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Development of 13.5-meter-tall Vibration Isolation System for the Main Mirrors in KAGRA

The direct detection of gravitational waves by Advanced Laser Interferometer Gravitational
wave Observatory (LIGO) has triggered the birth of a new window in astronomy. The number of
detected events with enough confidence amounts to ten for binary black hole mergers and one for
a binary neutron star merger. As for the binary neutron star merger GW170817, starting with the
early alert of gravitational wave detection by LIGO and Virgo, follow-up observations of the
source with multiband electromagnetic telescopes were performed which yielded novel
information of astrophysics and cosmology. Now we are quite sure that gravitational wave
observations will play an important role in revealing a hidden side of the universe in the future.

KAGRA is a 3-km interferometric gravitational wave telescope constructed in Japan. The
KAGRA interferometer has two unique features among the current 2nd-generation advanced
detectors which are that it is located at an underground site with lower seismic disturbance, and
that it uses cryogenic sapphire mirrors in order to reduce thermal noise. Since the location of
KAGRA is far from both LIGO and Virgo, the participation of KAGRA in the global observatory
network can offer benefits of not only accurate false positive rgjection but also better-source
localization, better sky coverage, and more precise parameter estimation. At present, KAGRA is
in the process of completing full configuration of the interferometer toward the joint observation
with the LIGO and Virgo detectors scheduled in 2019.

Vibration isolation systems are the key instruments to suppress mirror fluctuation introduced
by continuous and random seismic motion. Even in a quiet underground environment, since
gravitational wave observation with the KAGRA interferometer requires spectral displacement
fluctuation of the mirror to be less than 10"* m/Hz"? in its observational band above 10 Hz, one
needs to attenuate the vibration transmission from the ground to the mirror by 8-10 orders of
magnitude. This level of seismic attenuation can be acquired by suspending the mirror at the
bottom of a multi-stage pendulum called suspension system, which provides vibration filtering at
high frequencies above its mechanical resonances. The suspension system also serves as an
interface of the interferometer control. The position and attitude of the mirror can be monitored
and controlled with local sensors and actuators mounted on the suspension stages so that the
optical cavities in the interferometer are kept in the resonant condition. Although the suspension
system will enhance the amplitude of the mirror fluctuation at the mechanical resonant
frequencies outside of the observation band (< 1 Hz), it can be also suppressed by active feedback

control with the electric instruments.



The study in this thesis develops the vibration isolation system for the main mirrors (test
masses) in KAGRA, which is so-called Type-A suspension. The Type-A suspension is the largest
pendulum with totally nine stages and 13.5-meter tall. It consists of two primary compositions
that are the tower part representing top five stages at room temperatures, and the cryogenic
payload representing bottom four stages at cryogenic temperatures (~ 20 K). This study focuses
on the tower part since the vibration isolation performance of whole the suspension system is
determined by the installation and adjustments of the low-frequency oscillators such as inverted
pendulums and geometric anti-springs (GASs) implemented at the top five stages.

The performance tests demonstrate that the installed Type-A tower system basically has the
designed dynamic characteristics which satisfies the requirements. The frequency responses of the
Type-A tower are measured and compared to the predictions of the nominal model. Although
there is some amount of deviation, the obtained frequency responses can be regarded as
acceptable to achieve the required vibration isolation performances except for the vertical
direction. As for the vertical direction, the dynamics of the Type-A tower shows discrepancies
between the measurement results and the model predictions, in particular in the mode shapes of its
higher order resonances. It is suspected that the higher order oscillatory behavior has stronger
dependence on the divergence of the mechanical parameters from the nominal values. However,
due to the facts that the higher order modes have smaller impact on the RMS residual motion and
that the measured mode frequencies are roughly distributed as expected, the discrepancies in the
vertical mode dynamics seem to be within the permissible range. This tolerance is also plausible
from the measured displacement spectrum at the dummy payload which is suspended instead of
the actual cryogenic payload. One problem still remains is the effect of couplings from
non-straightforwardly-controllable degrees of freedom such as a tilt of the middle GAS filter
stages. The impact of the couplings on the test mass or the interferometer should be confirmed
after integration with the cryogenic payload.

In two kinds of damping control implemented in the performance tests, torsion mode
damping is firstly engaged at the bottom stage of the Type-A tower. Since a major fraction of the
height of the Type-A suspension is accounted by a series of single suspension wires, the system
possesses a behavior of a torsion pendulum with extremely low stiffness and then have a long
duration of the torsional modes which turns to an issue in stabilizing alignment of the mirror. The
Type-A tower is responsible to address this issue by providing a function of active damping
control at the tower's bottom stage. The test of torsion mode damping proves that the long
exponential decay time of the resonances can be successfully reduced to less than 1 minute by the
active feedback control. In addition, the in-loop sensor indicates that the RMS residual angular
fluctuation in torsion is suppressed sufficiently to a level of acquiring arm cavity lock. Therefore,
it is concluded that the Type-A tower has satisfactory performance of the torsion mode damping.

This study also presents an advanced control scheme called modal damping. The modal
damping processes feedback signals in- a decoupled modal basis instead of a conventional
Cartesian basis, allowing us to simplify the servo design optimization and to access efficient

actuation for a coupled oscillatory system. The control test demonstrates feasibility of modal



damping for the coupled vertical modes of the Type-A suspension. Deriving a conversion law
between the Cartesian basis and the modal basis from the mathematical model, coupled signals of
the vertical modes can be decomposed into those of each orthogonal eigenmode. Moreover, the
result of the modal damping shows that the eigenmodes can be damped independently of other
modes. Although the availability of modal controllers is validated only for the vertical modes in
this test, one can expect to apply this technique to other stages having less-powerful actuators
such as the cryogenic payload.

After the sequence of those tower test, the installed Type-A tower was integrated with the
cryogenic payload and incorporated into a global system of the KAGRA interferometer. This
thesis includes the measurement of the vibration isolation ratio from the ground to the test mass.
During the first cryogenic test operation of the simplified 3-km Michelson interferometer, we
measured the vibration transmissivity from the top stage to-the error signals of the interferometer
output. Combining the measured result with a model prediction of the transmissibity from the
ground to the top stage derived from the tuned mathematical model, the total vibration isolation
ratio of the Type-A suspension is estimated as 9 X 102 for the pure longitudinal contribution at
10 Hz. Although the estimated result is pursued by some amount of mismatch with respect to the
nominal model prediction, the seismic attenuation performance of the real system seems to be a

reasonable level to achieve the design sensitivity of KAGRA.
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