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Overview (from my point of view)
・20 May - 24 May

・A lot of talks about 3G


‣ Coating thermal, Newtonian noise, 2 µm laser, facilities, …


‣Mirror coating is very hot (but not so huge progress?)

・Some small scale prototypes


‣ 40 m (Caltech)


‣ 10 m (AEI)


‣ ET Pathfinder (NIKHEF)

・What I did: status talk of TOBA

・Some questions are received


‣ The effect of cryostat on vibration


‣ Drift during cooling


‣ How about to make it underground?
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Development of

Cryogenic Torsion-Bar 

Gravitational Wave Detector

Satoru Takano, Tomohumi Shimoda, Ching Pin Ooi, Yuki Miyazaki, 
Yuta Michimura, Masaki Ando


The Univ. of Tokyo

24/05/19 GWADW2019 @ Elba
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Selected Talks
・Seismic Metamaterials and their applications to reducing 

Newtonian Noise (B. Kamai, Caltech)


‣ How to mitigate NN (also seismic noise) by surroundings

・Low frequency precision sensor experiments at UWA                 

(J. McCann, UWA)


‣  Tiltmeters and accelerometers

・ Interferometric sensors for low frequency isolation and control   

(C. Mow-Lowry, Univ. of Birmingham)


‣ New sensors for low frequency 
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Seismic Metamaterials  
and their applications to 

reducing Newtonian Noise

Brittany Kamai 

California Institute of Technology 
Fisk-Vanderbilt  Bridge Postdoctoral Fellow

bkamai@caltech.edu @cosmojellyfish 

1 | 13

Low frequency precision sensor 
experiments at UWA

J. J. McCann, J.V. van Heijningen, J. Winterflood, L. Ju and C. Zhao.
The University of Western Australia

GWADW|22.05.2019

Interferometric sensors for low 
frequency isolation and control

•Sam Cooper, Conor Mow-Lowry, Chris Collins, 
Leonid Prokhorov, Amit Ubhi, Denis Martynov, 
Chiara di Fronzo

1
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Seismic Metamaterials
・Current mainstream of mitigation of NN:


‣Monitor by seismometers and cancel NN from strain data

・Another way:


‣ Reduce seismic waves itself by metamaterials


‣

!4
Brittany Kamai, PhDbkamai@caltech.edu �5

Cloaking = Yes, invisibility cloaks

protected 

region

incoming waves

cloak

Brittany Kamai, PhDbkamai@caltech.edu �8

Metamaterials

People-designed  
materials

Incoming wave + = Cloaking

Electromagnetic

Acoustic

Seismic

Fluids


Fabulous overview : “Metamaterials Beyond Optics” Kadic 2013

Cloaking has been experimentally demonstrated in a number of these applications

(photonics, telecommunications, acoustic, underwater)
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Metamaterials for Seismic Wave
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Brittany Kamai, PhDbkamai@caltech.edu �18

Advances in the field of Seismic metamaterials

50 Hz notch-filter 

using holes in 


the ground

Bandgaps at 40 &110 Hz
Low pass filter 50 Hz

Buried 

resonators 


< 50Hz
using trees 
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An Example of Seismic Metamaterials
・Dig holes side by side to filter 50 Hz waves
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Brittany Kamai, PhDbkamai@caltech.edu �19

"Experiments on Seismic Metamaterials: Molding Surface Waves"

Brule, et al, PRL 2014

Generate 

50 Hz 

waves

2014

Set scale of metamaterials

Measure 

with 


detectors

Brittany Kamai, PhDbkamai@caltech.edu �21

2014"Experiments on Seismic Metamaterials: Molding Surface Waves"

Brule, et al, PRL 2014

metamaterial 

(white circles)

detectors 

(black squares)

source 

(cross)

Main Results  
• Reflected waves back 

towards the source


• Achieved a factor of 2 
attenuation 
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Low Frequency Precision Sensor
・HoQI: Homodyne Quadrature Interferometer


・That’s what I just told in midterm seminar
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We have developed a tool that can fix 
this in two ways

