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論文の内容の要旨

論文題目 Optical Mode Cleaner 

for the Interferometric Gravitational Wave Detector 

「干渉計型重力波検出器のためのモードクリーナーの開発」

氏名 新谷昌人

一般相対論のひとつの帰結として重力波の存在が予言されているが、未だに直接

検出されていない。 しかし、重力波の存在自体は Taylor らによる連星中性子星の

公転周期の観測から間接的に検証されている。 もし直接検出できれば一般相対論を

Fヘ 検証できるだけではなく、 「重力波天文学」として高密度星で起こる現象を電磁波
などの従来の手段では得られない情報を検出できるロ例えば、超新星爆発の瞬間の

コアの角運動量や連星中性子星の合体の重力波振幅から天体までの距離などを求め

ることができる。このように重力波検出は物理学的・天文学的観点から興味深いも

のであるが、物質と重力波の相互作用が非常に小さいためにこれまで検出は困難と

されてきた。 しかし、最近の測定技術の進歩によって重力波検出が不可能ではない

レベルまで研究が進んできており、世界各国でキロメートルクラスの大型干渉計の

建設をめざして感度向上への研究が進められている。日本でも平成 2年度より重点

領域研究の一環としてプロトタイプの検出器の開発を行い大型干渉計への基礎技術

の開発を行っている。



干渉計型重力波検出器の原理は、吊るされた 2枚の鏡の聞の距離を干渉計で高精

度に検出し、重力波によって生じる固有距離の変化としてとらえるもりである。超

新星爆発や連星中性子星の合体などで放出される 100Hz-1kHz付近のパースト的な

重力波に対しては、十分に防振された鏡と安定化されたレーザーを用いて重力波の

振幅 h-10二 21 程度の感度を達成すれば年間数イベントの観測ができると考えられ

ている。この程度の感度は原理的には達成可能で、いくらかの技術的な困難を乗り

越えれば実現できると思われる。検出感度を決める大きな要因のひとつがレーザ一

光源に起因するノイズで、特に周波数ノイズに対する要求がきびしい。そこで、本

研究ではモードクリーナーと呼ばれる光共振器を基準にレーザーを周波数安定化す

るシステムを設計し、実際に国立天文台の 20mプロトタイプ検出器に組み込み運

転をおこなった(図 1)。

国立天文台では共振器長 20mの Fabry-Perot干渉計型重力波検出器の開発を行っ

ている。この干渉計の特徴としては将来必須の技術とされるリサイクリングを組み

込めるように、信号の読みだしに直接干渉方式を採用していることである。本研究

以前の測定でこの干渉計の感度を決めている主なノイズ源はレーザ一光の周波数ノ

イズであることがわかっていた。そこで、レーザーの周波数安定化が必要となるが、

これにはいくつかの方法がある。現在採用している直接干渉方式と両立しうる方式

として、我々は本体の干渉計とは別の Fabry-Perot共振器(モードクリーナー)を

用意してこれを基準に周波数安定化を行うことにした。この方法ではレーザーのす

べての光を無駄なく使って安定化できるのでショットノイズ限界の安定化を達成す

炉 ることができる。また、この方式ではモードクリーナーの透過光を主検出器の光源

として使うために、本来のモードクリーナーの特性である、もとのレーザ一光の持

っている空間的なビームの変形やゆらぎを低減させる効果も期待できる。

また、本研究のもう一つの特徴としては、モードクリーナー共振器の 2枚の鏡をそ

れぞれ独立に吊るしていることが挙げられる。これまで海外の研究を含め、プロト

タイプ用のモードクリーナーとしては単一モード光ファイパーやロッド固定式 Fab

ry-Perot が用いられてきたが、将来の高出力レーザーを用いた長基線長の干渉計に

はこのような方式では問題がある。将来のフルスケール干渉計にも応用できる技術

開発を考えて、我々は独立懸架のモードクリーナーの開発を行うことにした。

このような目的で、共振器長 1mのモードクリーナーを使った周波数安定化システ

)， 



ムを設計したo 共振器として使用した鏡は直径 50rnm長さ 100mm の石英のロッドに

鏡をオプテイカルコンタクトしたもので、鏡は損失の少ないイオンビームスパッタ

法で製作されたものである。将来的にもこの方法が有力視されており、実際の鏡の

特性はフィネス 1500 で共振器の透過率が 90%程度に達する高透過率であった。

2枚の鏡は独立に二段振り子の紡振系で懸架されている。防振系には板パネで作っ

た垂直方向の防振系も組み込まれていて防振効果が高められている。 これらの鏡は

真空容器中に納められているため、外部から鏡の位置制御を行うためのモータード

ライブと微調整用のピエゾ素子がとりつけられている。

光源として使用したレーザーは半導体レーザー励起モノリシック Nd:YAG レーザー

で、出力が 500mW のものである。このレーザーは波長が 1064nm の赤外であるため

F に扱いがやや面倒であるが、将来の高出力・高安定化の可能性が高いレーザーであ
るのでこれを採用したo レーザーの発振周波数は共振器にはりつけたアクチュエー

ターでコントロールできるため周波数安定化にはこれを利用した。 レーザーの周波

数安定化は吊るした鏡を基準にしているため高周波の周波数揺らぎに対しては良い

基準となるが、低周波では共振器の振り子運動のためにむしろ安定度は悪い。そこ

で、安定化のサーボ系は 2系統使い、ひとつは共振器長を低周波で制御して振り子

運動を抑えるループ、そしてもうひとつは高周波で共振器を基準にレーザーを安定

化するループで高周波の揺らぎのみの安定化を行った。このふたつのループの交差

する周波数は振り子運動ともとの周波数ノイズとのかねあいから 30Hz にし、観測

帯域である 1kHz付近で 80dB の安定化利得がとれるようにサーボ系を設計したo

p プロトタイプに組み込む前に、モードクリーナー単体での特性(モードクリーニン
グ効果・周波数安定度〉をまず評価した。

モードクリーニング効果としては入射光の角度や位置のゆらぎであるピームジッタ

ーの除去効果を評価したロ理論的計算では使用した共振器に対しては 60dB程度の

除去効果が期待できる。実際にはモードクリーナーのある場合とない場合について

20m 先のビームの位置を検出した。位置検出にはナイフエッジを利用した位置検出

器を用いたロモードクリーナーのない場合の入射光ビームジッターは 100Hz以下で

はエアコンによる空気の揺らぎの効果が支配的であったのでその除去効果を測定し

た。測定した結果、エアコンによるゆらぎの除去効果がはっきりと確認できた。モ

ードクリーナー懸架の共振による低周波のジッターがあることが新たにわかったが、



数百 Hzの観測帯域のジッターについては防振がきいているために検出限界以下で

あった。

次に周波数安定度を評価した。まず、モードクリーナーの周波数安定化サーボの誤

差信号から見積もった周波数安定度は、設計通り 1kHzで 80dBの安定度が得られ

て 1mHz/I""Hz程度が得られた。しかし、実際の周波数安定度は別の共振器を用いて

評価する必要があるため 20mプロトタイプ検出器で用いる Fabry-Perot共振器に

よる周波数安定度の評価を行った。 20m共振器の誤差信号から得られた値は 1桁

悪く 10mHz/I""Hzであった。この差を生じさせるノイズ源は 20m共振器付近の外

来の振動に応じて変化することがわかったので、安定化光を 20m共振器に導入す

るときに用いた固定鏡による位相ノイズや光学台の機械共振が主なノイズ源である

什と推定された。

このように、モードクリーナーの基本的な機能について所期の性能を確認すること

ができた。ノイズについても完全に評価することはできなかったものの設計通りの

レベルに近いことがわかったので 20mプロトタイプ検出器に実際にモードクリー

ナーを接続し性能を評価したロまず、干渉計のコントラストの向上がみられ、モー

ドクリーナーを入れる前の 95%から 99%以上に改善された。これにより干渉光

をほぼ完全にダーク条件にすることができ、モードクリーナーによりもとのレーザ

一光に含まれる高次モードが除去されたことが確認された。

これまでは周波数ノイズで感度が制限されていたが、モードクリーナーによる周波

数安定化の効果で感度が 2桁以上向上し、変位換算で 10̂-16m/I""Hz、重力波の振幅

炉 ではい 10̂-16 となる(図 2)。設計された感度には 2桁ほど離れているが、先の

固定鏡による位相雑音の他に干渉計の 2本の腕による同相雑音除去比があまりとれ

なかったことが原因の一つである。干渉計のコントラストが向上したにもかからわ

ず同相雑音除去比がとれないのは両腕の Fabry-Perotのフィネスの差でほぼ説明で

きるので高性能な鏡を使用して対称性をよくすれば改善される可能性が高い。

現在得られている感度は重力波検出のためには 5桁不足しているが、現在のままで

固定鏡の防振と高性能鏡を用いて 2桁の感度の改善が見込まれる。腕をキロメート

ルにすればもう 2桁、さらにレーザー出力を 100倍すればショットノイズ限界が

1桁低下して目標の感度に達成するロ実際にはこれほど単純ではないが、少なくと

も本研究で採用したモードクリーナーは重力波検出器と組み合わせたシステムとし
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て問題なく動作することがわかり、将来の検出器に対しての見通しを得ることがで

きた。
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図 1 モードクリーナーと 20mプロトタイプの光学系
