstein Telescope are planned to be 45 cm in diameter and ∼200 kg in size [16], with a substrate purity that is high enough to allow a 1550 nm or 2 µm laser beam to pass through it without absorbing more than 5 ppm/cm of the laser power. Thus, the first step of finding a silicon mass for ET is finding a source that can grow a large enough diameter and high resistivity monocrystalline silicon ingot. Then, this ingot must be cut, shaped, polished, and optically coated. All these subsequent steps are not currently defined and require further research and development.



In Phase 1 of the ETpathfinder project, it is planned to operate the two interferometers with 15 cm diameter, 8 cm thick FZ silicon test masses. The FZ silicon ingots that were acquired for ETpathfinder have an average diameter of 155 mm and a resistivity of >10   k Ω  cm. Within the ETpathfinder project the optical absorption of this material will be measured in a Photothermal Common-Path Interferometer (PCI) [77], to verify its usability. The stringent requirements for polishing the test masses of the ETpathfinder project, follow closely the requirements, such as in advanced LIGO for a fused silica test mass [37] and can be transferred to ET.



Due to its crystalline nature, the polishing of silicon compared to silica is another challenge; however, it should be within the reach of current technologies due to industrial experience regarding X-ray mirrors [16]. In the ETpathfinder project, the aim is to find such suitable polishing companies and work closely together with these companies to receive the highest possible quality of surface polish for the silicon mirrors and to verify their quality in an interferometric measurement in the ETpathfiner interferometer.



In Phase 2 of the ETpathfinder project, starting in 2025, it is planned to operate only one FPMI in the facility, utilising larger silicon mirrors of order 100 kg and with a diameter similar to ET, e.g., 45 cm.



The outcomes from Phase 1 will determine what operating temperature and what laser system will be used in Phase 2. In the design for ET, the plan for the cryogenic silicon suspensions is to have silicon optics attached to silicon suspension elements, hanging on small diameter silicon fibres that, together, would form the quasi-monolithic last stage of the suspension.



Here, the silicon suspension elements fulfil a crucial role, both as a cryogenic heat link between the upper suspension stages and the test mass, and as a low thermal noise connection that is strong enough to hold the ∼200 kg mass. In practice, creating silicon suspension elements presents a considerable mechanical challenge. This is due in part to the crystalline nature of silicon and its high thermal conductivity. Its crystalline nature means that the silicon needs to be grown as one monocrystalline ingot, instead of simply being heated and pulled into a fibre, as is done for fused silica fibres [78].



Grinding down a larger diameter ingot to a smaller diameter fibre and then further processing it in order to attain a well polished surface pushes the limits of what industry can currently provide. Additionally, silicon’s thermal conductivity and tendency to develop high local thermal stress when melted means that connecting the silicon fibres to another suspension element, which is required to connect to the optic, is also challenging. Thus, the CO   2   laser welding used in the fused silica suspensions of AdV and aLIGO is unfeasible in case of silicon.



In the ETpathfinder project, this challenge is increased by the necessity of even thinner silicon suspension fibres that for ET, due to the lighter weight of the mirrors. The development of suspensions and suspension elements for the ETpathfinder project is active research and different methods are under investigation. Currently, mechanically polished suspension rods are being assessed for their quality and usability in the ETpathfinder monolithic suspension. For this, the mechanical loss of these silicon suspension fibres will be measured in a Gentle Nodal Suspension (GeNS) setup [79]. It is further planned to measure the thermal conductivity, and ultimately the breaking strength of these suspension fibres. However, in parallel it will also be investigated if silicon suspension fibres can be grown in a suitable small diameter.



The ETpathfinder project will approach the challenges connected with the use of silicon in different stages. In Phase 1 of the project, state-of-the-art silicon optics will be created, using the highest quality silicon, silicon polish, and optical coatings that are currently available. These optics will first be suspended via metal wires in a newly developed multi-stage cryogenic suspension shown in full in Figure 10a. In Figure 10c, the prototype in its current state can be seen.



In a later stage of Phase 1, the cryogenic suspension will be upgraded with silicon suspension elements and fibres, quasi-monolithicly connecting the silicon optics to the upper mass, as in Figure 10b. As reported above, in Phase 2 ETpathfinder will operate a single interferometer in which large, ET-like test masses will be implemented. This multi-stage approach allows the ETpathfinder collaboration more time to develop methods to create and attach silicon suspension elements, in parallel with developing the process for creating large silicon optics.




3.2.3. Cryogenics


One of the new technologies that ETpathfinder will test is the cryogenic system for the mirrors. The goal is to be able to operate the interferometer at different temperatures: first at room temperature, i.e., 300 K and then at 120 and at 15 K. This means that we need to be able to control the mirror at these temperatures and that the cryogenic system will not limit the sensitivity. We aim to keep the amplitude spectral density of the vibrational motions of the mirrors surfaces below    10  − 18    m /  Hz    at 10 Hz. Part (a) of Figure 11 shows the cross section of the tower of the end mirrors.



The mirrors, marionettes and reaction masses are surrounded by three double-walled thermal radiation shields. The inner one (in blue in the picture) is used to keep a temperature of 30 K. The outer shield (in green) is connected to the vessel at the bottom, that contains 40 L of liquid nitrogen and maintains a temperature of 80 K. The floating outer shield (in red) is used to reduce the radiation load on the first shield. In addition, there will be another shield at 300 K (in grey) used to stabilize the temperature of the filter present on the top.



While 120 K can be reached using radiative cooling without introducing significant vibrational noise, going below 100 K requires conductive cooling. This is done using flexible connections of ultra-pure aluminium wires, called “jellyfish” (see part (b) and (c) of Figure 11).