1) Local damping of suspensions

2) Reducing ISI motion with new sensors

Breaking the seismic wall

/  4123. 04. 2019 Midterm Seminar 2019

Quadrature Phase Interferometer
Quadrature phase interferometer:

・Using of polarization of the light

・Have infinite range theoretically

・Used in many field:

‣ Phase-I TOBA (by Okada-san)

‣ GIF (the longest QPI, probably)

‣ [Miyazaki-kun almost tried it (but finally gave up)]

‣ A group in Univ. of Birmingham

!38
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iodine-saturated absorption spectrum and attains an 
Allan variance of 3  ×  10−13 as the lowest relative fre-
quency stability (Araya et al. 2002). The stabilized laser 
beam is introduced into the input path through a polari-
zation-maintaining optical fiber. The interference fringes 
are detected using two photodetectors on the input opti-
cal bench. A quadrature detection technique, as shown 
in Fig.  3, is used. Using a quarter-wave plate inserted 
in the reference arm of the interferometer, the optical 
phase is shifted by π/2 between the horizontal and verti-
cal polarizations, and thus, quadrature fringe signals are 
obtained for both polarizations. The Lissajous curve pro-
duced from the two complementary fringe signals allows 
bidirectional detection of the mirror motion. The dis-
placement resolution depends on both the wavelength 
and its detectable fraction, as in ordinary interferome-
ters. However, the measurement range is arbitrarily wide 
because the fringes are periodic, unless they are lost 
due to misalignment or a low sampling rate. The fringe 
signals are sampled using 24-bit analog-to-digital con-
verters (ADCs, PXI-5922, National Instruments Corp.) 
located onsite with a sampling rate of 50  kHz, which 
is synchronized with a rubidium atomic clock. The 
recorded data can be accessed from outside the tunnel 
and downloaded every minute to a storage device out-
side the mine, and the stored data are converted to strain 
automatically as follows.

The Lissajous curve is fitted to an ellipse (Heydemann 
1981; Zumberge et al. 2004) and normalized to a unit cir-
cle to obtain the optical phase, ϕ, which is proportional to 
the change in the interferometer arm length, !L,

Therefore, the strain, ε, can be obtained from the 
formula

where L is the baseline length of 1500 m. The raw strain 
data (50  kHz samples) are filtered and averaged to 
produce 5  kHz, 200  Hz, or 20  Hz data. These data are 
stored and used for maintenance, seismic, and geodetic 
analyses.

Results and discussion
In Fig. 4, a typical strain change observed by the 1500-m 
laser strainmeter (blue) is shown together with the the-
oretical tidal change (green) calculated with the tidal 
calculation program GOTIC2 (Matsumoto et  al. 2001), 
including both solid and ocean tides. The waveforms are 
in good agreement with each other; however, a slight 
difference in amplitudes can be seen. An approximately 
13% reduction in the theoretical amplitude (red) fits the 

(1)ϕ =
4 π

!
#L.

(2)ε =
"L

L
=

!

4 πL
ϕ,

Fig. 3 Quadrature interferometer used in the 1500-m laser strainmeter (left). A quarter-wave plate inserted in the interferometer produces a 90° 
phase shift between the horizontal and vertical polarizations. As a result, the intensities of the interference beams for both polarizations separated 
by the polarizing beam splitter complementarily change as sine and cosine (bottom right). By normalizing the observed elliptic Lissajous curve (top 
right) into a circular one, mirror motion can be determined from the phase angle
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with a resolution of a few microns, but the coupling was much larger than predicted. This is 
attributed to interference from stray light. The residual coupling can be quantified by an effec-
tive arm-length mismatch of 0.7 mm. Assuming laser frequency fluctuations of 104 × [ 1

f ] Hz √
Hz

−1
, we predict the red curve shown in figure 3.

The electronic noise (the black curve in figure 3) is measured by replacing the photodiode 
inputs with a constant current using a resistor connected to a bias voltage. The resistor values 
are such that the 3 input currents simulate a specific optical phase for the three photodiodes.