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1. Introduction 

~1.1 Detection of Gravitational Waves 
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Another type detector for such burst sources is a resonant detector，蛍豆旦空14 t 
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Several groups are currently developing interferometric gravitational wave de-

tector aiming at construction of full scale detector wi七hkm cavity length. With 

such a detector with sensitivity of better than h '" 10-21， several events of super 

nova explosion or coalescence of binary neutron stars occurred in the Virgo Cluster 

will be detected in a year. Future plan for full scale detectors are shown in Table 

1.3. 

Some groups including Japan have prototype detectors to investigate basic 

performance of the interferometer and noise sources which limits sensitivity. Pro-

totype detectors are summarized in Table 1.4. In Japan， two Fabry-Perot proto-

types (20m， 3m) and a 100 Delay-Line prototype detector are in operation. One 

of them is a 20m Fabry-Perot prototype detector at National Astronomical Obser-

vatory. It uniquely applied recombination scheme using pre-modulation (Section 
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機関 アンテナ 方式 感度

CERN/ローマ A15056， 2.3ton， 2.6K Capacitive + SQUID 7.x 10-19 
CERN(NAUTILUS) A15056， 2.3ton， 0.1K Capacitive + SQUID 2 X 1O-1~ 
Jレイジアナ州立大 A15056，1.1もon，4.2K Inductive + SQUID 7 X 10-19 
スタンフォード大 A16061， 4.8ton， 4.2K Inductive + SQUID 10-18 

西オーストラリア大 Nb， 1.5ton， 5K RF eavity 9 X 10-19 

宇宙線研/東大 A15056， ~.7ton ， 300K レーザーTRD . 
KEK A15056， 1.2ton， 4.2K Capaeitive + FET 4 x 1O-22(60Hz) 

F帆

，-' 

Table 1.1 Current status of resonant-type gravitational wave detector. 

重力説源 e 撮動故 振幅h 制度 I検出法

ヂ民 連星中性子星の合体(200MR!=) 10.....10001lz 10-21 3/年 レーザー干渉計+テンプレート

超新星爆発(銀河系内) -lkllz 10-111 11数十年 レーザー干渉計、共振型検出~~

超新星爆発(乙女座銀河団) .....1kHz 10-:11 数イベント/年 kmレーザー干渉計 t

巨大プラックホールの形成 -1mHz 10-17 1/年 レーザー干渉計(宇宙空間)

パルサー 数10Hz 10・26 連続波 レーザー干渉計、共掻型検出器

字宙ひも 10-7Hz 10-15 背景波 パJレザータイミング

Table 1.2 Sources of gravitaもionalwaves. 
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7.1) because recombination is considered to be inevitable for the recycling scheme. 

Fortunately we succeeded in operation of recombined 20m prototype in 1994 [6]， 

and found that the frequency noise of the laser limited its sensitivity. 

Mode cleaner is incorporated into most prototypes between laser and main in-

terferometer for the purpose of reduction of beam jitter and spurious higher mode. 

Some groups adopt single mode optical fiber which introduces laser beam into the 

vacuum chamber as well as work as mode cleaner. Anoもhertype is a rigid cavity 

whose mirrors are attached to the rod forming Fabry-Perot cavity. This cavity can 

also be utilized as a reference for frequency s七abilization.However considering fu-

ture high power laser with long cavity length， they will be replaced with suspended 

mode cleaner whose mirrors are independently suspended as pendulums. 

In this point of view， we have developed Mode Cleaner of independently sus-

pended Fabry-Perot cavity which works as both mode cleaner and reference of 

frequency stabilization， and firstly succeeded in operation of prototype wi th such 

Mode Cleaner. 

31.3 Contents 

In this thesis， we report on the development of Mode Cleaner to be connected 

to prototype detector as a light source. Mode Cleaner we designed was inserted 

between prototype detector and laser in order to reform the original beam geometry 

(deformation of laser beam or beam自fiu山1民ct旬ua叫tio∞n斗1

Cleaner is to stabilize laser in frequency. As for the function of reformation of 

beam geometry， it is not so serious noise source for the current prototype detector 

but wiU be one of noise sources for future large scale detector. On the other hand， 

frequency noise is signi五cantnoise source of current prototype. In order to attain 

possible sensitivity limited by shot noise， frequency stabilization should be applied. 

One characteristics of our system is to apply the Fabry-Perot cavity as Mode 

Cleaner， whose mirrors are suspended independently. Another one is to stabilize 

4 



国 計画名 基線長 方式 観測開始予定時期|

米国(カルテク&MIT) LIGO 4km(2台) FP 1998年

伊・仏 VIRGO 3km FP 1998年

'豪 AIGO 3km FP 守

独・英 GEO 600m Dual Recyc;ling 数年以内

日本 TAMA 300m FP 1998年

F 

Table 1.3 Project for large-scale gravitational wave detector. 

