Thermal noise studies for cryogenic gravitational wave detectors

Executive summary

The Firenze/Urbino group at INFN-Firenze and at the University of Urbino proposes to participate to ILIAS-NEXT with a project aiming at the estimation and the reduction of thermal noise in interferometric gravitational wave detectors working at cryogenic temperature.
In particular, the group aims at

· characterizing materials and solutions for the payload suspensions;

· evaluate solutions for the materials to be used in the mirror coatings.

The goal is to provide insight about the mechanisms of dissipation and to develop solutions which could help reducing their impact on the E.T. sensitivity curves.

Participants

Staff personnel

· Dr. Andrea Viceré, Researcher at Urbino University, contact person andrea.vicere@uniurb.it
· Prof. Flavio Vetrano, Full professor at Urbino University, flavio.vetrano@uniurb.it
· Dr. Giovanni Losurdo, Researcher at INFN Firenze, losurdo@fi.infn.it
· Dr. Filippo Martelli, Researcher at Urbino University, filippo.martelli@uniurb.it
· Dr. Francesco Piergiovanni, Technologist at Urbino University, piergio.fra@uniurb.it
Temporary personnel

The project will involve also two fellows, holding positions financed by the E.U. and by the Ministry of Education, and working on topics closely related to the ones proposed.

· Dr. Matteo Lorenzini, ET research fellow at INFN-Firenze, lorenzini@fi.infn.it
· Dr. Elisabetta Cesarini, MIUR research fellow at Urbino University, cesarini@arcetri.astro.it
Personnel to be hired

We intend to hire one temporary research fellow to be dedicated full time to the project proposed.

Research background

A direct approach for reducing the thermal noise contribution to the sensitivity of a GW detector is represented by cryogenic cooling of the mirror suspensions and of the suspended mirrors.

Future generations of detectors, like E.T., are foreseen to implement this solution. In this approach, fused silica is no longer a suitable material for realizing mirrors and suspension stages, since it shows a broad dissipation peak at around 40 K, which according to the Callen-Welton theorem leads to larger fluctuations.

Silicon has been proposed as a candidate material, thanks to its very low intrinsic loss angle at low temperatures ((300 K) =2.8∙10-8, (77 K) =5 10-9 and (4.2 K) =6∙10-10) and due to its very high thermal conductivity, allowing the heat deposited in mirrors by high power lasers to be efficiently extracted, and minimizing also the thermoelastic noise in the relevant frequency band. For such a scheme to be accomplished, both mirror masses and suspension elements must be fabricated from silicon, then bonded together forming a quasi-monolithic stage. Elements can be assembled using hydroxide-catalysis silicate bonding, as for silica monolithic joints. The effect of Si to Si bonding on suspension thermal conductance needs therefore to be experimentally studied both as confirmation-or-not of its general reliability and as diagnostic tool for a specific application  .

We have realized in the Firenze INFN-Virgo laboratory a facility for the measurement of thermal conductivity of materials from 300K dowHin to 4K. The measurement is performed by recording at each temperature T the regime T set along the sample of length L and section S (typically cylinders 10cm long and 3cm thick) by a constant heat flux P.

The facility has been tested on single crystal samples of Si in the range of temperature from 150K up to 300K, finding agreement with published data[1], and then applied to samples including a Si to Si bonding[3]. The same facility can be operated down to 20K, which is currently the operating temperature for the baseline ET design, and with some modifications, particularly for the temperature stabilization, can be operated down to 4K, another possible choice for ET.

The advantages of using low-dissipation materials for the suspensions and for the mirror substrates can be lost if additional sources of dissipation are introduced in the payloads.

Already in the advanced generation of detectors, the best fused silica substrates loss angle may reach values as low as 10-9, but the mirror coating exhibits losses around 10-4 which limit the performance.