The baseplate was placed on rubber ‘feet’ on an optical bench and sampled at 20 kHz over 
a 10 hour period. Figure 3 shows the amplitude spectral density of the measurement over a 
ten minute segment of this data. The interferometer reaches a peak sensitivity of 2 × 10−14 m √

Hz−1  at 70 Hz. At 10 mHz a sensitivity of 7 × 10−11 m 
√

Hz−1  is achieved.
The total sensitivity is probably limited by electronic noise at frequencies near 0.5 Hz. 

Below this, the limiting factor is assumed to be a combination of air currents, temperature 
fluctuations, and frequency noise. Above 1 Hz, the sources of noise are less well understood 
except for the peak near 18 Hz, that is caused by mechanical vibration of the optical table, and 
the large peak at 50 Hz, caused by pickup in the unshielded photodiode cables.

Figure 2. The prototype version of HoQI, the base plate is 170 × 100 mm with 10 mm 
gaps between components.

Figure 3. Sensitivity of the fibre-coupled prototype HoQI showing the interferometer 
signal (blue), the measured readout noise (black), and an estimate of the frequency 
noise that couples into the interferometer (red).

S J Cooper et alClass. Quantum Grav. 35 (2018) 095007
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HoQI: HOmodyne Quadrature 
Interferometer
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Geophone with HoQI
Breaking the seismic wall

We have developed a tool that can fix 
this in two ways

1) Local damping of suspensions

2) Reducing ISI motion with new 
sensors

・Read geophone’s internal mass by HoQI

(I don’t know how they broke L-4C)
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Inertial Sensor Sensitivity (In air, no isolation)

~ 100x higher resolution @10mHz than coil L4C 

normal readout

HoQI

readout

・Sensitivity at low frequency 
is much improved! 


(~ 200 @ 0.1 Hz)

・ I want this
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Tiltmeter
・Advanced Low Frequency Rotational Accelerometer ALFRA 

・A balance beam type tiltmeter


‣ Resonant frequency: ~ 10 mHz


‣ Compact scale (~ O(10) cm)

!9

4 | 13Joshua.mccann@research.uwa.edu.au

Overview: Conceptual design

FlexureReadout: Walk-off sensor

Aluminium 
bar with 
2kg brass 
ends

Soft supports

3 | 13Joshua.mccann@research.uwa.edu.au

ALFRA goals

• A balance beam style rotation sensor

• Capable of horizontal and vertical mounting

• Low resonant frequency – 10mHz

• Sensitivity of nano radians or below at 10mHz and above

• Compact

5 | 13Joshua.mccann@research.uwa.edu.au

Knife Edge

Bar Mirror

ALFRA bar

PD

PD

Difference

Laser

Optical readout: Walk-off sensor
• Laser bounces between two mirrors 

in parabolic shape
• Angle change between mirrors can 

be detected by laser position change 
on a knife edge

• The bounces amplify the angular 
sensitivity

Ground Mirror
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Readout of ALFRA

!10

7 | 13Joshua.mccann@research.uwa.edu.au

Sensitivity: Walk-off sensor not in air

Currently at 
nano radians 
sensitivity 
above 20mHz

J. J. McCann et al., Rev. Sci. 90, 045005 (2019)
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Summary
・R&D at Low frequency is a battle against seismic noise

・There is some room to contribute future detector about seismic 

noise reduction even by table top experiments
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Sky localization BNS

More detectors

Better low-frequency Better bucket Better high-frequency

Memory

Ringdown NS Equation of state

Precessing BH spins

mass ratio

Distance/
Cosmology

Aligned BH spins

Supernovae and other unmodeled transients

Continuous waves

Inclination/
EM modeling

Tests of General relativity
Source-frame 

masses
NS post-merger

IMBH
or 

high-z
BBH

Stochastic
CW Axions 

from 30M BH 
remnant

Early-
warning 

localization

Low/High frequency  - Network size trade off

Eccentricity

The unexpected

DCC G1900660 public

S. Vitale, 2019
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Fin.