声、

機関 基線長 方式 感度
カルテク 40m Locked FP 10-18 

グラスゴー大 10m Locked FP 10・18

国立天文台 20m Recombined FP 10-15 

東大 3m Recombined FP 10-15 

マックスプランク研究所 30m DL 10・18

宇宙科学研究所 100m DL 10-16 

Table 1.4 Current status of proもoもypedetectors. 

5 



laser frequency referred to the Fabry-Perot using refl.ected light from the cavity. In 

this way， ultimate frequency stabilization limited by shot noise of f叫llaserpower 

can be realized because of dark locking of 児島ctedlight. We designed such Mode 

Cleaner with l-meter cavity length suspended in the vacuum chamber. Laser diode 

pumped Nd:YAG laser was utilized as light source. 

In C1;l~pter ~， gravitational waves出 aconsequence of general relativity is 

described， including generation and effect of gravitationa:1 waves. Principles and 

noise sources of interferometric gravitational wave detectors are shown in Chapter 

3. Following Chapもer4 and 5 describe the design of Mode Cleaner with l-meter 

Fabry-Perot cavity. After measuring performance of our Mode Cleaner in Chapter 

6， 20m Fabry-Perot proto句'pedetector was operated with Mode Cleaner resulting 

in improved contrast and sensitivity compared with previous experiment wiもh-

out Mode Cαlea叩.n悶 (Chapter7). As conclusions， summ紅 yand problem of this 

experiment are discussed for the future large scale detector. 

.-
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2. Gravitational Waves 

92.1 Gravitational Waves 

According to仕le七heoryof general relativity， metric tensor of spaeetime， gJ.LlI' 

satisfies following Einstein's field equation: 

1 _ 87rG 
Rμν-EhuR=ττTμ"， (2.1) 

where G， c， and TJ.L" are the gravitaもionalconstant，出espeed of light， and the 

energy-momentum tensor， respectively. While， Rμ(Ricci tensor) and R (scalar 

curvature) are 'deduced from 9 J.LII using following relations: 
ずh

R=gμ"Rμν(2.2)  

P 

Rμν=RZω(2.3)  

ROI(3μ= rsII1μ-rsJ.LI" + r~J.L rß" -r~lIrßμ(Riemann tensor) 

rkip(gαω +gω -g(3J.LIOI) (C凶島1symbol) 

The right side 'of the Einstein equation describes mぉsor energy， and they 

define the structure of the五eld(left司deof the eq伊u四1a叫，忠ωt

defined五eldhas gravitational energy， it also defines the field again， and repeatedly. 

Nonlinearity of Einstein equation comes from this situation. 

Although it's very di盟cultto solve the equation analytically， one can investi-

gate the nature of吐le五eldby liriearizingもheequation. If we think of nearly flat 

spacetime， namely metric deviates only small amount hμ11 ~ 1 from自atmetric 

ημν， Einstein field equation can be linearized using proper gauge transformation. 

167rG 
口φH一一一一一-1'，yμν-C44μ"， (2.4) 
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In vacuum，叩ation(2.4) becomes 

口九ν=0. (2.5) 

Equation (2.5) indicates the existence of waves propagating in vacuum， which is 

called gravitational waves. 

For simplicity， consider plane waves propagating in the x3， i.e. z， direction. 

By TT (仕組sverseもracele吋 gaugetransforma品ion，one can ob同intt 1'11組 dcor-

responding hμ11， 
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(2.6) 

へ)
This result shows gravitational waves町etransverse waves and have two polariza-

tion: 

(;i-j+;) 
(+ mode} 

and (;;i;) 
(x mode) 

(2.7) 

By calculating energy tensor， one c叩 obtainthe energy flow of z direction ex-

pressed using energy flux， 53， 

_51..2 

53 =よ，:~(lh+12+ Ihx 12) 
32πG 

(2.8) 

This result shows independent energy flux for吐leeach polarization， similar七o

electromagnetic wav低 Thenature of the two polarization will be shown later in へl
Section 2.3. 

92.2 Radiation of Gravitational Waves 

Now turn attention to the radiation of gravitational waves. One solution of 

equation (2.4) can be expressed邸 followingretarded potential: 

4G f~w(t-r'/mV'z') か(MW)=7f ， 'dddμzF， (2.9) 
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Fig.2.1 Radiation of gravitational waves from small area. 

which indicates gravitational waves radiated from an restrict area (x'， y'， z'). By 

expandi時九ν(t -r' / c， x' ， y' ， z') using approximation of small radiation紅白(mass

density p( x'， yい'))compared with the wave length of radiated waves， one can 
obtain 

つ口 d2 r 
仇向似jバ(仰t，い，x，y仏，z吟)= L 一 l ρ(tトtト一r/μ叩仏，xωソ)刈3d“;1¥-'-""-' c4rdt2 I 

(2.10) 

If we consider waves propagating:'z direction， at su缶cientlydistant point from the 

radiation area we have 

2G .d2 Dll(t -r /c)ーD22(t-r /c) 
h+(t) =一一c4r dt2 

2G d2 
hx(t) = -~4-_寸D叫t-r/c)， 

c・rdt2 
where Dij is quadrupole momentum tensor of the area， 

Dij(t) = Jρ(山ソ)(州一j6ijzzLヤw
In仕出 case，from equaゐion(2.8) energy flux can be given by 

ぉ=4n~r2 [(手Du;D2小
9 

(2.11) 

(2.12) 

(2.13) 



By integrating energy fiux over the sphere surrounding the radiation area， one c叩

obtain the energy 10ss rate of the source carried away by gravitationa1 waves. 

p=岳I:(長以j)2 (2.14) 

Now 1et 's estimate strength of gravitationa1 waves radiated from a stellar 

object or a terrestria1 source. Equation (2.11) can be written as， 

where 

2GM 
r" =一一?ー
ー CM

h2G  D rg AA4f 
I'.J -ーーーーーーー - ーーーーー--
c4 r-r M ' 

(Schwarzschi1d radius of mass lv1) 

ー. 兵"』一.

