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Newtonian Noise
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Newtonian noise: comes from local gravity gradient fluctuation

・Seismic waves


‣ body wave


‣ surface wave


‣ etc.


・Atmospheric fluctuation


‣ temperature fluctuation


‣ infrasound waves


‣ etc.


・Moving masses


‣ water


‣ human activity


‣ etc.
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Seismic Wave
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・Seismic waves:

๏ body wave

◦P-wave: compressional wave

◦S-wave: shear wave


‣ propagate though media


๏ surface waves

◦Rayleigh wave


‣ propagates on the surface of media


・can be divided by 

surface and bulk contribution

http://physics.tutorcircle.com/waves/p-wave.html

https://earthquake.usgs.gov/learn/glossary/images/rayleigh_web.jpg

http://physics.tutorcircle.com/waves/p-wave.html
https://earthquake.usgs.gov/learn/glossary/images/rayleigh_web.jpg
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NN in KAGRA
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surface NN and  
bulk NN 
in KAGRA site

based on Somiya+ (2012)


Estimated to be enough 
small for seismic


Other source could affect 
sensitivity


Total

Suspension thermal

Mirror thermalSeismic

Quantum

surface NN 
&


bulk NN
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・For 3G detectors NN could be a dominant noise source in low 
frequencies


NN in 3G Detectors

5
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The range of body-wave NN shown in the two plots of !gure 7 assumes that underground 
seismic spectra are a factor 3–12 above the global low-noise model [23], and an isotropic !eld 
is composed entirely of compressional waves. If it were composed entirely of shear waves, 
then the NN would be a factor 2 smaller. The prediction of Rayleigh NN (denoted Surface 
in the two plots) in underground detectors requires an assumption about the seismic surface 
spectrum, which is a factor 50–1000 above the global low-noise models in the two plots, but 
also an assumption about the dispersion curve. The slower (and therefore shorter) Rayleigh 
waves, the stronger is the suppression of associated NN with depth [7]. The dispersion model 
used for the two plots (Rayleigh wavelength plays a negligible role for NN in surface detec-
tors) yields a Rayleigh-wave speed of 1.8 km s−1 at 1 Hz falling to 500 m s−1 at 10 Hz. There 
can be signi!cant regional variations, but these values are typical. The NN model takes into 
account for body waves as well as for Rayleigh waves that there are additional contributions 

(a) (b)

Figure 7. Seismic NN predictions for the ET. (a) ET at the surface. (b) ET underground.

Figure 8. Broadband optimization of cancellation performance including histograms 
of residuals if all sensor coordinates are changed randomly by adding a number drawn 
from a Gaussian with standard deviation of 50 m corresponding to about 0.08λ at 10 
Hz. The curve N  =  6  +  6 is plotted without histogram.

F Badaracco and J Harms Class. Quantum Grav. 36 (2019) 145006

F Badaracco and J Harms 2019

ET sensitivity

Seismic NNs

https://iopscience.iop.org/article/10.1088/1361-6382/ab28c1/pdf
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Strategy
・Basically NN cannot be distinguished from GW signal

・Coupling path is simple, but modeling is complicated


‣Model test by direct measurement

6

3.2. Noise sources 45

Figure 3.5: Estimated Newtonian noise spectrum for seismic NN (blue) , at-
mospheric infrasound NN [63] (green) and atmospheric temperature NN (red).
The seismic NN was calculated based on the estimated spectrum for KAGRA
[26]. The atmospheric NNs are plotted for different depths; 0 m (solid lines),
100 m (dashed lines) and 300 m (dotted lines).

3.2.5 Residual gas noise
The residual molecules in the vacuum chamber hit the suspended bar and
excite the vibration. This noise can be calculated by considering the damping
rate in the gas. For a rectangular bar which has a side area of Ab, the ASD of
residual gas noise is given by

√
Sgas(f) =

√√√√PvacAbL2
b

√
mmkBT

3
√

2π
|χ̃(f)|, (3.35)

where mm is the mass of the residual gas molecule, and Pvac is the pressure
around the bar.

Improving the degree of vacuum is essential to suppress the residual gas
noise. Though cooling is not directly very effective to reduce this noise because
of the small dependency on the temperature (∝ T 1/4), the cryogenic part
improves the degree of vacuum by adsorbing the molecules on the surface.
This effect is known as a cryopump. Using a bar with small side area Ab is
also important.

3.2.6 Magnetic noise
Fluctuation of environmental magnetic field can couple to the bar’s rotation via
the magnetic moment µ or the magnetic susceptibility χm of the bar. Torque

temperature

seismic

infrasound

credit: T.Shimoda
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Torsion Bar Antenna (TOBA)
TOBA : TOrsion-Bar Antenna 

・Gravitational wave detector using two torsion pendulums

・GW detector = Gravity Gradiometer 

・Resonant frequency of torsion pendulum ~ mHz

→ Sensitive to low frequency ( ~ 0.1Hz)


・Target sensitivity h ~ 10-19 / √Hz @ 0.1 Hz with 10 m bars
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potential sensitivity and scientific possibility in modern
technologies.

Principle of a torsion-bar antenna.—A TOBA is com-
prised of two bar-shaped test masses, arranged parallel to
the x-y plane and orthogonal to each other (Fig. 1). Each
bar is supported at its center, so as to rotate around the
z axis. When GWs pass through this antenna, tidal forces
by the GWs will appear as differential angular changes in
these bars. These changes are extracted as a GW signal by
using a sensitive sensor, such as a laser interferometer.

The rotation angle ! of a test-mass bar from the original
position is obtained by the equation of motion

I €!þ " _!þ #! ¼ FGWðtÞ; (1)

where FGW is the torque caused by the GWand " and # are
the damping factor and spring constant of the restoring
torque by the support, respectively. The moment of inertia
of the test mass is expressed as I ¼ R

$ðx2 þ y2ÞdV, where
$ and V are the density and volume of the test mass,
respectively. Assuming that the antenna is much smaller
than the wavelength of target GWs, the torque caused by a
GW with an amplitude of hij is expressed as

FGWðtÞ ¼ 1
4q

ij €hijðtÞ; (2)

by using dynamic quadrupole moment qij [16]. For bar
rotation, q11 ¼ %q22 ¼ %R

$ð2xyÞdV and q12 ¼ q21 ¼R
$ðx2 % y2ÞdV.
Here, we consider the response of a test-mass bar ar-

ranged along the x direction to GWs traveling along the z
axis, h11 ¼ %h22 ¼ hþ and h12 ¼ %h21 ¼ h&, where hþ
and h& denote the amplitudes of two independent polar-
izations (plus and cross modes, respectively) of incident
GWs. In an approximation that the test-mass bar freely
rotate around the z axis (" ' 1 and # ' 1), Eq. (1) results
in a simple equation, !1 ¼ %h&=2, where % is a shape
factor of the test mass; % ¼ q12=I ’ 1 in the case of a thin
bar. Another test-mass bar, arranged along the y axis,
rotates with an opposite sign as !2 ¼ %%h&=2. The re-
sultant output of the antenna is expressed as

!diffðtÞ ( !1 % !2 ¼ %h&ðtÞ: (3)

GWs with a cross polarization are observed as differential
angular fluctuations of the test-mass bars [17].