The cold finger (in pink in the figure), which is connected to the inner shield, is the lowest temperature heat link and it ends into two rings, one for each test mass. The rings are connected to the cold platform through the “jellyfish” construction. The “jellyfish” wires connect the cold platform to the marionette (in purple in the figure) and to the reaction chain (in blue), that is hanging from the geometric anti-spring (GAS) filter present on the top of the thermal shields. The presence of two stages helps to reduce the vibrational noise. The mechanical transfer function of the “jellyfish” is measured at Nikhef beforehand on the payload prototype shown in part c) of Figure 10.





3.3. Status and Future Plans


ETpathfinder is under construction at the University of Maastricht and its timeline is shown in Figure 12. We are currently in Phase 1, at the end of “ETPF infrastructure” phase, with only the vacuum system that still needs to be completed. While the infrastructure works are underway, payload prototypes for preliminary tests are being built.



The prototype of the payload, aka “Proto-0” (shown in part c) of Figure 10), is ready and measurements of the transfer function are in progress. This prototype includes the test mass, the reaction mass and the marionette. Meanwhile “Proto-1”, which includes the inverted pendulum, is being built and it will be ready soon. During Phase 1 two temperatures (15 and 120 K) and two wavelengths (1550 and 2090 nm) will be studied, one in each arm of the L-shaped vacuum system.



Around 2025, ETpathfinder will enter Phase 2. In this phase, it will work on a single temperature and wavelength, which will be chosen depending on the outcome of Phase 1, and with test masses similar to the ones that will be used for ET. Phase 2 is planned to end around 2030, in order to be able to give useful inputs for the ET final design.



Apart from the already mentioned new technologies, new Quantum Noise reduction techniques are also planned to be tested in ETpathfinder. These techniques could further reduce low-frequency noise in next generation detectors.



The life of ETpathfinder, however, will not end with the birth of ET. ETpathfinder has been designed to be as flexible as possible, in order to be used also as a test facility for future upgrades of any third generation GW detector.





4. Sargrav Laboratory


The surroundings of the Sos Enattos mine in Sardinia are considered as a possible location for ET due to its very low seismic and anthropogenic noise. Such local characteristics allowed the construction of the SarGrav laboratory aiming to host underground experiments, such as low seismic noise experiments, cryogenic payloads, low frequency and cryogenic sensor development. Nonetheless, a fundamental physics experiment, Archimedes, is the first experiment in Sos Enattos’ surface area.



4.1. Sos-Enattos Site


The Sos Enattos Mine, located in Sardinia in the territory of Lula, stands on a European tectonic plate far away from any fault lines making its micro-seismic activity among the lowest on Earth, and it has one of the lowest population density in Europe resulting in an area of low anthropogenic disturbances.



Since the site has been nominated to host ET, a strong effort has been conducted to characterise the site in terms of geology, environmental and seismic noise, and a laboratory located at the mine was build, namely SarGrav. Such a laboratory currently hosts sensors and experiments: four broadband triaxial seismometers (one surface vault installation, three underground); three short-period triaxial seismometers; two magnetometers (one buried at the surface and one underground); one tiltmeter (the Archimedes prototype); and one weather station.



Long-term measurements at different depths are ongoing, exploiting the potentialities offered by the Sos Enattos mine. The seismic data from 1 January to 30 April 2020 at two different depths around Sos Enattos were analysed (SOE0 is 400 m above sea level and SOE2 is −110 m with respect to SOE0). In Figure 13 ([80]), the probabilistic power spectra density (PPSD) was obtained using Ref. [81]. A PPSD study implies that transient noise lines (if not stationary disturbances) disappear against the stability of the natural background.



The PSD calculation was done with the obspy tool [82] and a Konno–Omachi smoothing procedure was applied [83]. Between   5 ×  10  − 3     Hz and   2 ×  10  − 1     Hz the PPSD of the underground station SOE2 follows the new low-noise approaches Peterson’s New Low Noise Model ([84], NLNM).



The seismic noise between 0.1–1 Hz is dominated by microseismic peaks from sea waves, which are seasonal features. A peak around   f ≈ 0.2   Hz is seen in the Figure and it is caused by secondary microseism. In the frequency interval of 1–10Hz (Figure 13c,d) the noise of both stations reach their lowest values respectively at 3.5 Hz (≈  − 154   dB) and 4.5 Hz (≈  − 157   dB) meeting ET’s criteria of a noise level of −154 dB at 4 Hz even at surface [80]. The PPSD is affected by the self noise of the digitizer, increasing the noise above 3 Hz. New measurements at Sos Enattos with a reduced input range of the digitizer shows that the seismic noise at Sos Enattos (SOE2) between 3 Hz and 7 Hz crosses the NLNM (Ref. [85], Figure 14).



Above 1 Hz, the noise is mainly due to the low population density of the region. Nonetheless, the acoustic noise in the mine has not been affected by any artificial ventilation systems as the mine has a natural airflow (see [86]). Additionally, the main magnetic noise contribution at Sos Enattos is related to the Schumann resonances of the Earth’s magnetic field (see [86]).



The correlation between the seismic PSD amplitude with the wave height provided by Copernicus Marine Environment Monitoring Service (CMEMS) in the western Mediterranean sea and the Biscay Bay (Atlantic Ocean) from April to August 2019 at Sos Enattos was also performed [86].