(2.15) 

ムM=D
C“ 
(mass corresponding to 2nd time derivative quadr叩 olemoment) 

(2.16) 

Above formu1ae indicate that a massive and rapid1y rotating dumbbell can radiate 

gravitational waves. In the case of a dumbbell with two masses M， distance .e 

apart each other， and rotating with angular frequency ω， 

hrvま(ぞr
I'.J 3 x 10-吋品)(が(2πムHzr(式訪-1

(2.17) 

On the other hand， a star with solar mass， M①， in our ga1axy ra.di:ates， 

h I'.J 1 x 10-吋筈)(お)-1 (2.18) 

These estimation shows we have to expect gravitationa1 wa~開会OJTlastronom-

ica1 sources. But such a sourceωdescribed in equation (2.18) is considered to 

be rare in our ga1axy. One of the promising sources is coa1esciI!:g þ'in~ry neutron 

stars and super nova exp1osion. In our ga1axy， super nova explosion occurs a few 

events in a century， and known three binary pulsar systems will coalesce more than 

100 million years future. If we extend our view from our ga1axy to Virgo cluster 

(r rv 10Mpc) which includes I'.J 100 galaxies， the event rate wiU be seYera1 events 

10 
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P町 ye訂.In order to detect these events， the sensitivity of the detector should be 

better than， 

h '" 1 x 10ぺ鍔)(前戸)-1 (2.19) 

With such detectors， gravitational wave astronomy can be established. Details of 

sources and astronomlcal features have been described in Section 1.1. 

92.3 Effect of Gravitational Waves 

In this section， we will describe what effect is induced by gravitational waves 

出ldhow to detect them. 

First， let's think of effect on a test mass which is freely moving， namely 

withouもanyforce applied. A free particle obeys following geodesic equation: 

d2xα dxl' dx" 
ニ=-T+rtu--一一 =0.72 • - 1'" d7 d7 

(2.20) 

If the particle is initially at rest， 

...12_α 

ミ;2+ c2 r~o = 0 (2.21) 

By applying first order approximatioil of hμ川 rto2O，equatha(221)be-
comes， 

d2xα 

d72 一円
(2.22) 

therefore we have xi = 0， which means gravitational waves do not induce the 
position change of a mass. Then if we七hinkof the proper distance，ム.e， between 

such free masses， distance e apart each other on the x axis， 

ム.e= J Ids21i = J 19asd川 It
= lE 19x伽州川z口刈J川zバxl~片き

包 [1+ ~hxx(x =咋
11 

(2.23) 
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Fig.2.2(a) Displacement of free particles for h+ polarization. 
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Equation (2.23) indicates gravitational waves change proper distance between two 

particles， and by measuring the distance gravitational waves c組 bedetected. 

In order to clarify the nature of the waves in detail， assume the two particles 

are freely res七atぬeposition xOl 叩 dxOl +ゲ， respectively: in 0七herwords two 
particles are separated by in五nitesimalvector cα. Iもobeythe equation 

d2んん dxμdxV.o
一τゲ =ROIuu8一一一--edr2μvp d7・dr、 (2.24) 

First order calculation about hμνshows the displacement induced by gravitational 

waves， dcα，to be， 
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when the waves is expressed as equation (2.6). The meaning of two polarization， 

+-mode and x-mode， can be clearly understood by displaying the displacement 

of free particles placed circularly on the x-y plane (Fig.2.2). 

If we place free mirrors and form an interferometerもodetect distance between 

them (Figユ3)，it corresponds to an interferometric gravitational wave detector. 
While， if we place a elastic body (bar) on the x-y plane， vibration mode like Fig.2.4 

is induced and the bar continuesもovibrate after passing gravitational waves awayj 

this is a principle of a resonanもtypegravitational wave antenna. Current status 

of detectors of both type has been described in Section 1.2. Hereafter we will deal 

炉 withonly interferometric detectors. 
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Fig.2.3 Detection of gravi凶 ionalwaves wi七han interferometer. 
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Fig.2.4 Detecもionof gravitational waves with a bar detec七or.
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3. Detection of Gravitational Waves with an Interferometer 

33.1 Interferometric Gravitational Wave Detector 

The principle of七hegravitational wave detector using an Michelson interfer-

ometer is shown in Fig.3.1. Each mirror and beam splitむeris suspended in order to 

realize 'free-fall' at higher frequencies than their resonant frequency. As described 

in Fig.2.3， the path length between a mirror and a beam splitter changes oppositely 

in x direction against y direcもion.Then， the effect of gravi凶 ionalwaves c組 be

detected from the interfered fringe because Michelson interferometer is sensitive 

to path difference between two訂mlengths， in other words sensitive to the phase 

difference of each arm. 

鏡

、・、、、、、

z 

u↓ z 

Fig.3.1 Gravitational wave detector using a Michelson interferometer. 
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In order to calculate the phase difference induced by grav-itational waves， the 

phase of one arm is derived by integrating infinitesimal pha.se change of equation 

(2.25). Assume gravitational waves of +-mode， h(t) = h+(t)， comes to the inter-

ferometer wiもharm length of.e1 and .e2 • The phase change of the round trip of one ' 

arm 1， t.pl， can be calculated as， 

引い〕=j;12ωj::12ω
23J2E111+jh(f)ldf 

=等合j:41hwt
2洋キ三{，"JOh約cdt'
=洋ぺ[引制討、

(3.1) 

where ωis a frequency ofもhelaser light. As gravitational waves oppositely change 

phase of紅 m2， t.p2 is， 

ψ2(t) =竿-dMUch(t (3.2) 

The detected phase differenceムt.plS， 

ムψ(t)=ψ1 ( t) -t.p2 (t) 

=ぞ(21-22)+dJ (3.3) 

when approximating .e1 ~ .e2 ~.e. The first term of the last expression in Eq.(3.3) 

is static phase change due to the arm difference of the interferometer， while the 

second句rmis a ph蹴 changeinduced by gravitational waves. vVhen h(t) slowly 

changes compared to the round trip time of the arm， phase change induced by 

gravitational waves， dψgw (t) is reduced to， 

2.e 
dt.pgw(t) ~ωτh(t) 

= 22; h(t).e， 
(3.4) 
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where入isthe wavelength of the laser light. Equation (3.4) shows that the longer 

the arm length becomes， the easierもodetect. If h(t) varies rapidly and has Fourier 

spectrum h( il)， where il is a Fourier angular frequency of gravitational waves， h( t) 

and Oψ(il) can be expressed as 

的)=ル(Q)内 Q (3.5) 

o<p(t) =ωよめにh(.!1)eintd.fJdt
=2ω乙sin(ぞ)h~) e-i ~l eintdt 
三乙ω(.fJ)机

therefore 

6ψ(β) = HM( .fJ)h( Q). (3.6) 

Here we den.ne the response function for Michelson interferometer to gravitational 
waves with frequency .fJ， 

.fJ.e 
HM(明 =2万sin¥ -~ )e-1c. (3.7) 

Equation (3.7) indicatesもheeffect of gravitational waves vanishes when .e = N入gw

(m:integer，入gw:wavelength of gravitational waves) satisn.es， because the phase 
change of light going for出 iscancelled out when it comes back. The arm length is 

optimized when .eopt ~ (2N + 1)入gw/4 satisfies. Typical frequency of gra泊 ational

waves radiated from super novae or coalescing binary neutron stars are near 1kHz， 

therefore .eopt ~75km. 

Since i t seems very hardもoconstruct an interferometer wiもhsuch long arms， 

several types of folded interferometer are proposed. One is Delay Line type in-

terferometer which 凶 foldedarms (Fig.3.2). An N-folded Delay Line with arm 

length .eDL corresponds to Michelson interferometer with arm length .e = N.eDL. 

