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概要
・ねじれ振り子型重力波望遠鏡 TOBA を用いた0.1 Hz帯の重力波
の検出を目指している 

・Phase-IIIと呼ばれる低温ねじれ振り子のプロトタイプを開発中 
・高感度化に向けて，モノリシック読み取り光学系の開発 
◦ モノリシック光学系の構築を一部完了 

◦ 干渉計のアラインメントを行っている
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Contents
・TOBAについて 
・TOBAの読み取りモノリシック光学系 
・モノリシック光学系の構築 

‣光学系デザイン 
‣光学素子 
‣アラインメント 
・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 → 0.1-10 Hzの低周波重力波の観測 
・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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研究計画

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

・~ 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)

5
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Phase-III TOBAの構成

6

能動防振系 
・地震計とアクチュエータによる 
フィードバック制御系 
・角度変動を読む傾斜計

読み取り光学系 
◦ レーザー干渉計 
による角度読み取り 

◦ モノリシック光学系 

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

パルスチューブ 
冷凍機真空槽

ヘキサポッド 
アクチュエーター

地震計

ファイバー 
レーザー

試験マス

輻射シールド 
（50K．4K）
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変位読み取り雑音の低減
モノリシック光学系 
：光学基板に光学素子を直接貼り付ける 
・同相雑音除去が効きやすい 
・長時間ドリフトが小さい 
・取り付け後の調整は不可能 
LISA Pathfinderでは 
3.5 x10-14 m/√Hz @ 0.1 Hz を達成 

低温下でのモノリシック光学系の実現 
・溶融石英は低温での性質が悪い 
（Q値，熱膨張率） 

‣シリコン基材 ＋ シリコン光学素子で構築 
・目標感度 10-15 /√Hz （3 x10-16 m/√Hz）を目指す
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LISA Mission Proposal

4.3 Payload conceptual design and key
characteristics

A strawman design of the payload on each of the three
identical S/C is illustrated in the diagram in Figure 5.
It consists of two identical assemblies of roughly cylin-
drical shape, each of which contains a telescope, an op-
tical bench and a GRS with enclosed TM, connected
by a mounting structure which allows sequential mu-
tual alignment during integration. The two assemblies
are mounted in a common frame that allows rotation
of each assembly about the vertical axis by about 2 de-
grees in order to track the variation of the vertex angles(60 ± 1○) due to solar system dynamics.
A possible alternative configuration, which should be
viewed as a backup as it would involve departures from
the proven LPF GRS design, has two telescopes rigidly
fixed to a single, common, optical bench and requires
an “in-field pointing” actuator in each optical path to
compensate the angular variation. A detailed trade-off
between these options and a revised design of the pay-
load are expected in Phase A.

Figure 5: Payload strawman conceptual de-
sign. Images courtesy of Airbus D&S GmbH,
Friedrichshafen.

4.4 Interferometry Measurement System
(IMS)

The IMS is using optical benches which will be con-
structed from an ultra-low expansion glass-ceramic
material tominimise optical pathlength changes due to
temperature fluctuations. Each optical bench hosts one
‘science’ interferometer for the received light from the
far spacecraft, one local interferometer whichmonitors
the position and orientation of the test mass, and a ref-
erence interferometer. The latter two interferometers
use a fraction of the two local laser beams to generate
the laser beat signals. The science interferometer can
use either of the two lasers together with the weak far

field, to be traded in Phase A.
Construction techniques for the optical bench with
the required alignment accuracy (order of 10 µm) and
pathlength stability in orbit (pm/√Hz) have been
demonstrated with LISA Pathfinder [4] (see Figure 6).
The mechanisation of the series production of the OBs
is now being studied in a technology development ef-
fort.

Figure 6: TheLISAPathfinder optical bench dur-
ing testing. Image courtesy of theUniversity ofGlas-
gow.