Now, we consider the situation that the antenna is rotat-
ing around the z axis with an angular velocity of!rot. In an

approximation that rotation is sufficiently slow, the re-
sponse of the antenna is expressed as

€! diff ¼ %½ €h& cosð2!rottÞ þ €hþ sinð2!rottÞ*; (4)

by calculating the torque, Eq. (2), in a coordinate rotating
with the antenna. This indicates that the GW signal is
modulated by the rotation; a GW signal with an angular
frequency of !g is up- and down-converted to appear at
!g + 2!rot frequencies. Equation (4) results in

!diff ’ %
!
!g

2!rot

"
2
½h& cosð2!rottÞ þ hþ sinð2!rottÞ*; (5)

in the case of !g ' !rot. The low-frequency GW signal is
up-converted to signals at an angular frequency of 2!rot.
Equation (5) also shows that two polarization components
of incident GWs are extracted from two quadrature phases
of the antenna output.
Advantages of torsion-bar antenna.—A TOBA has sig-

nificant features in both ground-based and space-borne
designs. As a ground-based antenna, a TOBA is a novel
approach to observe low-frequency GWs. In a usual
ground-based interferometric antenna, a test-mass mirror
is suspended as a pendulum to behave as a free mass in the
horizontal plane. Conversely, it has almost no fundamental
sensitivity to GWs below the resonant frequency of the
pendulum (around 1 Hz). In a TOBA, a test-mass bar is
supported as a torsion pendulum, with a low resonant
frequency on the order of a few millihertz in the rotational
degree of freedom. Thus, a TOBA has a fundamental
sensitivity to low-frequency GWs.
The modulation and up-conversion scheme by antenna

rotation is favorable for the observation of low-frequency
GWs below a few millihertz. Here, we note that the ob-
servation run may be an intermittent one; the observation
can be a series of data-taking operations with rotation and
reverse rotation. The up-conversion of the GW signal is
also advantageous from a practical perspective. Modu-
lation prevents various types of low-frequency noises that
are difficult to suppress, such as drifts of instruments
caused by daily or seasonal changes in the environment
and 1=f noises of electronics in sensors and controllers.
As a space antenna, a TOBA has good compatibility

with spin-stabilized spacecraft. In a spacecraft, spinning
itself is a simple and robust way to maintain its attitude
with a gyro effect, without additional disturbances from
attitude controllers. ATOBA, with its rotation axis aligned
with that of the spacecraft spin, has a wide observation
band from the low-frequency limit determined by the ob-
servation time. Another advantage in a space configuration
is that the antenna is free from gravity-gradient and seismic
noises caused by ground motions.
Sensitivity limits.—The fundamental sensitivity of a

TOBA is limited by the thermal fluctuation of the bars,
readout noise of the angular motion, and effects of the bar
support, as detailed in Refs. [1,18]. We estimate the con-
tributions of these noises in the case where a cylindrical bar
is suspended as a torsion pendulum at its center, and its

FIG. 1 (color online). Principle of a torsion-bar antenna. Two
orthogonal bars feel differential torques by incident gravitational
waves.

PRL 105, 161101 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

15 OCTOBER 2010

161101-2

Design sensitivity of TOBA

Shot noise

Radiation pressure

Suspension thermalBar thermal

Target

M. Ando+ (2010)
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Final

(Target)

Phase-III 
(Now)

Development Plan
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Phase-I

(2009)

10-8/√Hz @ 0.1 Hz

(Established)

Principle Test

- Room Temp.

- 25cm TM(s)

10-15/√Hz @ 0.1 Hz 
(Design)

Cryogenic Test

- Cryo. Temp. (4K)

- 35cm TMs

10-19/√Hz @ 0.1 Hz

(Target)

Goal

Phase-II

(2015)

- Cryo. Temp. (4K)

- 10m TMs

3.4 ねじれ振り子

図 3.3: 本実験で用いたねじれ振り子の写真

-26-

5 Experiments 5.1 Setup

Suspension Wires Mirrors for
interferometers

Magnets for
actuators

Adjusting mass

Test Masses

Optical Bench

Figure 5.2: A picure of the detector.
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potential sensitivity and scientific possibility in modern
technologies.

Principle of a torsion-bar antenna.—A TOBA is com-
prised of two bar-shaped test masses, arranged parallel to
the x-y plane and orthogonal to each other (Fig. 1). Each
bar is supported at its center, so as to rotate around the
z axis. When GWs pass through this antenna, tidal forces
by the GWs will appear as differential angular changes in
these bars. These changes are extracted as a GW signal by
using a sensitive sensor, such as a laser interferometer.

The rotation angle ! of a test-mass bar from the original
position is obtained by the equation of motion

I €!þ " _!þ #! ¼ FGWðtÞ; (1)

where FGW is the torque caused by the GWand " and # are
the damping factor and spring constant of the restoring
torque by the support, respectively. The moment of inertia
of the test mass is expressed as I ¼ R

$ðx2 þ y2ÞdV, where
$ and V are the density and volume of the test mass,
respectively. Assuming that the antenna is much smaller
than the wavelength of target GWs, the torque caused by a
GW with an amplitude of hij is expressed as

FGWðtÞ ¼ 1
4q

ij €hijðtÞ; (2)

by using dynamic quadrupole moment qij [16]. For bar
rotation, q11 ¼ %q22 ¼ %R

$ð2xyÞdV and q12 ¼ q21 ¼R
$ðx2 % y2ÞdV.
Here, we consider the response of a test-mass bar ar-

ranged along the x direction to GWs traveling along the z
axis, h11 ¼ %h22 ¼ hþ and h12 ¼ %h21 ¼ h&, where hþ
and h& denote the amplitudes of two independent polar-
izations (plus and cross modes, respectively) of incident
GWs. In an approximation that the test-mass bar freely
rotate around the z axis (" ' 1 and # ' 1), Eq. (1) results
in a simple equation, !1 ¼ %h&=2, where % is a shape
factor of the test mass; % ¼ q12=I ’ 1 in the case of a thin
bar. Another test-mass bar, arranged along the y axis,
rotates with an opposite sign as !2 ¼ %%h&=2. The re-
sultant output of the antenna is expressed as

!diffðtÞ ( !1 % !2 ¼ %h&ðtÞ: (3)

GWs with a cross polarization are observed as differential
angular fluctuations of the test-mass bars [17].

