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Public Alerts (until Jan. 15)

Until O2
• BBH�10
• BNS�1

O3 �Candidates at 2020.Jan.15�

• BBH�29
• BNS�5
• NSBH�5
• Undefined�6

about�event/week



GW Amplitude

from NASA GALEX

This size corresponds to search a bead in our 
Galaxy.

0.1 M Ly

~mm

We need to detect gravitational wave amplitude of the order of 
10-24 (displacement of 10-24m /1m) to do GW astronomy because gravity 
interaction is pretty small.

Strong  > EM  >>  Week >> ��� >> Gravity
~ 0.1 ~ 0.01 ~ 10-5 ~10-38

Our Galaxy Magellan Andromeda Virgo cluster Hercules cluster

h � 1
r

200 Mpc

10-24  = ���� in Japanese unit

Event Number � V



Principle of GW Measurement by Michelson Interferometer
When length difference between both interferometer arms are occurred by GW, 
leakage of light will be dropped onto CCD.
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Practical 2nd Generation GW Telescope

Dual Recycled Fabry-Perot 
Michelson Interferometer
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Seismic Noise (< 10 Hz)

Typical Urban Area
like NAOJ

Underground
in Kamioka

~ nm

0.1 um 

We need ~ 10-20 m/rHz
@ 100Hz

Vibration Attenuator



KAGRA

Underground

Cryogenic Mirror System

8

2.5th Generation GW detector 
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Inverted
Pendulum

(1)
(2)

(3)

Pendulum & Spring consist a good mechanical low-pass filter
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Low-pass filter

• 1Hz pendulum     = 25cm
• 0.1Hz pendulum   = 25m

Resonant frequency of pendulum
depends on only its length.

Vibration Attenuation
Observation band of GW telescopes: dozens – kilo Heltz
We need small vibration only at this band.

To achieve sufficient vibration attenuation
at observation band, we need to make
vibration attenuator with the resonance
at low frequency.



������ 76, 2010, p1225
Ryutaro Takahashi

Geometrical idea

Use of Buckling

Roberts’ Linkage X-Pendulum Folding Pendulum

Negative Stiffness Mechanism Geometric Anti-Spring

Ideas of compact Vibration Attenuator with low frequency





“Modeling and Simulation of Vibration Isolation System 
for Large-scale Cryogenic Gravitational-wave Telescope 
(LCGT)”,
����, ��
�, 	���, 2011

Geometric Anti-Spring

IP GAS

Large support
From ATC
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Upper Floor

Bottom Floor

Arm tunnel

14m 4-stage GAS filters
@ room temperature

Cryogenic part

Main mirror positions

KAGRA Main Mirror 
Suspension System

Main Cryostat Duct Shield

We excavate upper-floors
and  vertical holes for 
Vibration Isolation System.
Base of the VIS is put
on the upper-floor

Frame-Free Suspension



Cryogenic PayloadUltra-small Vibration
Cryocooler & Duct Shield

Heat-Link Vibration Isolator

Wide-Angle Baffle
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Cryogenic Mirror Suspension

Thermal Noise

Sapphire @ 20K

We found that single
crystalline sapphire has
very small acoustic loss
at cryogenic temperature

Typical value of acoustic loss
Of sapphire at room temp. is
~10-6

Single Crystalline Sapphire Bulk

(bulk)

(fiber)

Temperature

Acoustic loss

But We need to make this
complex structure with
monolithic sapphire condition
to reduce thermal noise of
the mirror suspension system.



Hydroxide-Catalysis Bonding Very strong oxide-crystal contact

NaOH, KOH, Na2SiO3→ kind of water glass

• Need high quality polish on contact surfaces, typically λ/10 ~λ/5
• Don’t need to heat treatment
• Mechanical strength is comparable with crystal itself.
• This bonding technology was developed for SiO2 contacts.

But we confirmed that this is applied to other oxidized materials
�We confirmed to bond for Alumina and Stainless steel.�

• HCB keeps sufficient strength even at cryogenic temperature.
• Its acoustic loss is not so small.