CMEMS provides reference information on the dynamics of the ocean and marine ecosystems for the global ocean and Europeans seas. Such a study showed that the dominant noise contribution comes from the Tyrrhenian Sea, and the best correlation between microseism and sea waves was found for waves with a period of 4.5 s. The maximized ground vibration, due to sea waves at T = 4.5 s, is on the west part of the island with microseismic peaks at   f = 0.22   Hz [86].



The mine per se has a significant infrastructure, and studies as well as an experiment are in motion to scientifically explore the area proposed for ET.




4.2. Archimedes, the First Experiment in the SarGrav Surface Laboratories


Due to the very low seismic and anthropic noise, SarGrav laboratories are suitable to host experiments requiring a very quiet environment. Archimedes is a fundamental physics experiment currently installed in the SarGrav surface facilities, which aims at measuring the interaction between quantum vacuum fluctuations and gravity. Due to its configuration, Archimedes prototype contributed to the direct ground tilt measurement (which is defined as the absolute angular motion of the ground) at the Sos Enattos site in the frequency region between 2 and 20 Hz, which is a region of interest for ET seismic noise characterization. Hence, it has shown to be a suitable sensor that can contribute to the Newtonian noise cancellation.



4.2.1. Aim of the Experiment


The Archimedes experiment comes within the debate around one of the longstanding problems of fundamental physics: the incompatibility between General Relativity and Quantum Theory [87,88,89]. To add a contribution to this topic, Archimedes will measure the force exerted by the gravitational field on a Casimir cavity whose vacuum energy is modulated with a superconductive transition.



More precisely, an YBCO (Yttrium Barium Copper Oxide) crystal is exploited as a stack of Casimir cavities. Indeed, when the crystal temperature is lowered below the superconductive transition point, the crystal layers become reflective, and they form a series of Casimir cavities on top of one another. In this condition, only zero-point electromagnetic modes that satisfy the boundary conditions can survive inside each cavity.



On the other hand, when the crystal temperature is increased, it goes back to the normal state and behaves like a dielectric; therefore, no boundary conditions for the EM field must be satisfied and all the zero-point modes can survive inside the YBCO sample. In the hypothesis that vacuum energy interacts with gravity, a force directed upwards should act on the Casimir cavity due to the missing weight of the expelled EM modes. This situation is analogous to the Archimedes buoyancy of fluid, after which the experiment takes its name.



The expected torque generated with this modulation is of the order of   5 ×  10  − 13     N m/  Hz   when integrated over 2 months. The measurement strategy consists of modulating the reflectivity of the Casimir cavity plates by performing a superconducting transition of the two YBCO samples suspended to the balance arms, as shown in Figure 15. In this way, vacuum energy will be periodically expelled from the Casimir cavity, and its weight will be modulated. To measure this effect, a beam-balance will be used as a small force detector.



To allow the superconductive transition, the whole experiment will be cooled in a cryostat, at liquid nitrogen temperature. Moreover, each suspended sample will be surrounded by a shield, which will periodically heat up the sample to bring it from superconductive to normal state. To allow the system thermalization, the modulation will be performed at few tens of mHz. For such a small force to be detected, a very sensitive beam-balance has been suitably designed, and a first prototype has been realized to test its performances.




4.2.2. The Balance Prototype and the Final Setup


A first prototype of the experiment has been built and commissioned in Naples Federico II University laboratories. Few updates have been performed to improve the prototype performances and sensitivity. The main characteristics of the current version are described hereafter.



Mechanics


A schematic of the beam-balance is shown in Figure 16. The balance arm is 50 cm long and is suspended to two solid columns through two thin wire-like suspensions. Since the balance requires a very high torque-to-tilt transfer function, the moment of inertia and the suspension restoring force must be kept as low as possible.



To satisfy the first condition, the arm is hollow and made of aluminium, which keeps its weight low. To accomplish the second requirement, the suspensions section is made as thin as possible, and two flexible joints of Cu-Be 0.5 mm× 0.1 mm are used for this purpose. If the balance centre of mass is kept within 10 µm from the suspension point, its resonance frequency results as around 25 mHz.




Optical Readout


A coarse and a fine optical readout are used to monitor the balance angular position, both anchored to the ground, so that any arm angular motion is referred to it. An optical lever using a SLED (superluminescent diode) is positioned to have the beam impinging perpendicularly on a mirror placed on the lower face of the balance arm (green trace in Figure 16). The beam displacement is sensed by a quadrant photodiode. This optical readout is used as an initial reference position for the arm tilt (coarse positioning).



The finer positioning is provided by a Michelson interferometer, which warrants a high sensitivity. Represented with the red trace in Figure 16, the interferometer beam impinges perpendicularly on the mirrors, to minimize the coupling with undesired degrees of freedom. The interferometer has two unequal arms. However, to avoid common noises coupling in the output channel, an optical delay line located after the beam splitter reflection and made of four right-angle prisms is used to equalize the optical paths. Finally, amplitude noise subtraction is performed by normalizing the output signal by the input power.




Actuation and Control


To keep the prototype arm in its working point (interferometer output on half-fringe), electrostatic actuators are used. Highlighted in blue in Figure 16, they are made of two metallic 2 × 10 cm plates located along each of the arm ends. A digital filter fed with the interferometer output provides the control, suppressing the low frequency motion and leaving the arm free to oscillate at frequencies higher than the unity gain frequency (0.3 Hz).



The final setup of the Archimedes experiment is currently being installed in the SarGrav surface laboratories, in a dedicated hangar. Unlike the prototype, in the final setup, the measurement arm will be 1.4 m long, and an additional reference arm will be employed for ground tilt cancellation, as shown in Figure 15. The whole setup is installed on a solid support (Figure 17), which will be enclosed in the inner of three vacuum chambers, shown in Figure 17.