Now, we consider the situation that the antenna is rotat-
ing around the z axis with an angular velocity of!rot. In an

approximation that rotation is sufficiently slow, the re-
sponse of the antenna is expressed as

€! diff ¼ %½ €h& cosð2!rottÞ þ €hþ sinð2!rottÞ*; (4)

by calculating the torque, Eq. (2), in a coordinate rotating
with the antenna. This indicates that the GW signal is
modulated by the rotation; a GW signal with an angular
frequency of !g is up- and down-converted to appear at
!g + 2!rot frequencies. Equation (4) results in

!diff ’ %
!
!g

2!rot

"
2
½h& cosð2!rottÞ þ hþ sinð2!rottÞ*; (5)

in the case of !g ' !rot. The low-frequency GW signal is
up-converted to signals at an angular frequency of 2!rot.
Equation (5) also shows that two polarization components
of incident GWs are extracted from two quadrature phases
of the antenna output.
Advantages of torsion-bar antenna.—A TOBA has sig-

nificant features in both ground-based and space-borne
designs. As a ground-based antenna, a TOBA is a novel
approach to observe low-frequency GWs. In a usual
ground-based interferometric antenna, a test-mass mirror
is suspended as a pendulum to behave as a free mass in the
horizontal plane. Conversely, it has almost no fundamental
sensitivity to GWs below the resonant frequency of the
pendulum (around 1 Hz). In a TOBA, a test-mass bar is
supported as a torsion pendulum, with a low resonant
frequency on the order of a few millihertz in the rotational
degree of freedom. Thus, a TOBA has a fundamental
sensitivity to low-frequency GWs.
The modulation and up-conversion scheme by antenna

rotation is favorable for the observation of low-frequency
GWs below a few millihertz. Here, we note that the ob-
servation run may be an intermittent one; the observation
can be a series of data-taking operations with rotation and
reverse rotation. The up-conversion of the GW signal is
also advantageous from a practical perspective. Modu-
lation prevents various types of low-frequency noises that
are difficult to suppress, such as drifts of instruments
caused by daily or seasonal changes in the environment
and 1=f noises of electronics in sensors and controllers.
As a space antenna, a TOBA has good compatibility

with spin-stabilized spacecraft. In a spacecraft, spinning
itself is a simple and robust way to maintain its attitude
with a gyro effect, without additional disturbances from
attitude controllers. ATOBA, with its rotation axis aligned
with that of the spacecraft spin, has a wide observation
band from the low-frequency limit determined by the ob-
servation time. Another advantage in a space configuration
is that the antenna is free from gravity-gradient and seismic
noises caused by ground motions.
Sensitivity limits.—The fundamental sensitivity of a

TOBA is limited by the thermal fluctuation of the bars,
readout noise of the angular motion, and effects of the bar
support, as detailed in Refs. [1,18]. We estimate the con-
tributions of these noises in the case where a cylindrical bar
is suspended as a torsion pendulum at its center, and its

FIG. 1 (color online). Principle of a torsion-bar antenna. Two
orthogonal bars feel differential torques by incident gravitational
waves.

PRL 105, 161101 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

15 OCTOBER 2010

161101-2

K. Ishidoshiro

Ph.D Thesis

A. Shoda

Ph.D Thesis

Test Masses

Optical Bench

Intermediate

 Masses
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Setup of Phase-III TOBA
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78 Chapter 5. Design of Phase-III TOBA

Figure 5.1: Configuration of Phase-III TOBA.

from the vibration introduction via the cooling components. That problem is
serious especially in a torsion pendulum which is sensitive to tiny forces. Ef-
fective heat extraction is therefore essential for the cooling system to minimize
the vibration transfer.

In this subsection, the configuration of the mechanical suspension system
and the actuator to control it is described first. Then the cryogenic equipments
and components are explained.

Suspension system

The suspension configuration and the parameters of the masses are shown in
Fig. 5.2 and Table 5.1, respectively. The suspension system consists of five
masses, which are separated into two suspension sequences. Two test masses,
TM1 and TM2, are suspended orthogonally (Fig. 5.3) from the intermediate
mass (IM1), and the optical bench (OB) is suspended from another interme-
diate mass (IM2). Both of the intermediate masses are suspended from the
active vibration isolation stage. The horizontal rotations of the TMs are ex-
cited in the opposite direction to each other in response to gravity gradient
fluctuation. Such differential rotation is measured with the optics on the opti-

Active Vibration Isolation System

・ Reduction of vibration at the 

suspension point

・ Reduction of vibration 

induced cryocooler


Optical System

・ Rotation measurement by 

high-sensitive wave front 
sensor


・ Monolithic interferometer for 
reducing readout noise

Cryogenic Suspension 
System

・Cooling TMs to 4K

・High-Q suspension 

wire
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Design Sensitivity

10

Rotational

Seismic

Suspension

Thermal

Coating

Thermal

Shot

Noise

Translational

Seismic

Target 
Sensitivity

10-15
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Direct Measurement of NN with TOBA
・TOBA sensitivity vs NN estimation


・Phase-III TOBA can measure NN directly below 0.1 Hz

・Higher S/N for Final TOBA
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Newtonian noiseJŀǔěȹ
´ Newtonian noise (NN) : 

¶Ņ� þGFJɉÒɻY/HX[ęÌ±ŰåɦǺ
ȂÿJęÌǼĤ¦ǅH+(C÷ĒEG[E²ǁUY\C([-ŀǔȹY
\=ƷKG(

´ ǡ¿ɦǺ����~ 10-15 /rtHz @ 0.1 Hz  � þ�¶ŅJƃǕHX[
35cm TOBADĤ¦ŻŌ²ħR ⇒ĔøTCZ$¢¬, Ñ�i}$�¬

73

10m Torsion bar

35cm 
Torsion barinfrasound NN [4]

temperature NN (preliminary)

seismic NN in Kamioka [5]

TOBAũÒ(35cm, 10m)Eǡ¿NN���

2020/1/21 ȭŬųœƑĆ¢

credit: T.Shimoda
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Development Items
・Cryogenic Suspension System


◦ Cooling System → Cooled down to 6.1 K

◦ High-Q suspension fiber


・Optical System

◦ New angular sensor with higher sensitivity

◦ Monolithic interferometer under cryogenic temp.