Hence， the response function for Delay Line interferome旬rIS， 

(.fJN.e¥ーis.ιHDL{.fJ) = 2万sin¥ ..~. .~ )e-J..~.-. 

17 

(3.8) 



Another 七句ypeiS.a Fabry-♂.  

f伽Oぽreach紅 m 叩 dlig泡ght古g伊O悦es山ba叫cka叫n凶dforthin tωhe即 i匂t勿y(F叫i泡g.3.2幻).By su血血mg

up the phase change of each going and coming light， to同1de七ectedphase can be 

calculated. Assume rl，2 and tl，2むeamplitude refiectivity and transmittance of 

front凶 rror(1) and end mirror (2)， and cavity length is controlled near reson姐 ce.

Detected light effected by gravitational waves can be calculated as， 

rl exp[iゆ(t，.e= 0)] -tir2 exp[iゆ(t，.e = .eF;P )] 

where 

-tirlr~ exp[i8cp(t，.e = 2.eFP)] 

-tiriT;exp[i6ψ(t，.e = 3.eFP)] 

~ rl 

In.e¥ 
一th-2恥 5m(τ)e-i，!l h(n) 
q ω . /2n.e¥ 
-tiny-2-2itiTITi万S1n(-z-)e-2i与h(β)

3ω . /3n.e¥ 
-ti利一2itiTF2万sin("";'" )e-3i'~( h(n) 

r1 一 (t~+イ)r2 n!.L2ωsin(nR./c) 
山一J.~-h(n) 

1 -rlr2 ---~. '" n (1-rlr2)(1 -rlr2e-2i乎)

r1 一 (t~'+ ri)r2 (1' I 4"):ω:siri( n.ej c) _-i nl LI rn ¥ - 1 胴伊 II + 2iα古川 ー引島、e-J.~-h(β) ) 
.1. - q 1"2 . ¥“II -rlr2e“c' J ノ

r1 一 (t~+イ)r
1-T T22exp[i6VFP(0)l 

T1一(ti+イ)r
21-T  T22(1+i6VFP(β)]， 

th 
(3.9) 

苛+??)T2-T1.

Hence phase change (8仰 p(n))and回 sponsefunction (HFP(n)) for Fabry-Perot 

interferometer can be written by， 

6ψFP(n) = HFP(n)h(n) (3.10) 
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i([}fJ c) ーjnl
HFP([}) = 2α一，刷、e

Q(1-TIT2e-1乎)
(3.11) 

In order to clarify the difference of the response function between Delay Line and 

Fabry-Perot， it is convenienももoploもIHDL([})Iand IHFP(β)1 againsもgravitational 

wave frequency [}. They are expressed as， 

where 

IHDL([})I =令in(学)

|討n([}fJc)1IHFP(β)1 = 
[}(1 -rlr2) Jjー a，_ ， __ A 

F，= (1 ~;~;2)2 = (ぞr

(3.12) 

(3.13) 

"，:，. (3.14) 

and :F is called finesse， an important parameter for Fabry-Perot， which expresses 

the sharpness of the resonance and interpreted as the number of fold. The typical 

response function for both type紅 eshown in Fig.3.3. In the figure， par副netersare 

optimized for the kHz-region gravitational waves.日showsthe curve for Fabry-

Peroもismore smoo出 thanthat for Delay Line， and this is one of differences 

between them. 

~3.2 Operation of the. Interferometric Detector 

In this section，. we describe how to operate interferometer as a d，etector of the 

phase diffE(~en，ce induced by gravitational waves. Roughly speaking， functioJ:l of 

the interfer，ometer cari be divided into two p紅ts:one is arIIl part where light goes 

backmd fortHtoenhance the phase chapge induced by graviMioml waves，and 

the other is detection of phase difference tetween both ~rms. Their fun<~tion and 

operation are described in出efollowing siiちsections.
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Fig.3.2 Interferometric detector of Delay Line type and Fabiy-Perot type. 
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Fig.3.3 Response function of both type againsもgravitationalwaves. 
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3.2.1 Arm Locking 

Mirrors of the interferometer are suspended to realize force-free condition as 

well as to isolate external vibration. That's why control system of the mirror is 

necess訂 y.

Delay Line interferomeもerhas folded optical path between two mirrors in one 

arm. Owing to the re-entrant condition that reflected beam goes out from出e

incident hole， outpu七areless sensitive to the alignment of the mirrors; therefore 

simple alignment control system and damping system are needed. 

As for the Fabry-Peroもinterferometer，more stable alignment conもrolsystem 

and damping system are x;tecessary since Fabry-Perot cavity is very sensitive to 

F 出ealignmentοf its mirror. Moreover F:向 -Perotcayities of both arms are kept 

resonant becauseぬephase change against the cavity length becomes maximum 

on resonance. In order to lock on resonance， modulation method is applied. If 

the incider凶 lightis phase modulated with modulation index m and modulation 

frequency Wm (ordinarily， modulation frequency is chosen Radio Frequency for 

intensity noise reduction)， i七canbe expanded when m <: 1， 

ei(叫 +m山 ωmt)~ ei叫 [Jo(m)+ Jl(m)(eiωmt-e-iωmt)] 

= Jo(m)eiwt + Jl(m)ei(ω+ωm)t _ Jl(m)ei(ωーωm)t，
(3.15) 

where 'Jo(m) and J1(m) are fundamental and first order Bessel function，間spec-

tively. Equation (3.15) showsむhatphase modulation generates two sidebands on 

both side of the carri飢 Thereflected light from the cavity， A， can be expressed 

as， 

A = Jo(m)Ar(ω)ei叫 +Jl(m)Ar(ω+ωm)ei(ω+ωm)t _ Jl(m)Ar(ω-ωm)ei(ωーωm)t，

(3.16) 

where Ar is a responsE) function of the lossless Fabry-Perot cavity with caviもy

length R.: 
h-'1'n戸iωf./c

Ar(ω)=~ J. . 
"'-

1 -rlr2&ωl/c・
(3.17) 

The demodulated signal for sinωmt component of quadrature can be expressed as， 
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4rlr2(1ーイ)(1-d)，/l +正寺sin2(ωmf../c) 山、 ノ2ω¥

一-"'Sln - r ' " sin ( =-:二f1 sin ( =-イi
(1-rlr2)411 + Fsin2(ωmf/c)1 ¥ C / ¥ C / 

(3.18) 

As this signal is proportional to sin wf/ c， it c臼 beused to lock the cavity on 

resonance. 

3.2.2 Fringe Locking 

As the phase change of the light c臼 notdetect directly， we obtain it by 

interference of the light. When we think the Michelson interferometer， phase-

changed light from each aロninterfere at beamsplitter and detected signal contains 

the difference of the each phase， namely gravitatiorial wave signal enhanced twice 

while common mode noise， such as frequency noise of the laser， cancelled. 

