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Ground-based gravitational wave (GW) detectors are ultra-sensitive interferometers
that detect displacements of the order of 10°!° m between mirrors several kilometers
apart, making it essential to minimize environmental displacement noise. Large-scale
Cryogenic Gravitational Wave Telescope (KAGRA) is a Fabry-Perot Michelson
Interferometer based GW detector located in Kamioka mine, Japan. The features
distinguishing KAGRA from other GWDs are its underground location and cryogenic
operation of the four main mirrors inside a double radiation shield cryostat. While the
underground location provides a quiet site with low seismic and gravity gradient noise,
the cryogenic operation cools the mirrors down to 20 K, reducing the thermal noises.
The cryogenic system is a necessary feature of KAGRA as it reduces the thermal noise
by cooling the mirror down to 20K, but the vibration generated from the system is a
noise source, making the quiet underground location (low seismic and gravity gradient
noise) redundant. While few studies have reported that this vibration could couple to
the mirrors and contaminate the detector sensitivity, a detailed vibration analysis of the
cooling system at cryogenic temperature at the KAGRA site has never been conducted.
Furthermore, the impact of cooling system Newtonian noise on sensitivity has never
been evaluated as previous studies only focused on the direct vibration transfer through
heat-links. To bridge this gap, I studied the vibration noise generated from the KAGRA
cryogenic system at 12 K in this research. Furthermore, I also evaluated if this vibration
contaminates the detector sensitivity through direct or Newtonian noise coupling.
Since no high sensitivity commercial cryogenic accelerometers were available to
conduct the vibration analysis, a novel self-calibrating cryogenic accelerometer with
Michelson interferometer was developed at first. The optical and mechanical
components were selected, designed and tested to minimize loss of interferometer
output at cryogenic temperature. The developed accelerometer was tested in KEK and
KAGRA cryostat and satisfied all the calibration, sensitivity and temperature
requirements. It showed a sensitivity of 3.33x10"" m//Hz at 1 Hz at 300 K and stable
operation down to 12 K with no significant drop in the interferometer visibility. While
the accelerometer was developed for KAGRA, it can be employed in any low vibration
cryogenic experiments for a multitude of applications.

The developed accelerometer was then used to conduct the first-ever vibration analysis
of the cryogenic system at cryogenic temperature at KAGRA. The measurement results
at 12 K show that inner shield vibration follows the ground motion below 1 Hz. In 1-



100 Hz, the shield vibration is 2-3 orders larger than seismic motion due to internal
resonances of the cooling system and cryocooler operation. Furthermore, it was
observed that while the operation of the cryocooler does not change the noise floor,
several 2 Hz peaks and their harmonics appear over the entire spectra. It was also
observed that the vibration spectra at 12 K was much larger than 290 K. A hammering
test was also conducted to identify the origin of cryostat and radiation shield resonance
peaks. Finally, these results were used to calculate the direct coupling of cryogenic
system vibration to the mirror through heat-links and proved that the coupling is below
the KAGRA design requirement and should not be an issue.

Cooling system components are relatively heavy and in close proximity to the mirrors,
so when they vibrate, the Newtonian gravitational force they exert on the mirror
fluctuates, causing it to move; this is called Newtonian noise and could contaminate the
detector sensitivity. Therefore, the results from the vibration analysis were used to
estimate cooling system Newtonian noise in the 1-100 Hz frequency band. This
calculation shows that Newtonian noise is below KAGRA sensitivity but several peaks
in 16-50 Hz are larger than final design requirement. This was the first-ever study to
evaluate Newtonian noise from the cooling system of KAGRA, and it was concluded
that KAGRA would need to subtract this noise (peaks between 16-50 Hz) from the
interferometer output using the developed cryogenic accelerometer to achieve the final
design sensitivity.

Based on the results obtained from all three studies, potential future issues were
considered, and future development work for KAGRA was recommended. A method to
improve the sensitivity of the current cryogenic accelerometer and the development of
a vertical cryogenic accelerometer were outlined. Furthermore, a development and
calibration plan of a cryogenic accelerometer for cryogenic payload control was also
outlined. The issue of high thermal resistance and its reduction without increasing
vibration coupling was also highlighted.

KAGRA is the first large-scale gravitational wave detector constructed underground and
employs cryogenics to cool down its test masses. These technologies will be employed
in third-generation detectors like Einstein Telescope. Therefore, the findings reported
in this thesis will help readers understand how the cooling infrastructure can affect the
sensitivity of third-generation gravitational wave detectors. Furthermore, we hope our
study can serve as a guide in designing the cooling infrastructure for third-generation
gravitational wave detectors like Einstein Telescope.
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