・Active Vibration Isolation

◦ Reduction of translational seismic noise 


→ Reduced by 1/1000 at most

◦ Reduction of vibration induced by cooler

12
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Cryogenic Suspension System

13

78 Chapter 5. Design of Phase-III TOBA

Figure 5.1: Configuration of Phase-III TOBA.

from the vibration introduction via the cooling components. That problem is
serious especially in a torsion pendulum which is sensitive to tiny forces. Ef-
fective heat extraction is therefore essential for the cooling system to minimize
the vibration transfer.

In this subsection, the configuration of the mechanical suspension system
and the actuator to control it is described first. Then the cryogenic equipments
and components are explained.

Suspension system

The suspension configuration and the parameters of the masses are shown in
Fig. 5.2 and Table 5.1, respectively. The suspension system consists of five
masses, which are separated into two suspension sequences. Two test masses,
TM1 and TM2, are suspended orthogonally (Fig. 5.3) from the intermediate
mass (IM1), and the optical bench (OB) is suspended from another interme-
diate mass (IM2). Both of the intermediate masses are suspended from the
active vibration isolation stage. The horizontal rotations of the TMs are ex-
cited in the opposite direction to each other in response to gravity gradient
fluctuation. Such differential rotation is measured with the optics on the opti-

TMs

・Copper

・Surface is oxidized84 Chapter 5. Design of Phase-III TOBA

Figure 5.7: Oxidized test mass bar

Surface oxidization of suspension masses

The surface of the suspension masses made of copper are oxidized to accelerate
the radiative cooling. Radiated energy from a body with surface area of S at
temperature T is determined by Stefan-Boltzmann law as follows:

Qrad = ε(T )σT 4S. (5.2)

Here σ = 5.67 × 10−8 W m−2 K−4 is Stefan-Boltzmann constant, and ε(T ) is
a total emissivity of the surface of the body. Total emissivity is defined as
the radiative energy ratio of the body to an ideal blackbody, hence it takes a
value between 0 and 1. In a high vacuum, thermal radiation is a dominant
path of heat extraction at high temperatures (! 100 K) because of the strong
temperature dependence: ∝ T 4. Therefore the high emissivity is essential for
effective cooling at the initial cooling phase.

Heavily oxidized copper is known to have a high emissivity, which is ∼ 0.6
[84]. Though there are other high-emissive materials such as black alumite (ε ∼
0.8) or sapphire (ε ∼ 0.5 [85]), copper is chosen here because of the advantages
in density, thermal conductivity and magnetic property, as mentioned above.
Sapphire was excluded because non-metallic materials can be suffered from
electrostatic force due to charge on the surface. The suspension masses are
heated in a muffle furnace (in air) at 800 ◦C for three hours for oxidization.
About 170 µm of oxidized layer is formed on the surface. Fig. 5.7 shows the
appearance of the oxidized test mass bar. For a safety margin, emissivity of
0.5 is set as the design value of Phase-III TOBA.

Heat link (pure aluminum wire)

Below 100 K, conductive cooling becomes a dominant path since radiative heat
transfer decreases as ∝ T 4. In order to improve the conductive cooling, the

Heat Links

・High-purity aluminum


‣ Conductive cooling

Suspension wire

・Si wire

・High Q value (>108)

´ ÖǱȻÒ4 K QDǗZÂ^ɁȈ9[qs{�^ýě7=
´ ÖǱɁȈ»¾�< 20 ^ (ɁȈoak�-Ľ¡H1ÒE7C90!Jǩȹ»¾ŔÙJ=T)

´ Ñè� ¶y5;[HKÞ¿u!Ďý-ęò

ƘȻǪJýě
2020/1/21 ȭŬųœƑĆ¢

42

heat link

µɮÒ(6N)_���b�

ʵȯ
ǒƊ

n�����}NJòĴ

ŷƭ�s
35 cm

ģĈ¿ > 0.5

ʚ�ȷŹÜHX[æŅɵØ�

ĊçÊ¿ > 103 W/m/K
@ T < 50 K

ȅÔʵȯH¹9[
ȷʵȯƮJƁ

35 cm

Cryogenic Cooler

・Cool down TMs to 4 K

・Two radiation shields 

(50 K & 4 K)
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Test for cryogenic, simplified configuration

・Silicon fiber → CuBe wire

・Heatlinks between IM and TMs

・Readout: only optical levers

78 Chapter 5. Design of Phase-III TOBA

Figure 5.1: Configuration of Phase-III TOBA.

from the vibration introduction via the cooling components. That problem is
serious especially in a torsion pendulum which is sensitive to tiny forces. Ef-
fective heat extraction is therefore essential for the cooling system to minimize
the vibration transfer.

In this subsection, the configuration of the mechanical suspension system
and the actuator to control it is described first. Then the cryogenic equipments
and components are explained.

Suspension system

The suspension configuration and the parameters of the masses are shown in
Fig. 5.2 and Table 5.1, respectively. The suspension system consists of five
masses, which are separated into two suspension sequences. Two test masses,
TM1 and TM2, are suspended orthogonally (Fig. 5.3) from the intermediate
mass (IM1), and the optical bench (OB) is suspended from another interme-
diate mass (IM2). Both of the intermediate masses are suspended from the
active vibration isolation stage. The horizontal rotations of the TMs are ex-
cited in the opposite direction to each other in response to gravity gradient
fluctuation. Such differential rotation is measured with the optics on the opti-

Current Suspension System

14
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Figure 5.1: Configuration of Phase-III TOBA.

from the vibration introduction via the cooling components. That problem is
serious especially in a torsion pendulum which is sensitive to tiny forces. Ef-
fective heat extraction is therefore essential for the cooling system to minimize
the vibration transfer.

In this subsection, the configuration of the mechanical suspension system
and the actuator to control it is described first. Then the cryogenic equipments
and components are explained.

Suspension system

The suspension configuration and the parameters of the masses are shown in
Fig. 5.2 and Table 5.1, respectively. The suspension system consists of five
masses, which are separated into two suspension sequences. Two test masses,
TM1 and TM2, are suspended orthogonally (Fig. 5.3) from the intermediate
mass (IM1), and the optical bench (OB) is suspended from another interme-
diate mass (IM2). Both of the intermediate masses are suspended from the
active vibration isolation stage. The horizontal rotations of the TMs are ex-
cited in the opposite direction to each other in response to gravity gradient
fluctuation. Such differential rotation is measured with the optics on the opti-

Si

CuBe

Additional 
Heat link

14



/  2709. 11. 2021 KAGRA FWG

Current Setup

15

IM

OB

TMs

2nd Shield

1st Shield
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Cooling Result110 Chapter 6. Experimental Results of Cryogenic Prototype

Figure 6.9: Cooling curve of the suspension masses. The solid lines shows the
measured curve, and the dashed lines are the expected curve from calculation.
The dot-dashed lines show the case when thermal conductivity is lower than
the design by 35% for IM1, 50% for IM2 and 30 % for OB.