Semi-monolithic
sapphire suspension



Ultra-low Vibration 4K-Cryocooler System

1W Pulse-Tube Cryocooler
(Sumitomo Heavy Industry)

Rotary-Valve Unit

To Compressor

Valve Table

Welded Bellows

Support Frame

4K cooling bar
80K cooling pipe

Bellows

Cold table

Heat Link (5N Cu)

T. Tomaru et. al.,Cryocoolers 13, (2005) 695-702
C. Tokoku et al., AIP Conference Proceedings 1573, 1254 (2014) 
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Before Modification
After Modification

FIGURE 5. (LEFT) Measured typical power spectral density (PSDs) for the direction along the 8 K thermal conduction bar
(Ch 1), horizontal perpendicular to the bar (Ch 2), and for the vertical (Ch 3). This is measured after the modification of the support
structure. (RIGHT) The frequency response functions (FRFs) of the cryocooler unit obtained by the hammering test. The results
before and after the modification of supporting structures are shown.

surfaces outgo from the view ports and relative displacement between the displacement meters and the surfaces are
detected. On another hand, since the displacement meter and cryocooler unit are rigidly mounted on the concrete
floor, low-frequency components of the floor vibration are given in the same phase and compensated. Then, while
the low-frequency components of the floor vibration are not affected on the relative displacement, the high-frequency
components are small enough to affect them. Thus, the effect of the floor vibration to the measured displacement is
expected to be small. Measured signal is converted to a power spectrum density (PSD) by Fourier transformation.
Left in Figure 5 shows the measured typical PSD for one cryocooler unit. The most dominant vibration is seen
at the frequency of 1.7 Hz which occurs from the circulation of compressed helium gas of cold head. To suppress
this vibration below 0.1 µm, we made some improvements to the support structure design. At the same time, we
conduct hammering test to investigate characteristic vibrations of the structures. With the same setup as the vibration
measurement, we hit some structures on the cryocooler unit and obtain the response spectra, that is the frequency
response functions (FRFs), for the same three directions. From these results, we made further improvement on the
stiffness of the structure. Right on Figure 5 shows the typical FRFs measured before and after the modification of the
structure. You can see that the frequency with dominant peak shifted to the higher frequency after modification, that
means the stiffness of the structure was enhanced.

Performance Test on the Cryostats

Finally we conducted the cooling performance tests of all the four cryostats at the Toshiba Keihin Product Operations
in February and March 2013 (Right on Figure 3). It takes about 14 days to cool the 8 K shield to the lowest temperature.
It turned out that all the cryostats have almost the same cooling time. Figure 6 shows the typical cooling curves obtained
from the test with the calculated cooling curve of the 8 K shield. The estimation was calculated based on the cooling
power (equivalent of that at two 8 K thermal conduction rods of the cryocooler units) divided by the total cooling mass
(which is determined by multiplying the mass of the shield and specific heat capacity of aluminum, in this case). This
rough estimation does not include the effect of radiation and the heat input from housekeeping and other individual
components. The achieving temperatures were 4.3 - 6.3 K at the payload line where the heat link from the mirror will
be transferred, 6.8 - 10.0 K at the top plate of 8 K shield, and 58 - 70 K at the top plate of 80 K shield. To evaluate the
thermal response to the heat load, a few different heat loads were applied at the top plate of 8 K shield and the payload
line. The heat loads correspond to the heat input from the scattering light and from the mirror, respectively. These
results are useful for estimation and calibration of the amount of incoming heat. Note that there was no thermal mass
connected to the payload lines for these tests. The results of heat load tests are listed on Table 2. From these results,
we calculated the thermal budget to evaluate the performance of the cryostats and cryocooler units. Table 3 shows both
designed and measured thermal budget. Since some major components like the duct shield, view ports, and payloads
with mirrors (also laser beam with scattering light) are not installed in the cryostat, the evaluation is not enough at this

1259

Original
Low Vibration 

Vibration Spectrum

0.5W PTC in CLIO

1.0W PTC in KAGRA

Pure Al (5N) heat links are used. Pure Cu (5N) heat links are used.



Details of our heat link
• Material: 99.9999% (6N) Aluminum (Sumitomo Chemical Co., Ltd.)
• Configuration: 

If we consider the cantilver shape, from easy discussion, spring constant is
driven as
Our heat link ensures large cross-sectional area by gathering many thin wires.

Thin wire
(!0.15 mm)

7-wire strand
(!0.15 mm 7)

49-wire strand
(!0.15 mm 7 7)

Stranded-cable type heat link (!0.15 mm 7 7 7)

" = $%
& . ": Spring constant, $: Heat, &: Number of wires

2 -0  . 078 51 157

By T. Yamada

Thermal conductivity: Result

Size effect

6N Bulk

A1100 

Estimated from RRR

Fit with Eq.(1)

Extrapolation

��

Size effect dominates conductivity

Advantage of stranded cable in stiffness
• Evaluation of spring constant 

- Spring constant is index of the stiffness. 
- ! ∝ #$ #: resonant frequency
- We prepared a single thick wire with same cross-sectional area of stranded cable.
-> We measured both resonant frequencies.

