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低温ねじれ振り子の運転および改良計画 
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概要
・ねじれ振り子型重力波望遠鏡TOBAの開発を行い，0.1 Hz帯の重
力波の検出を目指している 

・Phase-IIIと呼ばれるプロトタイプに向けて，低温懸架系を開発中 

・4 Kにおける運転に成功 
・迷光，ビームジッター，磁場雑音が支配的 
・これらの問題を解決するプロトタイプの設計
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Contents
・TOBAについて 

‣ Overview

‣ Phase-III TOBA

・低温懸架系の現状 
・改良案 
・まとめ，今後の展望
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ねじれ振り子型重力波望遠鏡TOBA
ねじれ振り子型重力波望遠鏡TOBA (TOrsion Bar Antenna) 
・水平に懸架した棒状マスのねじれ回転を検出 
・共振周波数~数mHz → 0.1-10Hzの低周波重力波の地上観測が可能 
・地上で観測可能(宇宙に打ち上げる必要がない) → 低コスト 
・目標: 10mスケールで h~10-19 /√Hz @ 0.1 Hz

4

重力波による 
潮汐力
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TOBAのサイエンス
天文学的観測 
= 低周波(~0.1 Hz)の重力波 
・中間質量BH連星の合体 
‣大質量BH形成過程の解明 

・背景重力波探査 
‣初期宇宙の直接探査

5

M. Ando et al., PRL, 105, 161101(2010) 

地球物理学的応用 
= 重力偏差計としての活用 
・Newtonian Noise 
‣モデル検証 
‣第3世代レーザー干渉計のR&D 

・地震の即時アラート 
‣社会，産業への貢献

J. Harms et al., PRD, 88, 122003(2013) 
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研究計画

6

原理実証 最終目標低温ねじれ振り子

・10 m試験マス 
・低温 (4K)

10-15 /√Hz 10-19 /√Hz10-8 /√Hz
@ 0.1Hz : 

・~ 20 cm試験マス 
・室温

・低温ねじれ振り子の実証 
・障害となる雑音源の特定と低減

現在: Phase-III TOBAの開発

・35 cm試験マス 
・低温 (4K)
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TOBAのサイエンス
天文学的観測 
= 低周波(~0.1 Hz)の重力波 
・中間質量BH連星の合体 
‣ 105 M⦿, 1 Mpc以内のイベント 

・背景重力波探査 
‣初期宇宙の直接探査

7

M. Ando et al., PRL, 105, 161101(2010) 

地球物理学的応用 
= 重力偏差計としての活用 
・Newtonian Noise 
‣モデル検証，低減実証 

・地震の即時アラート 
‣M7.0の地震を100 km先まで 
10 秒以内

J. Harms et al., PRD, 88, 122003(2013) 
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Phase-III TOBAの構成

8

低温系でのねじれ振り子の実証 
・低温懸架系 
‣ 2段ねじれ振り子，35 cm 試験マスx2 
‣ 50 Kと4 Kの２つの輻射シールド 

・能動防振系 
‣地震計とピエゾアクチュエータよる
フィードバック制御系 

‣角度変動を読む傾斜計 
・光学系 
‣改良型WFS 

・

パルスチューブ 

冷凍機

試験マス x2

(35cm)

50K シールド

4K シールド

能動防振系

低温懸架系

傾斜計

地震計

アクチュエータ

光学系
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Phase-III TOBAの構成

9

パルスチューブ 

冷凍機50K シールド

能動防振系

低温懸架系

傾斜計
地震計

アクチュエータ

能動防振系

地震計

アクチュエータ

光学系
4K シールド試験マス x2


(35cm)

光学系
低温懸架系
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目標感度

10

回転地面振動
懸架熱雑音

散射雑音

並進地面振動
コーティング 
熱雑音

10-15 /√Hz

10
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目標感度のための課題
・低温懸架系 
‣冷却: 試験マスを4Kまで冷却 
‣ Q値: 4 KでQ = 108  
・防振系 
‣回転地面振動 
‣並進とのカップリング 
‣並進地面振動: 10-7 m/√Hz @ 0.1 Hz 
‣冷凍機から導入される振動の低減 
・光学系 
‣Wave Front Sensorを応用した読み取り系

11
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・低温懸架系 
‣冷却: 試験マスを4Kまで冷却 
‣ Q値: 4 KでQ = 108  
・防振系 
‣回転地面振動 
‣並進とのカップリング 
‣並進地面振動: 10-7 m/√Hz @ 0.1 Hz 
‣冷凍機から導入される振動の低減 
・光学系 
‣Wave Front Sensorを応用した読み取り系