4.3. Archimedes Prototype as Tiltmeter


Archimedes prototype represents a good inertial reference for ground tilts in the Newtonian Noise frequency region, since the balance arm is free above the control bandwidth, which is above the Unity Gain Frequency (≈300 mHz). When no samples are suspended at the end of its arms, indeed, the beam-balance can be used as a rotational sensor, i.e., a tiltmeter.



First Tilt Measurements at Virgo and Sos-Enattos


Prior to the start of the Virgo observation run O3, the tiltmeter was installed at the Virgo site, and remained there for several months for a joint data taking with the Virgo interferometer. In particular, the tiltmeter was positioned at the North-end building, on the same floor where seismometers and other sensors are located. This period of data taking allowed the ground tilt measurements at the Virgo site, and close attention was paid to the frequency band of 2–20 Hz.



The results are reported in [91]. At a few Hz, a tilt of   8 ×  10  − 11     rad/  Hz   was measured. Above 10 Hz, the spectrum presents few resonances, which resulted to be partially coherent with the signals from neighbouring seismometers or interferometer dark fringe signal. Moreover, the tilt noise level detected between 10 and 20 Hz was found to be compatible with the tilt measurements performed at the LIGO sites [92]. Finally, very interesting results where found by comparing the reconstructed tilt signal from seismometer array and the tiltmeter signal [93].



In February 2020, the balance prototype was moved to the SarGrav laboratories in Lula. After few months of updates, devoted to the optical delay line installation and to the amplitude noise subtraction implementation described above, the site tilt was measured in the NN frequency region (2–20Hz). The results are reported in [90].



In Figure 18, the ground tilt measured at Sos-Enattos site (blue curve) is compared to the ground tilt measured at Virgo (red curve). The level of ground tilt measured at Sos-Enattos is around   10  − 12    rad/  Hz  , which is two orders of magnitude below the tilt noise level at the Virgo site. To stay conservative, the value of tilt measured at Sos-Enattos is taken as the tiltmeter sensitivity. This means that the instrument can measure the Virgo site tilt with an SNR greater than 100, which is sufficient to be used for the NN reduction in Virgo. On the other hand, this measurement also shows that the tilt level at the Sos-Enattos site is at least two orders of magnitude lower than the Virgo site.



As a plan for the near future, the tiltmeter will be installed at the Virgo site before the start of the next observation run O4 and beyond, to participate to the NN cancellation campaign. At the same time, a similar tiltmeter will still be kept in Sos-Enattos, in order to continue the tilt noise characterization of the site, possibly also underground.



This will surely be helpful for Archimedes ground noise subtraction. At the same time, a further improvement of the sensitivity will allow a more precise measurement of the ground tilt level in Sos-Enattos, which can add important knowledge about the tilt noise level at the Sardinian site, providing a reliable projection of this kind of noise source on the ET sensitivity curve.






5. Einstein Telescope EMR Site and Technology (E-TEST)


The main activities and technologies used in the E-TEST are addressed in this section. It first presents the objectives of the E-TEST and its main tasks. Then, an overview on the cryogenic and suspension design are demonstrated. Lastly, a detailed description of the site characterization is presented. Further details are shown in the following subsections below.



5.1. Introduction and Objectives


Two directions of research relevant to ET are conducted within E-TEST. A prototype mirror suspension system at cryogenic temperature is being developed and the geological characteristics of Euregio Meuse-Rhine (EMR) region are mapped and investigated.



E-TEST results will shape the ET mirror suspension, auxiliary optics and cryogenic design as well as a thorough study of the EMR region. the main tasks of the E-TEST geological research campaign are:




	
characterisation of the ambient seismic field in the region to optimally select the location of the corner points and to guide the seismic isolation system design; and



	
characterisation of the subsurface geology in terms of material properties to guide the geotechnical engineering efforts of such underground infrastructure.








To build a cryogenic suspension prototype for the silicon mirror suspension, a novel approach is adopted mainly to reduce the overall height and the infrastructure complexity. The currently proposed ET suspension system is a 17-m long Virgo-style superattenuator [54]. The E-TEST approach combines a LIGO-style active tables and a Virgo-style inverted pendulum (IP) stage. This will provide better isolation performance particularly at low frequency since the active control stage provides attenuation below its resonance frequencies. The mirror and the penultimate stage will be in a cryostat at   T ≈   20 K. The main features of the E-TEST prototype design are the design and the development of:




	
ultra-cold vibration control, which includes vacuum and cryogenics, active vibration isolation and the design of a seismic isolation system; and



	
optical engineering, which includes silicon mirror manufacture and test, laser and optics at 2 microns wavelength and assembly and validation of the whole setup.








The E-TEST prototype will not provide the desired isolation performance of ET since the overall height of the prototype is limited by the vacuum chamber height (4.2 m). However, it will validate the above strategies that make significant improvements to the current design possible.




5.2. Design of the Cryogenic Suspension Prototype


As part of E-TEST, a novel approach combining an actively controlled inertial platform, such as LIGO suspension system [12] and an IP stage, such as used in Virgo [94] or KAGRA [95] is investigated. The aim is to decrease the overall height and infrastructure complexity of the initially proposed 17-m-long suspension system of ET [16], which was first presented as a fiducial design in the 2011 conceptual design report [28].



Better isolation performance at low frequency is expected since the inertial control approach yields isolation below the system’s resonant modes, which is not possible with passive isolation systems [96]. The suspension system will be mounted inside a large vacuum chamber in order to eliminate acoustic noise.



