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fm LB B Optical Loss Study of Molecular Layers Using a Cryogenic Folded Cavity for

Future Gravitational-wave Detectors

The detection of a gravitational wave (GW) opened a new window to the
Universe, called GW astronomy. A number of detections of GWs have been reported,
and the existence of intermediate mass black hole was revealed. The Einstein Telescope
(ET), a 3rd-generation gravitational-wave detector (GWD) in Europe, and LIGO
Voyager, a substantial upgrade of Advanced LIGO (aLIGO), are planning to employ
cryogenically cooled mirrors to reduce thermal noise. It is expected that such future
cryogenic GWDs will enable to constrain the formation process of intermediate mass
black holes or discover new GW sources with improved sensitivity. The development of
cryogenically cooled mirrors is an important technical challenge to realize future
cryogenic GWDs.

In the future cryogenic GWDs such as the ET and LIGO Voyager, residual gas
molecules can be adsorbed by a cryogenic mirror due to the cryopumping effect. The
main component of residual gas molecules is water, which is adsorbed as an amorphous
ice. The amorphous ice has large optical absorption at the wavelengths which will be
employed in the future GWDs. Therefore, the molecular layer formed on the cryogenic
mirror surface can cause a problem due to its large optical absorption. We call such a
molecular layer a cryogenic molecular layer (CML).

The impacts of the optical loss by the CML have not been studied at
wavelengths of 1.5 to 2 yum where the future cryogenic GWDs will employ. We
theoretically estimate the optical loss induced by the CML for future GWDs by
assuming the Lambert-Beer law. Because of the large absorption coefficient of
amorphous ice, the heat input to the cryogenic mirrors in the ET or LIGO Voyager can
exceed their cooling capacities even if its thickness is about 1 nm. Therefore, the CML
can hinder the detectors from reaching target cryogenic temperature, resulting in
worse sensitivity.

In order to investigate the optical loss of the CML, we have developed a
cryogenic folded optical cavity, which consists of three mirrors — input and output
mirrors and a folding mirror. This device enables us to perform ringdown
measurements at a broad temperature range, from the room temperature down to 10 K
cryogenic temperature. Moreover, the folding configuration enables us to perform the
cavity enhanced ellipsometry, which is a novel technique we developed to estimate the

thickness of the CML. By combining the ringdown measurement and the cavity



enhanced ellipsometry, we estimated a method to characterize the optical loss and
thickness of CMLs at the same wavelength and the temperature as the ET. The results
indicate that the heat input due to the CML can exceed the cooling capacity of the ET
even at 2 nm thickness. Therefore, both theoretical and experimental results indicate
that a few nanometer-thick CML can prevent cryogenic operation of the ET due to large
heat input.

We conducted numerical simulations to estimate the CML formation speed and
the time before the CML induced loss becomes unacceptable. We made CAD models of
cryotraps in future GWDs, and calculated the CML formation rate assuming the
designed vacuum level. For the case of the ET, it can tolerate the CML formation for 4
vears before inducing a serious issue. The tolerable time of LIGO Voyager was
estimated to be about a half year. Therefore, the CML can become a problem for long-
term operation of LIGO Voyager. To mitigate the impacts of the CML, we propose
several possible solutions. Employment of longer cryotraps is one possible solution,
which can reduce the CML formation speed. For the case of the ET, by using an 8 m
long 4 K cryotrap instead of the currently designed 5 m one, tolerable time becomes
about 30 years. However, LIGO Voyager cannot use longer cryotraps due to its limited
available space in the existing LIGO facility. Based on the cavity enhanced ellipsometry,
we propose a monitoring system which can probe the thickness of a CML on a cryogenic
test mass. A laser induced desorption system, which can remove the CML by increasing
the temperature of the test mass, is also another possible approach to mitigate the
impacts of the CML. The cryogenic folded cavity developed in this study can be utilized
as a test bench for the desorption system. Further studies are necessary to characterize
and reduce the impacts of the CML on future GWDs.

Our study revealed that the CML can become a critical problem in the future
cryogenic GWDs. The cryogenic folded cavity and the cavity enhanced ellipsometry
developed in this study are useful tools for further investigations of the CML. This

study is one important step toward the future cryogenic GWDs.
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