目標感度のための課題

12

 能動防振

✔ 2段振り子+同相雑音除去

✔ 低減手法の開発

→ 本講演
→ Ooi氏 (20aT11-11)

✔ 原理実証済み
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低温懸架系
・熱雑音を下げるために4 Kまで冷却 
・低振動と両立させるために効果的に冷却 
‣熱輻射（300 K - 100 K）と熱伝導(100 K - )

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-

84 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
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冷却試験
冷却系の動作確認＆低温での雑音源特定のために 
やや簡素化したセットアップ 

・シリコンファイバー → CuBeファイバー 
・中段マスー試験マス間にヒートリンク 
・角度読み取り光学系：光てこ

14

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-
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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

デザイン 現在

heat link
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セットアップ

15

中段マス

光学ベンチ

試験マス x2
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6.1 Kまでの冷却に成功 (4 Kの場合より1.2倍の熱雑音)

冷却結果110 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

16

理論よりも冷却速度が遅い 

→ヒートリンクの熱接触が想定よりも悪い
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現在の感度
・ビームジッター制御雑音，迷光雑音が現状の感度を制限 
・磁場雑音がPhase-IIIの目標感度を大きく制限しうる

17

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.

迷光雑音

TM1ーOB

磁場雑音
ビームジッター制御雑音

迷光が計測信号と干渉し

強度変化を引き起こす

ビームジッター制御信号が制御を介して

余計にビームを揺らしてしまう磁場変動による誘導電流


を介したカップリング
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現状のまとめ
・低温懸架系 
‣冷却: 試験マスを6.1Kまで冷却 
‣懸架ファイバー: CuBeで Q ~ 103  
・光学系 
‣光てこで読み取り 
‣迷光雑音 
‣ビームジッター制御雑音 
・その他 
‣環境磁場カップリング

18
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現状のまとめ
・低温懸架系 
‣冷却: 試験マスを6.1Kまで冷却 
‣懸架ファイバー: CuBeで Q ~ 103  
・光学系 
‣光てこで読み取り 
‣迷光雑音 
‣ビームジッター制御雑音 
・その他 
‣環境磁場カップリング

19

✔ 概ね完了

→ 懸架ファイバーをシリコンに

→ 試験マスをシリコンに

・光ファイバーで真空槽へ導入 
・モノリシック光学系

→ 

→ マイケルソン干渉計
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シリコン懸架系
・試験マス 
๏電気伝導率を下げることで誘導電流を減らす 

‣試験マスの材質を絶縁体・半導体に 
‣熱伝導，機械損失の観点からシリコンを用いる 
・シリコン懸架ファイバー 
๏熱伝導率の向上 

‣ヒートリンクの本数の削減 
๏高いQ値 

‣現状の懸架ファイバー: CuBe, Q ~ 103 
‣シリコンに変更 → Q ~ 108 (1/300の熱雑音)

20
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低温で銅よりもはるかに大きい

電気伝導率
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光学系改良

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-

・入射光学系 
๏これまでは，懸架された光学ベンチへ
真空槽外から空間光レーザーを入射 

‣光ファイバーを用いて導入 
・読み取り光学系 
๏モノリシック光学系  

‣ジッターの低減 
๏光てこ → マイケルソン干渉計 

‣読み取り感度の向上

21

12

7.2. Construction of the optical bench and telescope simulator

Re!ecting component alignment requirements fall in to two categories: those requiring align-
ment at the  ∼50 µm level, and those at the sub-µm level. The lower precision alignments 
were achieved using CNC machined brass templates to locate the components, and the high 
precision alignments were achieved using the adjustable precision bonding technique—both 
techniques are described in [19, 20].

The precision aligned components were: PCO1 and BS11 on the TS, and BS21 on the 
OB. M20 and M31 on the OB were adjustably aligned to compensate for tolerance build-up. 
Figure 7 shows a picture of the second template used for the TS, and the completed bench with 
the three ‘legs’ of the tip-tilt mount.

All components that are not hydroxide catalysis bonded are glued to Kapton tape stuck to 
the baseplate. This system allows the removal of the glued components should it be required. 

Figure 6. Photograph of a Tx FIOS being bonded to the OB baseplate. The FIOS 
has been pre-aligned in height by bonding it to a mounting post whilst monitoring 
and optimising the beam propagation vector relative to the L-shaped Zerodur® sub-
baseplate. The ruby ball in the foreground is 8 mm in diameter.

Figure 7. Left: Second template for bonding lower precision alignment optical 
components of the telescope simulator. The template has pockets with ball bearings 
for positioning the components to be bonded and cut outs for the already bonded 
components. Right: completed telescope simulator.