It is of crucial importance for future cryogenic detectors to measure accurately the losses induced by the coating, as a first step towards mitigating the effect. Loss angle measurements in ultra low mechanical loss materials is affected by large systematic errors due to the suspension system holding the samples. In Firenze we have developed an innovative measurement system (GeNS, Gentle Nodal Suspension), in which the disk-shaped sample (typically with a diameter of 7cm) is suspended in equilibrium on top of a sapphire sphere, touching one of the nodal points of vibration[2]. 

This suspension system allows to touch only one surface (the uncoated one) of the sample; and to minimize the contact surface, thanks to the absence of applied forces; as a result the system has been demonstrated to provide accurate and reproducible results at room temperature for the quality factor[4].

It is now necessary to modify the system in order to use it at cryogenic temperatures.

Research program

We intend to carry over, under the ILIAS-NEXT program, both the research on Si to Si bonding, and the one on the coating effects, at cryogenic temperatures.

To this end, we intend to modify the facility for the measurement of the thermal conductivity to allow it to be operated down to 4K; as already stated, this requires essentially to modify the temperature control system. Then we intend to carry out a campaign of measurements on Si samples having different doping, and we intend to vary also the characteristics of the bonding.

For extending the coating study to low temperatures, the GeNS system needs to be equipped with a cryostat. Then we intend to acquire a set (few tens) of Si disks, both coated and uncoated, and carry out a systematic campaign of measurements.

Time line, milestones and deliverables

We expect to dedicate the first 9 months of the project to adapt the facilities to measurements at cryogenic temperatures. Of this time, we expect that three months will be required for the adaptation of the thermal conductivity facility, while for the GeNS facility the design, purchase and installation of the cryostat is expected to require six months. At the end of this phase we plan to produce a technical report detailing the work done in adapting the facilities.

In the next 9 months we expect to calibrate both facilities, by reproducing results already available in literature. At the end of this phase we expect another technical report, possibly a physics papers.

We plan then two have a first campaign of measurements, lasting 9 months, at an intermediate cryogenic temperature of 20K, corresponding to the ET baseline; at the end of this campaign, we leave a 3 months period to carry out the analysis and interpretation of the results, and for performing the minor changes to the facilities possibly suggested by the experience accumulated.

Then we plan another campaign of measurements, lasting 12 months, to be carried out down to 4K, which is the temperature considered for the ET “xylophone” design. This phase would be followed by 6 months dedicated to the analysis and interpretation of the results, and possibly to further measurements required to complete the physics picture. We expect at the end of the measurement campaign to produce a technical report, and then one or more physics papers at the end of the last phase of the project.

Summarizing:

Time line
Activity
Milestones
Deliverables

Months 1–9
Design and purchase of the components to adapt the facilities to operation at 4K
Facilities adapted to cryogenic measurements
Technical report

Months 10-18
Calibration of the facilities with measurements aiming at reproducing existing results
Facilities calibrated
Technical report and/or physics paper

Months 19-27
1st measurement campaign at the intermediate cryogenic temperature of 20K
Measurement campaign completed
Technical report

Months 28-30
Analysis and interpretation of the results. Possible further adaptations of the facilities.
Analysis completed
Physics paper(s)

Months 31-42
2nd measurement campaign down to 4K temperature.
Measurement campaign completed
Technical report

Months 43-48
Analysis and interpretation of the results. Possible further measurements to complete the physics picture.
Analysis completed
Physics paper(s)

Costs

The project will require one additional full time research fellow, whose contract cost is estimated at 20k€ / year, for a total of 80k€ over the duration of the project.

The modifications to the experimental facilities, most importantly the cryostat and related control equipment for the GeNS system, are estimated to require 40k€.

The consumables, including the liquid helium for operating the cryogenic facilities, are estimated to require 20k€.

We request to the EC funds to cover three years of the research fellow costs (60k€) and a contribution of about 5k€ for the consumables. The remaining costs for acquiring and operating the experimental facilities will be covered using the funds available for our laboratory.
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