For the Fabry-Perot type interferometer， one can extract gravitational wave 

signal by subtract detected signal of each訂血swithout interfering at beamsplitter 

(Locked Fabry-Perot scheme). But future plan adopts recycling scheme [7] which 

requires dark fringe locking so出 torecycle light of bright port. Normally， the 

interferometer is kept dark at the detector port because both of avoiding detector 

saturation due to high power laser light and of adopting recycling scheme men-

tioned above. Dark fringe locking can be realized by modulation method. Consider 

the path length of each arm with differenceムfis reversely phase modulated， the 

demodulated detected signal can be expressed as: 

Isin = 8 sin (ぞムf) (3.19) 

In practice， this scheme contains phase modulators between beamsplitter and 

each arms and they will limit the recycling gain. So， some kind of modulation 

technique， which has no phase modulator inside the interferometer， has been 

proposed. One is External Modulation [8]， and another type is Pre-modulation 
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method proposed by Schnupp [9]. We apply pre-modulation method to the 20m 

Fabry-Perot prototype a七NationalAstronomical Observatory (Mitaka)， and detail 

of出ismethod is described iri Section 7.1. 

93.3 N oise Sources of the Interferometer 

In出issection， noise sources of interferometric gravitational wave detectors 

むedescribed [10]. 

r" 3.3.1 Shot Noise 

~ 

Photon shot noise limits the sensitivity of the interferometer. The detected 

photocurrent， In， involves white noise in terms of A/Vifi.， 

ishot =~， (3.20) 

where e is a elementary charge. Signal of gravitational waves to shoもnoiseratio 

decides the sensitivity of the interferometer. 

Now let's calculate the signal， assumi~g'ldark frin~e locking scheme using 

modulation method. 
J， 

6<Tshot =円(m)長
~jまおrm<<:l

For the Fabry-Perot detector， sensitivi句，limited by shoもnOlselS， 

hahnt _ [l(1 -rlr2) 
"IIU L.  Ac I sin(ω/c)1 

九(1+ F sin2(βl/c)) ̂ r 
2ωηp -" 
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3ふ 2Intensity N oise of the Laser 

Ideally， intensity noise contributes second order quantity to the signal when 

complete dark fringe locking and complete phase modulation are realized. Their 

incompleteness causes the intensity noise. If出elaser light is modulated at su血ー

ciently high frequency where intensity noise is smaller than the shot noise level， 

the effect of incomplete dark fringe locking dueもoumbalance of the interferometer 

叩 dso on can be avoided)n ~ome degree. Even in this case， incomplete phase 

modulation， namely contribution of amplitude modulation， causes excess noise. 

Amplitude modulation with modulation index， mAM， induce the noise into the 

demodulated signal. 

Incompleもelocking point also contribute the intensity noise to ihe signa1. If ) 

the lock point shift by 8R. from cavity length R.， sensitivity limited by intensity noise 

can be expressed as， 
h ムR.81 
AMnoise = T1 (3.23) 

3ふ 3Frequency Noise of the Laser 

Frequency f1.uctuation of the laser strorigly limit the serisitivity of the inter-

ferometer. If the紅 nilenth 6f the Michelson interferometer 'differs byムR.， excess 

noise due to this umbalance of the interferometer limit the sensitivity of， 

hT<'M"  .... n = D._R. 811 FMarm = -n-一一
ι 11 

(3.24) へ)
For the Fabry-Perot detector， frequency f1.uctuation directly affects its signal. 

When the cavity is locked phase of出elight can be expressed using frequency of 

the light νand length 6f the' caviもyR.， 
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(3.25) 

By differentiate Eq.(3.25)， we have 

h ub  
FM = -;;-=ーー
ιν  

(3.26) 
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Although we can expect common mode noise rejection by subtraction at beam-

splitter， we must make big effort to stabilize laser frequency. This is why we apply 

mode cleaner cavity as a reference of frequency stabilization. 

3ふ 4Beam Jitter of the Laser 

Laser beam geometry， such as beam direction and beam shape， fluctu叫es

originating from instability of laser cavity and vibration of the optics etc. Such 

beam jitter would be cancelled if出einterferomeもercould be buil七perfectly，but 

it couples the imperfection and produces noise into the signal. 

F仲帆 Ifbea細z江皿n岬l

ず民

wav，刊ef台ro∞n叫l泊ta叫tthe be伺ams叩pl日it“te訂rd仇ev吋la叫te白st吐出】heangular α . Lateral beam movemenも
8x produces phase fluctuation of， ， 

84> =ぞ2αdX (3.27) 

、 1

It corresponds to the noise of， 

hBS山 (3.28) 
，1' 1.処

Anoもhereffec七ofthe beam jitter is to degrade matching factotfor Fabry-Perot 

cavity， which produce inもensityfluctuation of the reflected light: This flutuation 

behaves like amplitude noise with modul剖ion，which is detected and出endemod-

ulated， resulting in the excess noise for出esignal. This effect also couples i凶tial

mismatching 8M， which decides the sensitivity. 

3ふ 5Thermal N oise of the Mirror 

As the mirrors of the interferometer suspended as pendulums， thermal noise 

ofぬependulum motion limits the displacement sensitivity. Internal mode of the. 

25 



mirror， e.g. vibration of mirror mass itself， also produce themal noise. Thermal 

noise of a harmonic mode follows the equation [11]， 

m{ーω2+ω5[1 + iゆ(ω)]}x(ω)=んい)

l' ， 、空 4mω~ <þ(ω)kBT
くJ円Nlωr>=一一--ーよ ' 

(3.30) 

(3.31) 

where x， m， ，Q，ω0， and T are coordinate (e.g. displacement)， reduced mass， 

quality factor， resonant frequency of the mode， and temperature， respectively. 

Thermal noise can be de出 edfrom Eq.(3.30)叩 d(3.31)， 

4kBT ω;ゅ(ω)
(ω? >=一一

ωmlーω2+ωd[l十iゆ(ω)11

3.3.6 Seismic N oise 

(3.32) 

Major noise source below '" 10Hz ~s seismic noise. Typical ground vibration 

is known to obey [12]， 

y(ω) '" 1パペ1Hz)2[m/宿] (3.33) 

where y(ω) andω 訂 edisplacement spectrum and angular frequency of vibration 

in ~z，民spectiT4Forthe single pendulummpension，mifror Mion excited by 

seismic vibration ~(ω) can be expressedω， 

ω3+iωoω/Q : '.. .n~7{2πx 1HZ¥2 (ω)~q u ー'x1O~7 ( _.. " ----) 
ーω2+ iω叫/Q+ωt kji  

3ふ 7Resid ual Gas 

(3.34) 

Refractive index fluctuation due to residual gas causes fluctuation of optical 

path length and it cannot be distinguished from gravitational wave signal. For the 

prototyte deもecもor，ordinary high vacuuni p N 10-4Pa does not affect signal， but 

future detedor which has long arIn .e '" 3km may be affected by residual gωn01se. 
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F脈

Although it is very diffic叫ももoestimate this type of noise precisely， several 

formulae have been calculated which i8 80mething like [13]， 

hgas '" [去一説Jむよいか(引きr_， (3.35) 

where no，九，To，組 dpo訂 erefractive index， volume，. temperature， and pressure 
of a normal state， re8pectivelYi Ao i8 A vogadro number. 
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4. Mode Cleaner 

94.1乱1:odeCleaner 

The name "Mode Cleaner" originally comes from its function， mode selector 

which excludes spurious beam geometry [14]. This function can be realized by 

forming Fabry-Perot interferometer. The higer mode of the incident beam can 

not transmit owingもoits mode selectivity， which c叩 betranslated as frequency 

distinc七ionbetween higher mode and TEMoo mode of出ecavity. Hence， mode of 

the incident beam except TEMoo mode cannot transmit through the Fabry-Perot 

resonant at frequency corresponding to TEMoo mode. 