M Chwalla et alClass. Quantum Grav. 33 (2016) 245015

Chwalla et. al. (2016)

外部から空間光を入射

→光ファイバーで導入

optical 
fiber

https://iopscience.iop.org/article/10.1088/0264-9381/33/24/245015
https://iopscience.iop.org/article/10.1088/0264-9381/33/24/245015
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改良計画
・シリコン懸架系 
๏懸架ファイバーを発注，懸架テスト予定 
๏試験マスは入手先を検討中 

・光学系 
๏光学系の発注，設計 
๏低温に冷やした際のミスアラインメントの評価 

・低温試験を行う別の冷凍機が稼働 
‣メインの懸架系と並行して測定を行う

22
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新規冷凍機
・今月初めに稼働 
・約12時間で4 Kまでの冷却を確認

23
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まとめ，今後の展望
・Phase-III TOBA実現に向けた低温懸架系の開発 
๏低温運転に成功 
๏ビームジッター制御，迷光，磁場雑音などの低減が必要 

・低温懸架系の改良計画 
๏試験マス，懸架ファイバーをシリコンで製作 

‣磁場カップリングの低減 
‣ Q値の向上 

๏モノリシック光学系 

‣ビームジッターの低減 
‣高感度化 
・メインの懸架系と並行して低温試験を行う予定

24
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冷却結果
110 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

・6.1 Kまでの冷却に成功 (4 Kの場合より1.2倍の熱雑音) 
・理論よりも冷却速度が遅い 
‣ヒートリンクの熱接触が想定よりも悪い

26
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現在の感度

27

118 Chapter 6. Experimental Results of Cryogenic Prototype

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.
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雑音源
・ビームジッター制御雑音，迷光雑音が現状の感度を制限 
・磁場雑音がPhase-IIIの目標感度を大きく制限しうる

28

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.

迷光雑音

TM1ーOB

磁場雑音
ジッター制御雑音
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ビームジッター，迷光
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Faraday
Isolator

Laser

oplev
QPD1

QPD2

QPD2

QPD1

TM1 TM2

OB

Filter

matrix

PZT

Cryostat

Optical table

coil

Filter

OB oplev

Reference 
QPD

Figure 6.11: A configuration of optics and control system for the cryogenic
prototype experiment. Jitter of the laser beam is monitored by two QPDs
(QPD1 and QPD2), and the rotation of the bars are measured by the optical
lever QPDs (“oplev” in the figure). Feedback paths are shown with the dotted
lines.

6.4 Sensing and control

A schematic diagram of the optics and the control system of the cryogenic
prototype are shown in Fig. 6.11. Optics are constructed on OB in the cryostat
or on the optical table outside the vacuum chamber. Two laser beams are
injected from outside the chamber into the cryostat. On OB, two jitter monitor
QPDs (QPD1 and QPD2) are placed for each TM to monitor the displacement
of the beam. Each QPD measures vertical and horizontal displacement of the
center of the beam. The signals of QPD1 and QPD2 are fed back to the PZT
actuators outside the vacuum chamber to stabilize the beam jitter. By fixing
the beam center at the two QPDs, the beam is fixed relative to the OB so that
the optical lever can measure the relative rotation between TM and OB. An
optical lever QPD (Oplev) measures the position of the reflected beam from
the mirror on the bar. Its signal is then fed back to the coil-coil actuators for
the TM bar to damp the resonance of the bar.

Each QPD has three signals; beam displacement signal in the horizontal di-
rection (Yaw) and the vertical direction (Pitch), and total power signal (Sum).
Yaw and Pitch signals were calculated from the power difference between left
and right segments, and upper and lower segments, respectively. Sum signal
is the sum of the four segments of the QPD.

迷光雑音：

BSの表面反射などによる迷光が計測信号と干渉
し，強度変動を起こす雑音

ビームジッター制御雑音：

ビームジッターの制御信号に強度変動などの信号
が混入し，制御を介して逆にビームを揺らしてし
まう
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磁場雑音
・環境磁場変動による誘導電流が試験マスに流れ，磁気モーメント
μをもつ 

・環境磁場のDC成分Bとカップルし，トルク雑音N=B×μが生じる 

・μは電気伝導度に比例 
‣低温になるほど寄与が大きくなる 
・現状 10-9 /√Hz @ 0.1 Hz 
‣目標感度10-15 /√Hz達成には6桁の低減が必要

30

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
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・懸架点の振動への要求値: 10-7 m/√Hz @ 0.1Hz 
‣ 0.1 Hzで1/10, 1 Hzで1/1000 程度の防振が必要

懸架点の防振

31

要求値

X 1/10

冷凍機をつけた際の地面振動 
(x, y, z)