The difference of the achieved temperature 6.1 K and the target temper-
ature 4 K is a factor of 1.2 in terms of the fundamental thermal noise level
that is proportional to

√
T (Sec. 3.2.1). Hence the fundamental requirement

on the cooling performance has almost been achieved, though there are some
possibilities of upgrade. Two issues, the slightly slow cooling speed and the
heat inflow that was limiting the achieved temperature, are examined below.

Cooling speed

The cooling curve is slower than expected (the dashed lines in Fig. 6.9) below
120 K, where the conductive cooling dominates the heat extraction. Therefore
the thermal conductivity is suggested to be lower than the expected values.
The dot-dashed lines in Fig. 6.9 show the case when the thermal conductivity
of the heat link is lower than the design 35% for IM1, 50% for IM2 and 30 %
for OB. They explain the measured cooling speed well. Thermal conductivity

- - -  calculated

         measured

・Cool down to 6.1 K 
・Slower cooling speed → Bad heat contact?

16

OB TM1, TM2

Result in Dec. 2019 credit: T.Shimoda
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Sensitivity of differential motion

17
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Figure 6.14: Noise levels in unit of gravity strain for TM1 (blue), TM2 (red),
and the differential rotation between them (black).

Some evaluated or estimated noise sources for each TM are plotted in
Fig. 6.15. Their details are explained in the following subsections. First, the
dominant noise sources in the current system were evaluated to characterize
the performance of this prototype. Then the following three technical noises
were investigated; temperature fluctuation noise, vibration noise via the heat
links and magnetic noise. These are important technical noise sources that are
relevant to the cryogenic environment.

6.5.1 Dominant noise sources in the current system
First, performance of the current prototype system was characterized. In the
current system, stray light noise and beam jitter noise were dominant noise
sources as described below.

Stray light noise

Interference fringes were observed in the angular signals of the optical levers as
shown in Fig. 6.16. The same kind of fringes were also observed in the QPD2
for beam jitter control. They indicate a coupling from a stray light to the main
laser beam. The origin of the stray light was identified to the optics around
the TMs, because the interference pattern changes at the pendulum frequency
(around 1 Hz), as clearly seen in the TM1 signal in Fig. 6.16. Additionally,
the interference fringe in the QPD2 disappeared when the beam going to TM
was blocked.

Differential Rotation btw
TM1 & OB TM2 & OB

Stray light interference

Beam jitter

control coupling

Result in Dec. 2019 credit: T.Shimoda
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Active Vibration Isolation System
・Reduction of seismic vibration 


◦ Coupling from horizontal vibration


‣ 10-7 m/√Hz @ 0.1 Hz

◦ Nonlinear coupling


‣ 10-10 m/√Hz @ 1 Hz


18
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Figure 5.1: Configuration of Phase-III TOBA.

from the vibration introduction via the cooling components. That problem is
serious especially in a torsion pendulum which is sensitive to tiny forces. Ef-
fective heat extraction is therefore essential for the cooling system to minimize
the vibration transfer.

In this subsection, the configuration of the mechanical suspension system
and the actuator to control it is described first. Then the cryogenic equipments
and components are explained.

Suspension system

The suspension configuration and the parameters of the masses are shown in
Fig. 5.2 and Table 5.1, respectively. The suspension system consists of five
masses, which are separated into two suspension sequences. Two test masses,
TM1 and TM2, are suspended orthogonally (Fig. 5.3) from the intermediate
mass (IM1), and the optical bench (OB) is suspended from another interme-
diate mass (IM2). Both of the intermediate masses are suspended from the
active vibration isolation stage. The horizontal rotations of the TMs are ex-
cited in the opposite direction to each other in response to gravity gradient
fluctuation. Such differential rotation is measured with the optics on the opti-

Measure motion at the 
suspension point 

by seismometer & tilt meter

Feedback the signal to 
actuators to cancel out the 
motion

・Reduction of vibration 
induced by cooler



/  2709. 11. 2021 KAGRA FWG

Active Vibration Isolation System
・Tested w/o the suspension and the cryostat

・Tiltmeter is not install

19

L4C x6

PZT x6 PS x6

・Sensor: L4C (inertial) x6, PS (local) x6

・Actuator: PZT (range: ~60µm) x6
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Performance of AVIS

20

w/o control

(x, y, z)

w/ control 
(x, y, z)

requirement

Contamination due to 
tilt-horizontal coupling

Result in Jun. 2019 w/o cryostat
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High-Q Suspension Fiber
・Measurement of torsional Q of Sapphire fiber

21

• Coefficient of expansion is larger for CuBe than sapphire

15

Experimental fail: Double clamp mode

Before 
cooling:

After 
cooling:

Broken piece

credit: C. P. Ooi
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High-Q Suspension Fiber
・Achieved to 7x104 at 4 K

・Currently seemed to be limited by loss at the clamp

22

Torsional Q(t) for sapphire

• Q ranged from 3 000 
to 70 000 at 4 K
• Single clamp mode

• Due to breakage

• Adjustments have 
been made to shift the 
pendulum frequency 
from the torsion 
frequency
• Cannot be ruled out as 

source of interference

16

1000

10000

100000

0 50 100 150 200 250 300

Q

Temp (K)

Q vs Temp for sapphire 

Cooldown

Warm up

credit: C. P. Ooi
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High Sensitive Angular Sensor
・An improved wave front sensor


・Enhance angular signal by resonating both HG00 and HG10


‣ Ordinary it’s impossible due to Gouy phase shift


‣ Compensate it by an auxiliary cavity

23
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Coupled wavefront sensor の原理
z Coupled wavefront sensor:

Coupled cavity を用いた wavefront sensor

z 補助共振器で HG00と HG10の位相差を打ち消し
z 同時に共振させる
z → 共振器内で⾓度信号が増幅される

HG00: 共振
HG10: 共振

②一部が変換

主共振器 補助共振器

HG00Laser

HG10

①⾓度変動

③⾓度信号を検出

angular motion

convert to HG10

detect angular signal main cavity auxiliary cavity
compensate Gouy phase shiftresonate both HG00 and HG10
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High Sensitive Angular Sensor
・Demonstration was done


‣ Still need further improvement


・A new prototype is under development

24

第 6章 実験結果 83

(a) TEM00、TEM10共振点周りでの図。

(b) 上の図を拡大したもの。

図 6.5 front鏡の角度変動に対する角度応答の大きさ。横軸は補助共振器長で、縦軸は角度応答の大きさ
を front鏡の加振量と QPDへの入射光強度で規格化したものである。