As such cavity is resonant at a certain frequency， this cavity c出 1also be 

utilized出 afrequency reference. Inもhisthesis， we call Mode Cleaner as frequency 

s同bilizationsystem referred to suspended Fabry-Perot cavity， as well as mode 

selector. 

4.1.1 Fabry-Perot cavity 

Here， let's consider basic property of Fabry-Perot cavity (see reference [15] in 

detail). 

Assuming incidenもlightis expressed by Aoeiwt， re:fl.ected and transmitted light 

can be evaluated as， 

A T1ー(イ+ti)T2e-2id/CAei叫-
r - ， 胴柄，，-2iwl./c .J"10C 

ム-rp"2c ---"' 

A
t
= ωt/c a eiM 
一 一一一
一r，r?e-2iωI.lc .I'l.OC F2 

Therefore intensity of transmiもtedlight is 

五=IAtl2 
れt? 勾 1

=(ーニι)z l 
1 -rlr2' 1 + Fsin"i.(ωi/c) 
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f民

where 

一計F
 

(4.3) 

Frequency interval for satisfying resonant condition， si叫ωR，jc) = 0， is called Free 

Spectral Range， which can be expressed 

C 
VPSR=ーー
2.e 

(4.4) 

The important parameter， Finesse (.1")， is defined出 ratiobetween Full Width of 

Half Maximum (FWHM) frequency and free spect叫 range.

一
円、WHM

π♂汚 (4.5) 

下Y・

l-r" 

1 -rlr2 手=
t 

4.1.2 Gaussian Mode 

In previous subsection， we treat laser beam in geometical optics. Precisely 

speaking， laser beam propagetes divergently: dueもoits diffraction. Hence mirrors 

of the cavity must be formed by such mirrors that match出ewavefro凶 ofthe laser. 

If sphere mirrors form Fabry-Pero七cavity，mode in the cavity c叩 beexpressed as， 

~宮z du z2+U2.d+U2 
ゆl，m= _.~~.\ H，(一一)Hm(一一)exp[-一一一一ik一一一一ikz+ i( 1 + m + 1)η] ， 
ω(z) ω(z) v.mω(z) ω2 (z ) ... 2R( z) : 

向 (4.6)

where 

ω(z) =ω0[1 + (が!
R(z) =十時)2] 

η= tan-1 (争)
n = 1 +m + 1， 

組 dz denotes coordinates in the direction of beam propagation axis. 
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Since Gaussian mode forms complete system， incider凶beamcan be expanded 

by cavity mode as 

'ltincident =乞c川 I，m. (4.7) 

For the cavity whose mirrors have curvature of R1 and R2' mode of the cavity is 

s七ablewhen 

satis宣es，where 

o ~ 9192 ~ 1 

仰 =1-τム
..IL1，2 

(4.8) 

(4.9) 

For fundamental (TEMωmode， the resonant frequency of the cavity is given by 

previous subsection. As for other higher mode， resonant frequency c叩 begiven 内)

by 

=ヱ[n+(1+m+1)γ]
2i 

γ=トOS-lJ9i92 

34.2 Mbde Cleaner as a mode selector 

( 4.10) 

Asmenもionedin Section 4.1.2， incident beam can be expanded by cavity eigen 

modes. Moreover， resonant frequencies of cavity modes are generally different 

from the other higer modes when the resonant frequencies are not degenerated. 

Considering the transmitted light from such cavity that h回 resonan七frequency

for fundamental mode， the light contains only fundamental mode andもheother 

higher modes町 erefiected away， therefore reformation of incident beam can be 

realized by this cavity. If we utilize such reformed beam for main detector， high 

contrast wiU be expected. 

Another effect by using transmitted light is reduction of beam jitter noise ， 

because fluc七uationof beam direction can be expressed as宜uctuationof higher 

mode contribution. Mosもsignificantcontribution for such ji七teris五rstand second 

order transverse mode. If incident beam tilts angle αand shifts optical axis αfrom 
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cavity政 18，1nωe凶 beam(UOO) can be expressed using fundamental (U1ω)叩 d

五rstorder cavity mode (U10) as [16]， 

U~o ~ Uoo + (三+i与三)U10 (4.11) 
wo ~ 

Variation of beam size (Sω) and waist position (Sb) c叩 sessecond order modes， 

. Sb Sω ，，/? 
UJ02Uoo+(1Tτ+一)子(U20+ U1均0ω2

応ω6ωo ~ 
( 4.12) 

Suppression ratio for such higer modes is dependent on difference of re80nanも

frequency between fundamental mode and higer mode as well 出児島ctiv~tyof mir-

rors. Suppression ratio for TEM1m mode to fundamental mode can be evaluated 

p 部

Slm = 1 一一一 ( 4.13) 
ゾl-t(B:sin2[(児~~ヲ茄!日
ぽ手;t. I川仁d'7y

94.3 Mode Cleaner as a Frequency Reference 

Mode cleaner cavity is a Fabry-Perot cavity which can be regarded回合e-

quency dissriminator， and it can be uti1i~~d as a frequency reference. Now， let's 

consider frequency sta凶 zationsysもemusing Pound-Drever method [17]; in this 

method refiected light for phase modulated incident beam i8 utilized to obtain 

f:" difference between resonant frequency of the cavity and la!?er frequency. 
Signal for frequency noise of incident laser (intensity 10) can be expres8ed部

where 

Ff 2π6附 M
I均 =8んJo(m)Jl(m)~;J一 ，ゴー、J

7rC 
W.. =ーーー一
、 2Ff_

On the other hand， shot noise at the detector is， 

Ishot =..rz~川一 JJ(m)) ，
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where h andηare Planck constant and quantum e血ciencyof the detector， respec-

七ively.

Hence， attainable frequency stability limited by shot noise can be expressed 

as 

8Vshot =寺if要J ( 4.17) 

for in五nitesimalmodulation index m. 

94.4 Design of Mode Cleaner 

Each parameter， such部 reflectivity，五nesse，etc.， should be defined by con・ 府内)

sidering function of Mode Cleaner as mode selector and frequency reference. 