The E-TEST suspension system, shown in Figure 19, consists of one active platform that provides inertial control in the six degrees of freedom. The three legs of the IPs are mounted on the active platform and support the top stage. The IP provides a large amount of isolation in the horizontal direction as the resonance frequency can be tuned to extremely low values (about 70 mHz in KAGRA [96] and 30 mHz in Virgo [94]). Additionally, the IP stage provides means for positioning the parts suspended from the top stage, which can compensate for the tidal drift [28,97]. The top stage houses a large Geometric Anti-Spring (GAS) filter for vertical isolation. From the GAS filter, a marionette is suspended, which is mainly used to position the cryogenic payload.



This cryogenic part contains the cold platform and the test mass, which will be operated at cryogenic temperature (20 K). The cold platform is a cryogenic test-bed for sensors, such as the cryogenic superconducting inertial sensors [98,99] and the test mass is suspended. Additionally, a smaller cryostat has been developed with a cylindrical cold volume—down to 6 K-of 15 cm diameter and 15 cm height to test the performance of the cryogenic sensors and equipment before mounting them inside the E-TEST cryostat to validate their operation.



The radiative cooling is provided by a cryostat of which half is part of the suspended penultimate mass, i.e., attached to the cold platform. GW detector designs that use higher mirror temperatures can employ radiative cooling more easily. This is because the total radiated power   P rad   of an object with emissivity  ϵ  is directly proportional to the fourth power of the object temperature T as    P rad  = ϵ σ A  T 4   , where  σ  is the Stefan–Boltzmann constant and A the radiating area. Additionally,  ϵ  typically reduces significantly for even the most emissive materials and coating at   T <   50 K. The only way to radiatively cool mirrors at ET temperatures, i.e.,   T <   20 K is to increase the radiating area. The E-TEST design achieves this by interlacing a large suspended array of fins with another actively cooled array. The fin structure increases the surface area by more than a factor of 10.



5.2.1. Optical Engineering


Hanging from the suspensions in a cryogenic environment is the large silicon mirror. The goal is to acquire a >100 kg silicon test mass, with an as large as possible diameter to approach the envisioned 45 cm for ET. As mentioned before, a switch to silicon is necessary for cryogenic GW detectors as fused silica becomes mechanically lossy at low temperature.



An additional switch to a longer wavelength laser, e.g., 1550 nm or around 2 micron, is necessary as silicon is only transmissive there. Using longer wavelengths will decrease the shot noise at the same laser power as the lower energy per photon means the number of photons per second, and thus the quantum statistics improve. The silicon test mass will be polished, coated and characterised by various experiments.



Once the test mass is suspended and in the cryostat, the three tubes visible in Figure 19 provide access to the cold mirror. Outside the vacuum tank, a 5–10 W single mode laser with around 2090 nm wavelength is developed. High quality photodetectors at that wavelength are also developed. Lastly, low-loss optical coatings operating at these wavelengths, and conditions unfamiliar to GW scientists and engineers, are under investigation.



The goals for the laser include single mode beam quality and a high stability in output power and frequency combined with a narrow linewidth. To achieve that, a seed-source and a two-stage amplifier system with additional internal stabilization mechanisms will be developed. This approach follows basic laser design based on a Ho:YAG crystal-based seed source to define the spectral properties as well as holmium-doped fibre amplifiers for the power scaling. The photodiode development is strongly coupled to the laser developments to end up with an optimal wavelength match. The photodetectors are characterised in terms of spectral dependence of quantum efficiency, (dark) noise and overall stability. Additionally, optimization of readout protocols is targeted in terms of signal-to-noise ratio and readout speed.



The E-TEST prototype aspires to acquire a substrate with a mass, purity and dimensions well on track towards the ET mirrors (45 cm diameter, 210 kg). After polishing, characterisation of the substrate will take place using three experiments of which two are shown in Figure 20: a white light interferometer for precise mirror surface quality characterisation, an interferometric measurement scheme using the silicon substrate as a Fabry–Perot etalon to determine its temperature [100] and mechanical loss measurements of internal mechanical modes using a fm/  Hz   interferometer [101] excited by a tiny hammer, i.e., a small mass-spring element.



Finally, crystalline coating layers are characterised regarding, e.g., their optical and elastic properties, which are important to estimate the noise behaviour of the ultimate coatings.





5.3. Site Characterization


The ET corner points should be as vibration free as possible. In order to identify candidate sites and optimally select the corner point locations, a series of passive seismic campaigns are planned to capture the ambient seismic field. Two data from two campaigns were previously collected and are openly available online through KNMI/ORFEUS [102]. Figure 21 presents the EMR region and the locations of the concluded seismic campaigns.



Additional campaigns are planned, and the data collected will be added to the 3T network (see Figure 21) data archive. The data collected by these campaigns will be used to model the spatial distribution of the noise in several frequency bands. In addition to the broadband response in the 0.5 to 20Hz band, we will study the response at narrow-band intervals. Additionally, the data will be used to image the subsurface.



5.3.1. Noise at the Surface vs. Noise at Depth


The first borehole station in the region is the NL.TERZ in Terziet, as shown in Figure 21. The station hosts a broadband seismometer at the surface and at a depth of 250 m. Seismic noise at the surface is generally attenuated with increasing depth, especially when soft, unconsolidated soil layers at the surface overlay hard rock layers. This attenuation is visible in the power spectral density (PSD) calculated for the surface and borehole seismometers. At frequencies above 1 Hz, noise from anthropogenic activity becomes significant. The noise is attenuated by 10 to 40 dB relative to the surface (see Figure 22). However, several spectral peaks are visible both at the surface and at depth.