6.2.2 入射光のジッターに対する応答
Coupled共振器を制御した状態でジッター鏡を fjitter = 129.0 Hzで角度方向に振り、角度信号までの伝達
関数を測定した。主共振器のみ (WFS)の場合についても同様の測定を行った。応答測定時の印可電圧と角度
信号を読み取る QPD-Yawの信号の間のコヒーレンスをプロットしたものが図 6.6である。これより、加振周
波数 (点線)でコヒーレンスが高く、信号が測定されていることがわかる。
応答測定の結果を表したものが図 6.7である。軸の取り方や色の対応は図 6.5と同じであるが、front鏡と

16 / 19日本物理学会 2021/09/14 オンライン開催

共振器の設計
z 補助共振器に 0.1%のロスがあっても位相補償できるように設計

z 入射鏡は TOBAの試験マスに見立てて振り子で吊るす
z 他の3つの鏡はアルミニウム製スペーサーに固定

主共振器
長さ: 合計8cm
フィネス: 300

補助共振器
長さ: 6cm
フィネス: 4000

10cm

振り子

アルミニウム製スペーサー

反射率:
99.4%

99.4%

99.94%
99.9%

ビームウエスト: 500μm ordinary WFS

new WFS

(measured)

new WFS

(theory)

credit: Y. Miyazaki

credit: Y. Oshima
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Monolithic Interferometer

・Read displacement of each arm cavity independently (2 laser)

・Feedback to each laser’s frequency

・Measure beat frequency to read differential motion 

25

TM (silicon)

Monolithic Bench

Optical 
Fiber Laser2

Beat 
Signal 

Coupler

Laser1
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Monolithic Interferometer
・Component selection is on going

26

Bonding PD

Collimator
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Summary
・Direct measurement of Newtonian Noise with TOBA

๏ S/N > 103 in f < 0.1 Hz

๏ Put upper limit 10-21 @ 10 Hz on NN of KAGRA


・Current achievement

๏ Cryogenic → basically demonstrated


‣ Need some improvements (cooling speed, achieved temp.)

๏ Active isolation vibration → 3 DoF controlled


‣ Decouple tilt motion from horizontal translation


・On-going issues

๏ Development of high-Q silicon fiber

๏ Demonstration of coupled WFS

๏ Cryogenic monolithic interferometer

27
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Seismic NN in Different Scale

30

・Response from Rayleigh waves to NN  (arm: x direction) 

Terrestrial Gravity Fluctuations 49

noise in the other two directions independent of the value of L. Introducing �R ⌘ 2⇡/k%, the
response functions, i.e., the square roots of the components of the vector in Eq. (98), divided by
L/�R are shown in Figure 13.
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Figure 13: Strain response to Rayleigh gravity perturbations. The solid curve shows the horizontal
response for gravity perturbations along the line of separation, the dotted curve the horizontal response
for perturbations perpendicular to the line of separation, and the dashed curve for perturbations in vertical
direction.

Gravity perturbations at the two locations x = {0, L}, y = z = 0 are uncorrelated for suf-
ficiently large distances, and therefore the strain response decreases with increasing L. In other
words, increasing the length of large-scale GW detectors would decrease Newtonian noise. Rayleigh
Newtonian noise is independent of L for short separations. This corresponds to the regime relevant
to low-frequency GW detectors [88]. Eq. (98) is the simplest possible seismic surface Newtonian-
noise estimate. Spatial correlation of the isotropic seismic field is fully determined by the fact
that all seismic waves are assumed to be Rayleigh waves. Practically one just needs to measure
the spectral density of vertical surface displacement, and also an estimate of the Poisson’s ratio
needs to be available (assuming a value of ⌫ = 0.27 should be a good approximation in general
[179]). In GW detectors, the relevant noise component is along the x-axis. Taking the square-root
of the expression in Eq. (98), and using a measured spectrum of vertical seismic motion, we ob-
tain the Newtonian-noise estimate shown in Figure 14. Virgo’s arm length is L = 3000 m, and
the test masses are suspended at a height of about h = 1 m (although, it should be mentioned
that the ground is partially hollow directly under the Virgo test masses). In order to take equal
uncorrelated noise contributions from both arms into account, the single-arm strain noise needs
to be multiplied by

p
2. The seismic spectrum falls approximately with 1/f in units of m/s/

p
Hz

within the displayed frequency range, which according to Eq. (98) means that the Newtonian-noise
spectrum falls with 1/f4 (two additional divisions by f from converting di↵erential acceleration
noise into di↵erential displacement noise, and another division by f from converting the seismic
spectrum into a displacement spectrum). Note that the knee frequency of the response curve in
Figure 13 lies well below the frequency range of the spectral plots, and therefore does not influence
the frequency dependence of the Newtonian-noise spectrum.

Since seismic noise is non-stationary in general, and therefore can show relatively large vari-
ations in spectra, it is a wise idea to plot the seismic spectra as histograms instead of averaging
over spectra. The plots can then be used to say for example that Newtonian noise stays below
some level 90% of the time (the corresponding level curve being called 90th percentile). In the
shown example, a seismic spectrum was calculated each 128 s for 7 days. Red colors mean that

Living Reviews in Relativity
DOI 10.1007/lrr-2015-3
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Seismic NN in Different Scale

31

・Rayleigh wave length: λ ~ 30 m @ 10 Hz (v ~ 300 m/s)

・TOBA: L ~ 10 m                KAGRA, Advanced Virgo: L ~ 3km


ET: L ~ 10 km

L / λ 

Terrestrial Gravity Fluctuations 49

noise in the other two directions independent of the value of L. Introducing �R ⌘ 2⇡/k%, the
response functions, i.e., the square roots of the components of the vector in Eq. (98), divided by
L/�R are shown in Figure 13.
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Figure 13: Strain response to Rayleigh gravity perturbations. The solid curve shows the horizontal
response for gravity perturbations along the line of separation, the dotted curve the horizontal response
for perturbations perpendicular to the line of separation, and the dashed curve for perturbations in vertical
direction.