X 1/1000

x

z

y
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能動防振系の機能

32

Active Vibration Isolation Table (AVIT) 
→懸架点の能動防振

断熱ロッド 
→冷凍機から導入される振動の低減

傾斜計 

→AVITの角度変動の読み取り
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能動防振系の構成

33

地震計：テーブルの慣性系での変位を測定 
高周波(> 0.03 Hz)における制御

フォトセンサー：テーブルとフレームの相対変位を測定 
低周波(< 0.03 Hz)における制御

ピエゾアクチュエータ: 
地震計，フォトセンサーからの信号を 

テーブルへフィードバック

懸架テーブル： 
制御対象
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傾斜カップリング
・一般に慣性センサーは並進だけでなく傾き変動にも感度を持つ 

‣低周波ほど傾き変動の影響が大きい 
・アクチュエーターの傾斜カップリング 
‣並進に揺らすと同時に 
傾斜方向にも加振 

‣低周波では並進を読めていない 
‣対角化 or 傾斜計の利用

34

傾斜並進

x
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傾斜測定の原理
・懸架点が傾いても振り子の傾きは変化しない 
‣懸架したマスとテーブルに固定された光学系の相対傾きから，
テーブルの慣性系からの傾き変動を読み取る 

・読み取り光学系 
‣光てこを用いた角度読み取り
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ステージが傾くと

ビームスポットの

位置が変動

ステージが傾いても

マスは傾かない
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傾斜計の目標感度

36

地震計による

傾斜測定の感度

並進地面振動 
からの寄与

散射雑音

要求値

z方向の信号の差から

傾斜がわかる
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設計性能

37

要求値

平常時

設計性能
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防振性能試験
・低温懸架系で使用するものと同様の寸法だが，冷凍機の付いてい
ない別の真空槽を用いて試験 

・傾斜計，懸架系，断熱ロッドはなし，AVITのみ

38
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・x, y, z軸の3軸同時制御に成功

平常時 
(x, y, z)

制御時 
(x, y, z)

要求値

現在の防振性能

39
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・x, y, z軸の3軸同時制御に成功

平常時 
(x, y, z)

制御時 
(x, y, z)

要求値

現在の防振性能

40

0.7 Hz以下で 
振動が約10倍 

‣ 傾斜カップリング

0.7 Hz-6 Hz 
の帯域で制御
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傾斜計の開発
・２段振り子懸架系 
‣マスの重心位置の調整による 
並進-傾きカップリングの低減 

・読み取り光学系 
‣光てこを用いた角度読み取り

41
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傾斜計の開発
・２段振り子懸架系 
‣マスの重心位置の調整による 
並進-傾きカップリングの低減 

・読み取り光学系 
‣光てこを用いた角度読み取り

42

中段マス

テストマス

テストマス



/  2416. 09. 2020 JPS Meeting 2020 Autumn

・並進地面振動が傾き変動を励起 

‣マスの重心位置の調整により低減 

‣設計値: 0.03 Hz (C ~ 4×10-3)

地面振動からの寄与

43

共振周波数を下げると

カップリングが下がる

C ≃
f0

2

g
∝ Δz

: 重心と懸架点の距離Δz

excite
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重心位置調整
・並進地面振動が傾き変動を励起 
‣マスの重心位置の調整による 
並進-傾きカップリングの低減

44

共振周波数を下げると

カップリングが下がる

設計値: 0.03 Hz  

(4x10-3 rad/m) 

現在: 0.2 Hz (0.2 rad/m) 

‣ さらなる調整が必要

C ≃
f0

2

g
∝ Δz

: 重心と懸架点の距離Δz

Roll方向の傾き変動

Roll方向の共振
Pitch方向の共振

フォトセンサー
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冷凍機による地面振動の導入

46

冷凍機off(x, y, z)，on(x, y, z)の場合の地面振動

1.75 Hzと
その高調波

…

低周波では
変化なし

< 30 Hzで 
数倍増加
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制御系

47

x軸のオープンループ伝達関数(yも同様) z軸のオープンループ伝達関数
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傾斜カップリングの低減
・水平方向と同時に傾斜方向にも揺らすことで打ち消す 
‣ 1/10 以下にまで低減 
‣ x軸は安定した制御に成功，y軸は未だ不安定 
‣さらなる低減，もしくは傾斜計による傾き制御

48

x(低減前)
x(モデル)

x(モデル)

x(低減前)

y(低減前)
y(モデル)

y(低減前)

y(モデル)

y(低減後)

y(低減後)

x(低減後)

x(低減後)

↓ アクチュエータから地震計への応答の振幅と位相(低減前後)