5.3.2. Spectral Peaks Associated with the Wind Turbines


To trace the origin of the spectral peaks identified in Figure 22a, a seismic monitoring campaign was deployed to the west of the Aachen windpark. The sensors were deployed on 14 December 2020 and retrieved on 19 January 2021. This period was chosen to capture the ambient seismic field during the relatively quiet holiday period (Christmas and New Year’s) and the typically strong winds in the region.



During this period, there were days with almost no wind, and there were days with more than 25 m/s (90 km/h) wind. During this campaign there was also an active swarm of earthquakes unravelling in the vicinity of Rott, Germany, roughly 20 km south-east to the deployed sensors. These were well recorded by the seismic campaign as-well-as by the NL and BE seismic networks.



Figure 23a presents PSDs from select stations at varying distances from the Aachen wind park. The amplitude at the 1.1, 2.2 and 3.2 Hz spectral peaks, which are observed at all stations in the region, are consistently decreasing as a function of distance from the Aachen wind park. Additionally, the amplitude of the entire spectrum, but specifically of the above spectral peaks, is in correlation with wind speed as presented in Figure 23 for the borehole seismometer at 250 m depth in Terziet. The 7 Hz peak is caused by the fundamental vertical resonance frequency in the steel casing lining the inside of the borehole.




5.3.3. Geological Characterisation


The site investigated within the E-TEST project is located in the Euregio Meuse-Rhine region between Belgium (including Flanders and Wallonia), The Netherlands and Germany. Within this region, existent sources of noises have been identified and potential locations of the ET infrastructures minimizing the impact of these noises are defined. In this region, Paleozoic rocks of Devonian to Namurian–Wesphalian ages are found. In the North, these rocks are overlain by Cretaceous and Quaternary soft sediments.



These rocks were faulted and folded by different episodes of tectonic activity. A detailed study of the subsurface is required to consider the feasibility of installing an Einstein Telescope infrastructure a few hundreds of meters at depth given the large uncertainty on geological conditions and the lack of data in the underground. In the E-TEST project, deep investigations are therefore deployed to characterise the EMR underground in terms of geological structures, rocks properties and hydraulic properties.



Different geophysical methods, including active seismic (with sledge hammer and vibro-trucks) or passive seismic surveys, classical or deep (up to 300 m) electrical resistivity tomographies (ERT) surveys, are conducted to collect data from various depth ranges and different resolutions in order to image the shallow and deep subsurface. Deep boreholes (up to 300 m) are drilled along the potential axes of the tunnels and corners of the ET infrastructures.



The cores sampled during drillings are used to perform geomechanical tests to determine the mechanical properties of the rocks. Geophysical and hydraulic testing of these boreholes will be performed after their completion. Seismometers will be installed in these boreholes to study the ambient seismic field at the depth of the ET infrastructures.



All the collected data are used to build a 3D geological model of the EMR region and to select the most appropriate area for the ET infrastructures. The specific implementation of ET for this site will be proposed based on the results of the geomechanical tests. A 3D groundwater flow model of the region is also developed to anticipate and organize potentially needed drainage and pumping during the building and operation of the ET infrastructures. The model will also be used to identify the potential impact of the underground infrastructures on its surroundings.






6. Summary


The research described above works towards the low-frequency goals of ET. The current GW detectors do not reach their design sensitivity below 30 Hz. This is largely due to technical noise, such as couplings between different interferometer control degrees of freedom, some of which are not fully understood [1]. While beyond the scope of this article, we can report on an effort towards improved system design with the control systems in mind, something that was largely lacking in the design of current detector systems. This will enable the fruition of the efforts of the four facilities described here to reach the low-frequency fundamental noise projection shown earlier in Figure 2. In the following, we summarize the research efforts of each research facility.



The experience with a large mass payload for Advanced Virgo will be fundamental for designing a prototype payload for ET. Moreover, given the long-term experience of the ARC team on test-mass payload topics and the close collaboration with KAGRA teams, the promised development foreseen in ET context is sustainable. The construction of the building that will host the next generation GW laboratory in Rome has finally started. The facility is designed to allow the development of a full-scale cryogenic payload prototype. Its design started in 2021 in parallel with the construction of a low-vibration cooling line prototype.



ETpathfinder is a state-of-the-art research facility located at the University of Maastricht. This facility will operate two 10-meter-long interferometers operating at cryogenic temperatures, allowing the team to develop and test technologies for next generation GW detectors within a fully integrated system. Key technologies that are in development at ETpathfinder are the following. The fabrication of mirrors and suspension elements from silicon, a material new to our field. These suspended silicon optics will be cooled to different cryogenic temperatures, e.g., 15 and 12 0K, using new cryogenic approaches at two different laser wavelengths: 1550 and 2090 nm.



SarGrav facility is a laboratory located in Sardinia, Italy, intended to explore the potential of the region in terms of seismic noise to host ET. The laboratory has several extremely low noise infrastructures, designed to host low-frequency seismic noise experiments and cryogenic payloads. Throughout the old mine ducts and elsewhere, there are several underground stations available for site monitoring. This has a strong synergy with ET candidature activities, namely site monitoring, support in terms of logistics and person power, mechanics and masonry services.



Archimedes was the first fundamental physics experiment installed in SarGrav surface laboratories, aiming at investigating the interaction between quantum vacuum fluctuations and gravity. The Archimedes prototype is currently working as a tiltmeter, and has measured a rotational displacement two orders of magnitude lower than the Virgo site in the Newtonian noise band, showing the suitability of the Sos Enattos site.