! ∝ %
$

&

• Result (Resonant frequency)
Area 5N 6N

'1mm single 0.8 mm2 64 Hz 64 Hz
45 wires strand 0.8 mm2 9.6 Hz 9.8 Hz

1/6.5! ∝ #$

Spring constant: 1/43

Much lower spring constant and same cross-sectional area
2 -0  . 078 51 157

Pre-Amplifier

Data logger

LaserSample

Clamp

Photo Detector

Setting

Details of our heat link
• Material: 99.9999% (6N) Aluminum (Sumitomo Chemical Co., Ltd.)
• Configuration: 

If we consider the cantilver shape, from easy discussion, spring constant is
driven as
Our heat link ensures large cross-sectional area by gathering many thin wires.

Thin wire
(!0.15 mm)

7-wire strand
(!0.15 mm 7)

49-wire strand
(!0.15 mm 7 7)

Stranded-cable type heat link (!0.15 mm 7 7 7)

" = $%
& . ": Spring constant, $: Heat, &: Number of wires

2 -0  . 078 51 157

Spring constant of stranded
Cable is smaller than single
Wire.

Very Soft 6N Al Stranded Cable as Heat-link



KAGRA (Kamioka), 3km
will start from 2019

LIGO India
will start from 
2025

aVIRGO (Pisa), 3km
~55Mpc

aLIGO (Hanford), 4km
70-80Mpc for NS-NS

aLIGO
(Livingston), 4km

120-130Mpc

Observation Network for Gravitational Wave
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Figure 5: An example when the sky localization accuracy is improved significantly by adding
KAGRA. The 90 % credible area for the 3-detectors HLV case is 130 deg2, while 4-detector
HLVK case is 10.3 deg2 and 72.7 deg2 when KAGRA’s BNS range is 25 Mpc, and 8 Mpc, re-
spectively. The source parameters are (m1,m2) = (1.25, 1.44)M�, cos(inclination angle)=�0.41,
(�1,�2) = (0.03,�0.01), and distance is 46 Mpc.
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Figure 6: Locations and orientations of LIGO/Virgo/KAGRA detectors.
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Figure 6: Locations and orientations of LIGO/Virgo/KAGRA detectors.

130 deg2

72.7 deg2 10.3 deg2

LIGO: 120Mpc
VIRGO: 60Mpc

HLV

HLVK (8Mpc) HLVK (25Mpc)

10 Times!

Event Localization
• Improvement of precision of 
Luminosity Distance
• Investigation of event distribution
• Improvement of successful detection 
by Follow-up observation



KAGRA: 2.5nd Generation GW Detector
Einstein Telescope (Europe), 10km

Cosmic Explorer (USA), 40km
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KAGRA Upgrade
in Near Future

10km scale
Asian Telescope?



Internationalization? Did you really understand my talk?

Domestic Group Oversea Group
Scientists ScientistsEnglish

Should be no problem

Large issue is internal domestic group

Scientist: Japanese & non-Japanese
Engineer: Only Japanese
Technician: no
Student: Japanese & non-Japanese
Office worker: Only Japanese but fluent English speaker

In the case of GW Science Project

It is not so easy to have good
Communication in English

To do fundamental improvement,
we need long-term education
from young age. 
We need to expect improvement
of Japanese education system



Hydroxide-Catalysis Bonding Very strong oxide-crystal contact

NaOH, KOH, Na2SiO3→ kind of water glass

• Need high quality polish on contact surfaces, typically λ/10 ~λ/5
• Don’t need to heat treatment
• Mechanical strength is comparable with crystal itself.
• This bonding technology was developed for SiO2 contacts.

But we confirmed that this is applied to other oxidized materials
RWe confirmed to bond for Alumina and Stainless steel.S

• HCB keeps sufficient strength even at cryogenic temperature.
• Its acoustic loss is not so small.

Semi-monolithic
sapphire suspension
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My idea is to use both Japanese and English Especially in e-mail.

Writer/Speaker Even if he/she spends twice time

Reader Reader Reader Reader���

50% time saving
50% time saving 50% time saving

50% time saving

We can expect large efficiency in total

And above all, most important thing is to understand discussion by everyone.
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