Gravity perturbations at the two locations x = {0, L}, y = z = 0 are uncorrelated for suf-
ficiently large distances, and therefore the strain response decreases with increasing L. In other
words, increasing the length of large-scale GW detectors would decrease Newtonian noise. Rayleigh
Newtonian noise is independent of L for short separations. This corresponds to the regime relevant
to low-frequency GW detectors [88]. Eq. (98) is the simplest possible seismic surface Newtonian-
noise estimate. Spatial correlation of the isotropic seismic field is fully determined by the fact
that all seismic waves are assumed to be Rayleigh waves. Practically one just needs to measure
the spectral density of vertical surface displacement, and also an estimate of the Poisson’s ratio
needs to be available (assuming a value of ⌫ = 0.27 should be a good approximation in general
[179]). In GW detectors, the relevant noise component is along the x-axis. Taking the square-root
of the expression in Eq. (98), and using a measured spectrum of vertical seismic motion, we ob-
tain the Newtonian-noise estimate shown in Figure 14. Virgo’s arm length is L = 3000 m, and
the test masses are suspended at a height of about h = 1 m (although, it should be mentioned
that the ground is partially hollow directly under the Virgo test masses). In order to take equal
uncorrelated noise contributions from both arms into account, the single-arm strain noise needs
to be multiplied by

p
2. The seismic spectrum falls approximately with 1/f in units of m/s/

p
Hz

within the displayed frequency range, which according to Eq. (98) means that the Newtonian-noise
spectrum falls with 1/f4 (two additional divisions by f from converting di↵erential acceleration
noise into di↵erential displacement noise, and another division by f from converting the seismic
spectrum into a displacement spectrum). Note that the knee frequency of the response curve in
Figure 13 lies well below the frequency range of the spectral plots, and therefore does not influence
the frequency dependence of the Newtonian-noise spectrum.

Since seismic noise is non-stationary in general, and therefore can show relatively large vari-
ations in spectra, it is a wise idea to plot the seismic spectra as histograms instead of averaging
over spectra. The plots can then be used to say for example that Newtonian noise stays below
some level 90% of the time (the corresponding level curve being called 90th percentile). In the
shown example, a seismic spectrum was calculated each 128 s for 7 days. Red colors mean that

Living Reviews in Relativity
DOI 10.1007/lrr-2015-3
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Optical System

32

86 Chapter 5. Design of Phase-III TOBA

15MHz

QPD1

Oplev

Gouy(10) = 2  x 1
Gouy(01) = 2  x 0.9

QPD2

WFS

RFPD
Laser EOM

Test Mass

Optical table
(outside chamber) 

OB 
(inside cryostat)

mix 
& filter 

αf

Figure 5.9: A schematic design of the optical system

the KAGRA heat link is assumed below 100 K for the design of TOBA. The
design conductivity is also shown in Fig. 5.8.

The bending spring constant of N heat link wires is given by 3πNEAld4/(64l3),
which is derived from elastic deformation of a cantilever. Here EAl, d and l
are the Young’s modulus, diameter and length of the wire. In our case, an
expected spring constant of the stranded heat link (φ0.15 × 100mm × 14) is
0.073 N/m. This small spring constant can reduce the vibration introduction
to the suspension masses.

5.1.2 Optical system
A schematic design of optical system is shown in Fig. 5.9. Laser beams are
introduced from the optical table outside the vacuum chamber into the optical
bench inside the cryostat. There are three parts of the system for each TM;
a highly sensitive wave front sensor for the main sensor of rotation, an optical
lever as an auxiliary monitor, and a beam jitter control system.

Highly sensitive wave front sensor
In order to reduce the quantum shot noise, an angular sensor using an optical
cavity is used to measure the rotation of TM. The detailed principle of this
new sensor is explained in Appendix B. Here the overview of the sensor is
briefly summarized.

Fig. 5.10 shows the overview of the principle. The target is to measure the
tilt of the mirror which is fixed on TM. The basic principle is the amplifica-

Beam jitter control

Control incident beam 
to follow pendulums Optical lever


Auxiliary sensor

Finally replaced by WFS

High sensitive angular sensor

Measure HG10 mode 

induced by rotational motion

QPD3



/  2709. 11. 2021 KAGRA FWG

Stray Light Problem

33
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Figure 5.9: A schematic design of the optical system

the KAGRA heat link is assumed below 100 K for the design of TOBA. The
design conductivity is also shown in Fig. 5.8.

The bending spring constant of N heat link wires is given by 3πNEAld4/(64l3),
which is derived from elastic deformation of a cantilever. Here EAl, d and l
are the Young’s modulus, diameter and length of the wire. In our case, an
expected spring constant of the stranded heat link (φ0.15 × 100mm × 14) is
0.073 N/m. This small spring constant can reduce the vibration introduction
to the suspension masses.

5.1.2 Optical system
A schematic design of optical system is shown in Fig. 5.9. Laser beams are
introduced from the optical table outside the vacuum chamber into the optical
bench inside the cryostat. There are three parts of the system for each TM;
a highly sensitive wave front sensor for the main sensor of rotation, an optical
lever as an auxiliary monitor, and a beam jitter control system.

Highly sensitive wave front sensor
In order to reduce the quantum shot noise, an angular sensor using an optical
cavity is used to measure the rotation of TM. The detailed principle of this
new sensor is explained in Appendix B. Here the overview of the sensor is
briefly summarized.

Fig. 5.10 shows the overview of the principle. The target is to measure the
tilt of the mirror which is fixed on TM. The basic principle is the amplifica-

Interference with stray light 
contaminates oplev signal 


Front reflection at

• Cube BS

• QPD surface

‣ Stray light

120 Chapter 6. Experimental Results of Cryogenic Prototype

Figure 6.16: Interference fringe observed in the signal.

The width of interference fringe was about 1–10 mV, which corresponds to
about 0.01 % of the stray light intensity compared to the main laser beam.
Such a stray light can originate from the reflection at the surface of the beam
splitters or the QPDs. For example, the reflectivity of the AR coated surface
of the beam splitter is specified to be 0.1 %, which can explain the observed
interference fringe.

Since the the stray light behaves like a random noise within the width of
the interference fringe, it turns to be a flat noise spectrum. The bandwidth of
the signal is determined by the speed of passing the interference fringe. In our
case, the band width was confirmed to be 100 Hz from the cutoff frequency
of the signal spectrum. And the width of the fringes were roughly 2 mV for
TM1 and 10 mV for TM2. Based on these parameters, the amplitude spectral
density due to the stray light interferences are plotted in Fig. 6.15. It explains
the floor noise level of 4 × 10−7 /

√
Hz.

To remove the stray light noise, the beamsplitter should be replaced from
the cube-shaped one to a plate-shaped one, which can separate the surface
reflection from the main beam path. Proper beam damping of the stray beams
is also important to reduce the noise. Note that the stray light noise will be
largely eliminated with the wave front sensor in Phase-III TOBA, because such
a beam splitter is not placed near the photo detector.