The 17-m-tall suspension in the current ET designs are largely regarded as placeholders for solutions that are under development. One such development is the E-TEST suspension prototype, which combines active and passive isolation strategies to suspend a >100 kg silicon mirror as well as a radiatively cooled cryostat. The facility is being built at the Centre Spatial de Liège in Belgium. In parallel, the region in the South of the Netherlands, East of Belgium, and West of Germany is subject to geological and hydrogeological investigations to determine the suitability of the said region to host ET.



The research into developing and testing the key technologies described throughout this article will inform the design of next generation GW detectors, such as ET and its many upgrades to come.
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Figure 1. An artist’s perspective of the Einstein Telescope. Underground infrastructure near one of the three detector vertices. In halls of different volumes, seismic isolation vacuum towers—blue for the cryogenic ET-LF and red for ET-HF—are housed. The largest hall is the cross-road between the detector arms (in bright dashed magenta), a tunnel for the filter cavity (towards lower right) and an access tunnel (towards lower left). Reproduced from Ref. [16], image courtesy of Marco Kraan, Nikhef. 
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Figure 2. Low-frequency part of the Einstein Telescope strain sensitivity [16] compared to the design sensitivity of second generation GW detectors. Opening up the 2–10 Hz band will allow ET to study BBH systems with    M tot  >  10 3    M ⊙    at   z >   0.7, BNS systems with a   10 3   longer signal length, <10 Hz continuous waves from non-spherical NS and boson clouds. Below the ET curve are the dominant noise sources, which are the regions of research for the four research facilities. More details can be found in the text. 
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Figure 3. Suspension system of an Advanced Virgo test mass mirror. The Superattenuator (SA, left), a zoom of the payload (centre) and a detail of the monolithic suspension system (right) are shown here. Elaborated from [56]. 
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Figure 4. CAD drawings of Advanced Virgo payload (left) and Large Mass (LM) payload design for AdV+ phase II (centre). On the right is a picture of the AdV+ LM prototype. All payloads of AdV+ phase I and Input mirror payloads of AdV+ phase II will still be the same of AdV. The picture shows a circular trench in the (dummy) mirror marking the present diameter (35 cm), to be compared with the diameter of the LM mirror (55 cm). During the assembly, the actuation cage is mounted on four vertical shafts. The overall mass to be integrated in the SA increases from 328 to 500 kg, which requires an upgrade of the SA filters and suspension wires. 
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Figure 5. A schematic diagram of KAGRA suspension system is shown on the left, and a detail of the cryogenic payload is on the right. The test mass mirror (TM) is suspended from a seismic attenuation system (SAS) consisting of seven stages of pendulum. The cryogenic payload is composed of a TM, a recoil mass (RM), an intermediate mass (IM), an intermediate recoil mass (IR) and a platform. All these elements are surrounded by an inner and outer radiation shields. The sapphire TM is suspended from the IM by sapphire fibres. The arrows in the scheme show the direction of the heat flow. Heat is extracted from the mirror to the IM through the fibres and transferred to the platform, the IR and the cryocoolers by thin metal wires called heat links. Duct shields are used to reduce thermal radiation [58,59]. 






Figure 5. A schematic diagram of KAGRA suspension system is shown on the left, and a detail of the cryogenic payload is on the right. The test mass mirror (TM) is suspended from a seismic attenuation system (SAS) consisting of seven stages of pendulum. The cryogenic payload is composed of a TM, a recoil mass (RM), an intermediate mass (IM), an intermediate recoil mass (IR) and a platform. All these elements are surrounded by an inner and outer radiation shields. The sapphire TM is suspended from the IM by sapphire fibres. The arrows in the scheme show the direction of the heat flow. Heat is extracted from the mirror to the IM through the fibres and transferred to the platform, the IR and the cryocoolers by thin metal wires called heat links. Duct shields are used to reduce thermal radiation [58,59].



[image: Galaxies 10 00065 g005]







[image: Galaxies 10 00065 g006 550] 