The main laser field is injected via a single mode opti-
cal fibre and distributed via several beam splitters and
mirrors to the different interferometers and additional
sensors such as a powermonitors. A fewmWis also ex-
changed between the two optical benches on each S/C
via the bi-directional backlink. It can be implemented
via an optical fibre [30, 31], or with a free beampath be-
tween bothOBs. Experimental comparisons between a
few possible implementation options are ongoing at the
time of writing. A possible layout of the optical bench
is shown in Figure 7.
The OB has optical interfaces with the test mass on one
side and the telescope on the other side. Its interface to
the telescope is a precisely defined aperture (internal
pupil plane) of a few mm diameter; the precise size de-
pends on the final magnification of the telescope. Each
telescope has an aperture of about 30 cm diameter and
serves simultaneously the transmit (TX) and receive
(RX) directions along the respective arm. In order to
minimize the impact of backscattered TX light into the
RX path, we assume as baseline an off-axis design with
a total of about 6 curved reflectors, some of which are
aspherical and which require a surface figure accuracy
of about 30 nm.
An alternative is to modify the central region of the
secondary mirror [32] in an on-axis design to min-
imise back-reflection, which would potentially sim-
plify alignment procedures and integration. The re-
quired high stability of the optical pathlength through
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exchanging a laser beam over a few million kilometres.
To achieve the full science objectives of LISA, the ASD of
spurious random accelerations of the TMs must be limited
to S1=2g ðfÞ ≤ 3 fm s−2=

ffiffiffiffiffiffi
Hz

p
×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðf=8 mHzÞ4

p
within

the frequency band of the detector, 0.1 mHz ≤ f ≤ 1 Hz.
The f2 relaxation for f ≥ 8 mHz arises because at those
frequencies the noise is expected to be dominated by white
interferometer displacement noise that, when converted to
equivalent acceleration, scales like f2. The requirement
should be given in terms of the differential acceleration,
Δg, between the two test masses. However, as the two
spacecraft are separated by a large distance, force fluctua-
tions around each TM are assumed to be incoherent and
S1=2Δg ¼

ffiffiffi
2

p
S1=2g .

At frequencies below 1 Hz, there is currently no realistic
possibility to reach such a level of free fall in a ground
based laboratory. The main problems are the large accel-
eration of the laboratory relative to a local inertial frame
and low-frequency terrestrial gravitational noise. This
pushes low-frequency GW detectors to space but also
prevents an end-to-end experimental demonstration of
the required free-fall performance in a terrestrial laboratory,
leading to the need for the LISA Pathfinder mission, whose
requirements for the ASD of Δg have been set at S1=2Δg ðfÞ ≤

30 fm s−2=
ffiffiffiffiffiffi
Hz

p
×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðf=3 mHzÞ4

p
within the fre-

quency band 1 mHz ≤ f ≤ 30 Hz. Note that for LPF the
cross-over frequency to the f2 branch (3 mHz), corresponds
to the value used in the earliest LISA concept [4], while the
change to 8 mHz results from the latest studies [2]. This
difference has no practical impact on thework presented here.

A. The instrument

The core instrument of LPF [5], consists of two quasi-
cubic test masses, of size ð46.000% 0.005Þ mm and mass
M ¼ ð1.928% 0.001Þ kg, formed from a high-purity gold-
platinum alloy. During science operations, these masses are
in free fall inside a single spacecraft with their centers
separated by a nominal distance of ð376.00% 0.05Þ mm
along a line that we take as the x axis (see Fig. 2 and
Ref. [6]). Each TM is contained within an electrode housing
[7], which serves as an electrostatic shield in addition to a
6 degree-of-freedom sensor and electrostatic force actuator,
with gaps around the mechanically and electrically isolated
TM of 2.9–4 mm on the different axes. Charge accumulated
by the TMs due to cosmic rays is removed by a UV light
discharge system [8].
DC and slowly varying electrostatic forces are applied

with dedicated audio frequency voltages between 60 and

FIG. 1. Gray: ASD of Δg, S1=2Δg ðfÞ, measured for 6.5 days starting 127 days after launch. The ASD is the result of averaging 26
periodograms of 40 000 s each, which results in a relative error (1σ) of 10% in S1=2Δg . The effective spectral resolution, set by the spectral
window, is Δf ≃%50 μHz. The absolute calibration of the measurement is better than 5%. Red: ASD of the same time series after
correction for the centrifugal force (visible at the lowest frequencies). Light blue: ASD after correction for the pickup of spacecraft
motion by the interferometer (IFO), visible in the 20–200 mHz range. Dashed smooth black line: SΔgðfÞ ¼ S0 þ SIFOð2πfÞ4 with

S1=20 ¼ ð5.57% 0.04Þ fm s−2=
ffiffiffiffiffiffi
Hz

p
and S1=2IFO ¼ ð34.8% 0.3Þ fm=

ffiffiffiffiffiffi
Hz

p
. Note that the level of S0 has decreased further in subsequent

measurements, as quoted in the abstract and shown in Fig. 3. Shaded areas: LISA and LISA Pathfinder requirements for Δg. The LISA
single test-mass acceleration requirement [2] has been multiplied by

ffiffiffi
2

p
to be presented here as a differential acceleration.