Beam jitter noise

Bean jitter control can suppress the jitter and introduce the noise from the
control system at the same time. The block diagram of the control, Fig. 6.17,
explains how noises are introduced in the control loop. Here three noise sources
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Sensitivity of one TM
・Limited by beam jitter, interference of stray light 

・Unexpected noise: magnetic noise due to eddy current flowing TM

34

6.5. Noise investigation 119

Figure 6.15: Noise budgets for TM1 (upper) and TM2 (lower). The stray light
noise limits the sensitivity around 0.3 Hz and above 3 Hz. The peaks around
1 Hz are the contribution of beam jitter noise. Below 0.1 Hz, the residual
beam jitter originates from the signal coupling at the QPDs is inferred to be
dominant.

TM1-OB

Stray Light

Beam Jitter

Magnetic  
Noise

Result in Dec. 2019
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Beam Jitter Control Noise
・Some coherence btw TM oplev yaw & Jitter QPD sum


‣ Beam jitter control signal shakes beam additionally


‣ Contaminates oplev signal

35
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Figure 6.18: Estimated beam jitter noise budget under the feedback control.

Figure 6.19: Coherence between the Yaw signals of the oplev QPD and the
Sum signals of jitter monitor QPDs. The black dashed line is the coherence
between uncorrelated signals shown as a reference.

and TM2. They were partly correlated to each other, which indicates that the
power fluctuation or the beam expansion was coupling as xc, then appeared
in the residual beam jitter fluctuation. The direct coupling from the power

6.5. Noise investigation 119

Figure 6.15: Noise budgets for TM1 (upper) and TM2 (lower). The stray light
noise limits the sensitivity around 0.3 Hz and above 3 Hz. The peaks around
1 Hz are the contribution of beam jitter noise. Below 0.1 Hz, the residual
beam jitter originates from the signal coupling at the QPDs is inferred to be
dominant.

Coherence btw

TM oplev yaw & QPD sums

5% residual assumption

‣ can be explained the noise 

budget well

TM1 yaw

Jitter in loop

Jitter residual
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Magnetic Noise Due to Eddy Current
・Ambient magnetic fluctuation induces eddy current 


‣ TM has magnetic dipole moment 


‣ This  induces torque noise  with DC magnetic field 

μ̃

μ̃ μ̃ × B B
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134 Chapter 7. Discussion about Experimental Results

Figure 7.1: Distribution of induced eddy current in the bar.

because the amount of degradation is correlated to the number of heat links.
As the thermal resistance of heat link is low, it is affected by the small contact
resistance more. Currently the heat links are pressed to the components with
M4 washers (φ10 mm). The contact area can be increased more to reduce the
thermal resistance at the contact point.

The achieved temperature, 6.1 K, was slightly higher than 4 K, mainly be-
cause the temperature of the shield was higher than previously measured value
by 1.5 K. The most possible heat source is the electrical lead wires connected
between the vacuum chamber flange and the 2nd shield. By replacing the
material of the wire from copper to phosphor bronze, the expected heat intro-
duction can be suppressed by two orders of magnitude, so that the temperature
rise will be below 20 mK. The heat generation of the coils for actuators on OB
also contributed to the temperature of TM by 0.4 K, via the temperature
rise at the heat link stage. This can be reduced by lowering the actuation
force, which is required to compensate the angular drift of the pendulum. A
cryogenic rotational stage should be implemented at the suspension point of
TM to reduce the actuation force. Required rotational range is roughly 15
mrad, which corresponds to the observed drift during this experiment. Such
rotational stages will also reduce the heat on TMs, which is generated by the
induction current of the coils for the actuators.

7.2 Magnetic noise reduction

7.2.1 Origin of magnetic coupling
Coupling with magnetic field fluctuation was unexpectedly large in the current
system. The origin of the dominant coupling path was identified to be the
induced current in the bar because the temperature dependence of the coupling
was quite well agreed with the electrical conductivity of the bar. Here, the
coupling via the induced current is quantitatively evaluated. An analytical
formula of induced current in a thin rectangular metal plate is given in the
previous work [91]. Though our bars are not thin plates, here we adopt the
formula to our case for an order estimation. The shape of the bar is simplified
to be 350 × 40 × 10 mm plate, and external magnetic field B(t) = B cos(2πft)
is applied perpendicular to the plate. The distribution of the induced current

Induced 

eddy current

Induced magnetic dipole moment

 μ̃
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Magnetic Noise Due to Eddy Current
・ Induced eddy current ∝ electric conductivity

・For metals electric conductivity gets larger when cooled down


‣ Coupling gets larger at lower temperature
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Figure 6.27: Measured transfer functions from magnetic field to the bar ro-
tation. The gains and the phases of the transfer functions are shown in the
upper box and the lower box, respectively. The different colors show different
measurement temperatures from 5.7 K to 102.5 K.

Figure 6.28: Fitted magnetic coupling coefficients vs temperature of the bar.
The blue dots are the measured values, and the yellow line shows the temper-
ature dependence of electrical conductivity of pure copper.

kept around 4 K.
The measured transfer functions from magnetic field to the bar rotation

at various temperatures from 5.7 K to 102.5 K are shown in Fig. 6.27. The
resonant frequency was about 40 mHz In this experiment. Above the resonant
frequency, the transfer functions were inversely proportional to square of fre-
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Figure 6.27: Measured transfer functions from magnetic field to the bar ro-
tation. The gains and the phases of the transfer functions are shown in the
upper box and the lower box, respectively. The different colors show different
measurement temperatures from 5.7 K to 102.5 K.

Figure 6.28: Fitted magnetic coupling coefficients vs temperature of the bar.
The blue dots are the measured values, and the yellow line shows the temper-
ature dependence of electrical conductivity of pure copper.

kept around 4 K.
The measured transfer functions from magnetic field to the bar rotation

at various temperatures from 5.7 K to 102.5 K are shown in Fig. 6.27. The
resonant frequency was about 40 mHz In this experiment. Above the resonant
frequency, the transfer functions were inversely proportional to square of fre-

cool

hot

Transfer function

from magnetic fluctuation to TM yaw

Electrical conductivity of coper
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High Sensitive Angular Sensor
Cavity-enhanced wave front sensor (new idea)

・Compensate Gouy phase difference between HG00 and HG10


‣ HG10 mode resonates as well as HG00


‣ Induced HG10 is enhanced


‣ Higher sensitivity than normal WFS

5×10-16 rad/√Hz @ 0.1 Hz


・How to compensate


‣ Auxiliary cavity


‣ Folded cavity

38

Main Cavity Auxiliary CavityHG00

HG10

HG00

HG10

Curved Mirror

Curved Mirror
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Local Quadrature Interferometer
・Quadrature Interferometer for a local sensor of AVIS

・Michelson interferometer with a dithered reference mirror


‣ Resolution: same as Michelson interferometer


‣ Range: ∞ (ideally)

・No polarization optics

・Generate quadrature signal by moving reference mirror
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Picture
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Performance
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