Figure 6. Amaldi Research Center at the University of Rome Sapienza will be dedicated to the development and test of the ET-LF cryogenic payload. The laboratory is under re-construction to allow the assembly of full-scale payload and to insert it into the cryostat, as shown in the pictorial view. For that matter, the floor has been lowered. 
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Figure 7. Schematic diagram of the cooling unit that will be hosted in the ARC cryogenic laboratory under construction and that may be implemented in Einstein Telescope as well [69,70]. 
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Figure 8. Major changes in detector design towards the next generation GW detectors. Listed are the key parameters of current GW detectors and the counterpart for the next generation detectors. 
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Figure 9. Panel (a) shows the simplified optical layout of ETpathfinder Phase 1, in which the two arms of the vacuum system host a full FPMI each, while operating with different parameters. Panel (b) shows a rendered model of the ETpathfinder vacuum system with a cross section (image courtesy of Marco Kraan, Nikhef). 
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Figure 10. Part (a) The full suspension chain as it will be inside the vacuum system. In this picture, also the seismic pre-isolation system can be seen. Part (b) The payload [71] of ETpathfinder. Please note the conductive blue heat links that connect to the cold finger. These are thin wires to minimise vibrational coupling from the cryogenic system. Part (c) A photograph of the Nikhef payload prototype. In this prototype, the aforementioned coupling strengths are investigated. 
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Figure 11. (a) Cross section of the tower of the end mirrors. The liquid nitrogen vessel and the thermal shields that enclose the mirrors are shown. (b) Jellyfish connections that will be used to cool the suspended test masses. (c) Detail of the Jellyfish connections with the cold platform and the cold finger. Adapted from Ref. [71]. 
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Figure 12. Overview of the timeline of ETpathfinder. The dashed green line shows approximately the start of the ET observation run (not yet defined), after which ETpathfinder will continue to be used as prototype facility for future upgrades [71]. 
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Figure 13. Acceleration power spectral density in Sos Enattos for two sensors: SOE0 (a), which is located 400 m above sea and SOE2 (b) located at −110 m with respect to SOE0. The data of both sensors were taken in 2020 showing the acceleration spectra versus frequency. Plots (c,d) are zooms of (a,b) in the 1 to 10 Hz interval including the median (black line). Reproduced from Ref. [80]. 
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Figure 14. New measurements at Sos Enattos with a reduced input range of the digitizer shows that the seismic noise at Sos Enattos, SOE2 seismometer (−111 m), between 3 Hz and 7 Hz [85]. Acceleration PSD of the horizontal EW channel. 
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Figure 15. Overview of the Archimedes experiment. The two disks are two YBCO samples, which represent a stack of Casimir cavities. See text for more details. 
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Figure 16. (Left): balanced arm (in grey) suspended through two thin Cu-Be joints (highlighted in brown, upper-left corner). The two interferometer mirrors are on the top of the arm and at its end electrostatic actuators are sketched in blue. (Right): optical scheme of the Archimedes prototype. The balanced arm shown on the left corresponds to the horizontal bar in this figure. Here, the red trace corresponds to the optical path of the interferometric readout. The optical path length between the two arms is equalized using an optical delay line, which is visible below the beam splitter. The green trace, instead, corresponds to the path of the optical lever beam. Adapted from Ref. [90]. 
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Figure 17. (Left): Picture of the final setup (still under construction) positioned on a solid table grounded to the cryostat basis. It is positioned inside the Archimedes hangar. (Right): Tent structure hosting the cryostat cover. 
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Figure 18. Ground tilt measurement at Virgo and Sos Enattos. Adapted from Ref. [90]. 
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Figure 19. Overview of the E-TEST prototype design. A large vacuum tank (left) hosts the cryogenic mirror suspension (right). From top to bottom we can see (1) the top GAS filter, (2) the top stage, (3) the marionette and (4) the inverted pendulum legs within pipes that support a reference ring below the top stage. The cryogenic part features (5) the inner cryostat, which has the interlacing fin type heat exchanger. The whole cryostat features (6) three access points for outside experiments to interact with the cryogenic mirror. The inner cryostat is attached to (7) the cold platform. The inner cryostat fins interlace into the fins of the (8) outer cryostat, which provides a cold environment and houses the (9) 100kg silicon mirror. All of this is supported by (10) an active platform, which provides a stable and quiet environment. In turn, the active platform hangs from three large blades with have a (11) support pillar on the ground. 
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Figure 20. The E-TEST prototype optical experiments: (a) the temperature measurement and (b) the quality factor measurement. The experiments probe the mirror by having access through the threex tubes into the cryostat visible in Figure 19. 
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Figure 21. Overview map of the EMR region. The existing permanent seismic stations (triangles) are labelled with the network and stations codes. The 3T seismic campaign stations are indicated by upside-down triangles. The wind turbines in the region are indicated with a “Y” symbol. Note the large cluster of wind turbines North-West of the city of Aachen. The proposed corner point locations are labelled with small black circles. 
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Figure 22. Acceleration PSD at the NL.TERZ (The Netherlands, Terziet) station. (a) Surface seismometer, and (b), Borehole seismometer at 250 m depth. PSD was calculated using the McNamara and Buland [81] method with half-hour long windows overlapping by 50% between 14 December 2020 and 20 January 2021. No smoothing has been applied to the spectra. 
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Figure 23. Acceleration PSD (a) of select stations at varying distances from the Aachen wind park, and (b) as a function of wind speed. The 1.1, 2.2, and 3.2 Hz spectral peaks are associated with the wind turbines north-west of Aachen and the amplitudes at these frequencies decrease as a function of distance from the Aachen wind park and are in correlation with the wind speed measured at the top of the wind turbines. 
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Table 1. An overview of the research lines to inform the ET design, including limited details where relevant or fitting. The top block shows the site characterization studies, and the bottom block shows the detector technology developments.
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	Research Line
	ARC
	ETpf
	SarGrav
	E-TEST





	Seismic study
	-
	-
	yes
	yes



	Hydrogeology
	-
	-
	-
	yes



	Tilt measurement
	-
	-
	yes
	-



	Magnetic study
	-
	-
	yes
	-



	290 K suspension
	-
	double inverted pendulum
	-
	active/passive combination



	Mirror
	sapphire/silicon 130 kg
	silicon phase 1: 3 kg

phase 2:      ∼   100 kg
	-
	silicon

>100 kg



	Cryo-suspension
	sapphire/silicon
	silicon
	-
	silicon



	Temperature
	10K
	120 K

15 K
	-
	20 K



	Cooling
	low-vibration cold link
	120 K radiative

15 K conductive

& “jellyfish”
	-
	suspended

cryostat with

radiative link



	Coating testing
	yes
	yes
	-
	yes



	Optical technology
	-
	1550 nm

2090 nm
	-
	2090 nm



	Quantum noise reduction
	EPR and ponderomotive
	yes
	-
	-



	Photodiodes
	-
	yes
	-
	yes



	Inertial sensor development
	-
	-
	yes
	yes



	Superconducting technology
	-
	-
	yes
	yes
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