PRL 116, 231101 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
10 JUNE 2016

231101-3

LPFの加速度雑音
変位換算で 
3.5 x10-14 m/√Hz

PRL 116, 231101 (2016)

https://www.elisascience.org/files/publications/LISA_L3_20170120.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.231101
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変位読み取り雑音
試験マスの読み取り系における雑音 

・原理雑音 
◦ 散射雑音 
◦ 鏡の熱雑音（コーティング・基材） 

・光学系 
◦ 光学系の変動（地面振動・温度変動） 
・信号系 
◦ 回路の雑音 

読み取り雑音が原理雑音で制限される干渉計を目指す

8

モノリシック干渉計 
で低減可能

Fabry-Perot 干渉計

低温化
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実験系概要
構成の簡略化 
・試験マスは懸架せず， 
光学ベンチ上に1つ固定 

・光学ベンチは2段振り子 
・レーザーは光ファイバー 
を用いて導入 

目的 
・低温下での運転の実現 
・変位雑音評価 
・能動防振系を用いて 
同相雑音除去比の評価

9
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光学系デザイン

10
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光学系デザイン

11

レーザー1

光ファイバー

レーザー2

シリコン製 
光学素子， 
基材，試験マス

2台のレーザーの周波数差 
から両腕の差動変動

低温インバー製 
コリメーター 
ホルダー

モノリシック 
光学系ベンチ

2つのFP共振器 
F~1000

試験マス（固定）
表面に 

コーティング

カプラー
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光学素子
・円形素子（レンズ，入射鏡） 
ジグを使ってホルダーに接着 

・試験マス 
板状のヒンジで 
シリコン基板に固定

12

・コリメーター 
偏光とアラインメントを確認して 
ホルダーに接着

ミラーホルダー 
を動かして調整 
→ずれは< 2 mrad

φ190mm

200mm
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アラインメント手法
要求精度の異なる2パターンの光学系 

・取り回し，ピックオフ， 
モードマッチング，入射鏡 
◦ 精度低め (~1 mrad) 

‣テンプレートを用いて 
アラインメント 

・ステアリング鏡 
◦ 精度高め (~10 µrad) 

‣共振状態を確認しつつ， 
専用のステージで微調整

13
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テンプレートを用いたアラインメント
・突起のついた板に，光学素子を 
押し付けるような形で固定 

・全体を傾けることで荷重をかける

14

テンプレート

光学素子重力による 
荷重

シリコン基材

押し付ける
突起
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ステージを用いた微調整
5自由度（x, y, z, pitch, yaw）に移動可能なステージ x2 

・リニアガイドで粗調 (x, y, z) 
・手動ステージで微調 (x, y, z) 
・電動ステージで微調 (pitch, yaw)
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微調整 
ステージ

z 
(手動)

x&y 
(手動)

yaw 
(電動)

pitch 
(電動)

アルミフレーム
光学系ホルダー
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微調整ステージ

16

微調ステージ

ステージ全体

ミラー
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入射光学系の接着
入射光学系の一部をテンプレートで接着

17

↑傾けて重力による荷重をかける 
↓テンプレートで位置決め

↓入射光学系を接着

試験マス

コリメーター コリメーター

入射鏡入射鏡
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入射光学系のアラインメント
微調整ステージを用いて入射光のアラインメントを合わせる 

‣途中でビームがクリップして完全には合わせられていない 
（モードマッチ率 60%程度が限界）

18

試験マス

入射鏡入射鏡

アラインメント鏡
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ビームのクリップ
アラインメントを合わせようとすると 
レンズホルダーでpitch方向にクリップ 

・レンズホルダーの口径 6 mm 
‣クリップしない範囲で調整できる 
入射光軸の角度は 4.5 mrad 

・試験マスの固定の際のずれによっては 
この範囲を越えうる (0.14/30 ~ 4.7 mrad)

19

試験マス

入射鏡入射鏡

アラインメント鏡

ここでクリップ

レンズホルダー

φ6mm

試験マス30mm

~0.14mm 
(機械精度)
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共振器のビーム光軸
裏側（試験マス側）から光を入射する 

‣共振器軸をビームスポット高さから評価 

裏側のアラインメントは完了 
ビームの高さの測定 

‣共振軸の傾き・並進 
‣ミラーの傾き 

試験マスの姿勢を評価する 

‣ヒンジの取り付けで傾きを補正

20
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まとめ
・低周波重力勾配測定に向けてPhase-III TOBAの開発 
・高感度化に向けた低温モノリシック干渉計の開発 
・モノリシック光学系の構築 
◦ テンプレートを用いた位置決め 

◦ ステージを用いたアラインメント 

‣レンズホルダーの口径でクリップ

21
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今後の展望
・アラインメントの改善  
◦ 裏側から光を入射して共振器軸の確認 

◦ 試験マスの姿勢の調整 

・残りの光学系の接着 
◦ 入射光モニター（PD・QPD） 

◦ 透過光モニター（PD・QPD） 

・低温試験 
◦ 真空槽にインストール 

◦ 4 Kに冷却 

◦ 感度 10-16 rad/√Hz を目指す

22
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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

25
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現在の感度

26

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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ビームジッター，迷光
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114 Chapter 6. Experimental Results of Cryogenic Prototype

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

28

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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開発項目
・モノリシック光学系の構築手法 
◦ 接着方法 
◦ アラインメント方法 

・低温における動作 
◦ コリメーター 
◦ アラインメントずれ 
◦ PDの動作（透過光，強度モニター用，etc.） 

・光学系の雑音レベルの測定 
◦ 測定系（レーザー，電気回路，…） 

目標感度：10-16 rad/√Hz 
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開発項目
・モノリシック光学系の構築手法 
◦ 接着方法 → エポキシ系接着剤 
◦ アラインメント方法 

・低温における動作 
◦ コリメーター → 動作確認 
◦ アラインメントずれ 
◦ PDの動作（透過光，強度モニター用，etc.）→ 動作確認 

・光学系の雑音レベルの測定 
◦ 測定系（レーザー，電気回路，…） 

光学系構築の目処はおおむね立っている 

‣測定系の特性評価
30
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低温試験
シリコン同士を 

・Stycast 1266 
・DP190 

で接着し，4Kまで冷却 

‣紫外線硬化樹脂は昇温後に剥離 
‣エポキシは昇温後も問題なし 
エポキシでの接着を採用

31

・NOA63 
・NOA81エポキシ 紫外線硬化樹脂

冷却＆ 
昇温後
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フォトダイオード

32

FGA21

G12180-010A

FDA10
→4KでもOK

120K付近で 
急速に応答が悪化
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コリメーター
焦点固定コリメーター（F260APC-1550, Thorlabs）を使用 

・何度か冷却＆昇温を繰り返していると出射ビームの形が変化 

・他の種類のコリメーターでも同様の現象 
‣低温化でレンズの位置が変化した可能性 

現在はピグテールコリメーターを使用 

・今のところビームの形に異常はない
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干渉計構成

34

Michelson 
干渉計

差動 
Fabry-Perot

Fabry-Perot 
Michelson

改良型WFS

感度

周波数雑音

ビーム 
ジッター
並進 
カップル

制御 
自由度

1 (ねじれ回転) 2 (ねじれ回転， 
並進運動)

3 (ねじれ回転， 
 並進運動， 
Michelson)

2 (ねじれ回転， 
並進運動)

改良型WFSがベストだが不確定要素が多い → 差動FPを採用

？

？

？

？
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Extra Photos
・Lens & cavity mirror bonding
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TM Support
HR side
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AR side
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入射光学系のアラインメント
微調整ステージを用いて入射光のアラインメントを合わせる 

‣途中でビームがクリップして完全には合わせられていない 
（モードマッチ率 60%程度が限界） 

‣試験マスの姿勢調整が必要
37
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Collimator Bonding

38