Firstly， utilizing transmitted light demands high transmittance of吐lecavity， 

which can be realized by rl = r2 if loss of the mirros is small. Secondly， cavity 

length and curvature of the mirrors define the frequency interval of transverse 

mode， and lower order mode， especially first and second order， should， be su缶-

ciently isolated from fundamental mode. Thirdly， F should be large in order to 

realize high suppression for higher mode. Large F， which meails large finesse is 

consistent with'high performance of frequency stabilization. Therefore五nesse:F 

should be as large as possible within the limit of high transmissivity of the cavity. 

fu practice we' follow these lines. Detail parametets f we applied are described 

mもhefollowing Chapter 5. 
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5. Mode Cleaner with l-meter Fabry-Perot 

S 5.1 Setup 

We have developed a Mode Cleaner both as mode selector and as frequency 

stabiliz剖ionsystem to be incorporated into 20m Fabry-Perot prototype d~tector 

at N ational Astronomical Observatory. 

Figure 5.1 shows the schematic diagram of the Mode Cleaner system. A 

500mW Laser-Diode pumped Nd:YAG laser (LIGHTWAVE， MISER model 122， 

F 入=1064nm)[18] is s帥 ilizedin frequency re，ferred to a Fabry-Pero七，w hose mirrors 
I 

紅 esuspended i~dependently as double pendulums housed in the vacuum chamber. 

One characteristics of this sytem is its independently suspended mirrors in order 

to reduce mechanical vibration and its lengもhwill be，ex七endedin future. The 

reflected light is detected出 asignal，叩dit is fed back to MISER to stabilize at 

higher frequencies [19]， while i七isusedもolock the cavi勺ra七lowerfrequencies. 

18MHz 

Vacuum Chamber 

Error Sig. 

~ 

Cavity lock 
(<30Hz) 

20Wl r同rtoi:ype 

Fig.5.1 Schematic diagram of Mode Cleaner with l-meter Fabry-Perot. 
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We designed the cross over frequency of about 30Hz， and the stabilization gain 

of 80dB at 1kHz. Transmitted light from the cavity， which is mode-selected as well 

ωfrequency-stabilized， is utilizedぉ alight source of 20m prototype detector. The 

property of devices comprising Mode Cleaner is shown in the following suqsections. 

5.1.1 Fabry-Perot Cavity 

Fabry-Perot cavity w部 designedto have cavity length of i = O.993m and a 

combination of concave mirror with curvature radius of 1.5m and宜atmirror. Front 

mirror (near to出elaser) is concave and e吋 mlrrorIS丑at.For the purpose of叩 ng

transmitted light， both mirrors should have the same 児島ctivity(Section 4.4) and 

power loss of古he凶 πorsmust be extremely small. To satisfy these condition we 吋)

use dielectric multilayer coating mirrors made by Ion. Beam Spattering method. 

Both mirrors are made in the same mannerほ ceptof their curvature (Fig.5.2). 

These mirrors， diameter of 20mm， are attached on the rod made of fused silica 

with optical contactj this method eliminates mechanical noise of the mirror mount 

and reduces bonding noise originating from bonding material. 

In order to estimate quality of the mirrors， we made some experiments both on 

七hemeasurement of finesse'of the cavity and on the loss of the mirrors. Measure-

ment of五nessewas performed by two methodsj sideband method and frequency 

response method. These experiments were performed at the same situation where 

the mirrors are used in operationj suspended in vacuum. 

. MeαSU1切 nent01 Finesse by Sideband Metho'd 

Although五nesseis originally defined as ratio of FWHM of resonant curve to 

free spectral range of the cavity (Section 4.1.1)， resonant width is hard to measure 

especially for high finesse cavity. If the incident beam is modulated and contains 

sideband outside resonance of the cavity， resonant widもhcan be derived from ratio 

of resonant width to sideband. 

The setup of the measurement is shown in Fig.5.3. Incident beam is modu-

lated in phase by EOM with 1MHz. When the cavity length accidentally comes 
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Fig.5.2 Mirror mass used卸 l-meterFabry-Peroむcavity.
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むoundon resonance， transmit民dlight varies出 Fig.5.4.From the邸主ingcurve of 
resonan'もpeakand distance of both sideb~d peaks (which corresponds to 1MHz)， 

we evaluated resonant width of 1.0 x 105Hz. Using cavity 1ength of 0.993m， we 

obtained五nesseof 1.5 x 103. Several other measurements including with other 

modu1ation frequencies were in good agreement with this value. 

. Measurement 01 Finesse by F:陀quencyResponse 

Fabry-Perot cavity with finess of:F works槌 a10w-p部 S五1terfor the modu1ated 

light. The cu t-off frequency of refiec旬dlight from the cavity depends on i旬宣nesse，

R(ωm)αrτよ，、， (5.1) 

where ωm is an angular ~odulati6n frequency. Hence we co叫dobtain finesse of 

the cavity from such a measuremen色部 Fig.5.5.，Fabry-Peroもcavityis 10ckedもo

the 1加 er，andぬe1aser i~'phase-modulated by EOM. By measuring transfer func-

tion between modulat!on signal and detected one， we could obtain， the frequency 

response curve of the cavity (Fig.5.6). It agrees well with the curve for宣nesseof 

1500， which is consistent with the results obtained by sideband method. 

.M，印刷何ment01 Loss 01 the Ca'Vity 

Although 10ss of the mirror c組 becalculated from 児島ctivityand transmit-

同 ceof the凶町m。叫r只， p戸r悶ec仰 mea制.

mirrors. In our measuremerit， refiectivity obtained-from finesse of the cavity and 

transmittance of each凶rrorobtained from power ratio before and after mirror 

(Fig.5.7) are， 、

r2 = 0.9979 

t2=0.0023' 

which 1ead to r2 + t2 > 1. Here， we cannot calculate 1088 of the mirror due to 

lack of precision of me儲 urementjit may originate from nonlinearity ofぬepho七o

detector used in measurement of ti-ansmittance. 
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So we made another measurement to obtain 10ss of the mirror， which is re1a-

tive1y insensitive to precision of measurement: transmittance of the cavity. Apart 

from therma1 prob1em due to 10ss of the mirror， we are五nallyinterested not in 

10w 10ss of the mirror but in high transmittance of the cavity of Mode C1eaner. 

Assuming quality (reflectivity， transmittance， and 10ss) of each mirror which com-

prise cavity is the same，七ransmittanceof the cavity can be expressed using 10ss 

of the mirror α2 (=1-r2-t2)， よ丘£ユ二
{ーーρ :V-yV 

九 v= (1一両
立(1-: a2)~ ， 

そさ~

'iL( 

コトェτャ
..--

叩斗J九
15?¥rγ (5.2) 

手0-去の
where Tcav is the transmittance of the cavity for the matched light， and high 

re坦ectivity，r2 ~ 1， is assumed. 

Figure 5.8 shows our measurement. Incident power and transmitted power 

outside the vacuum chamber were 10.4mW  and 8.7mW， respective1y. Whi1e， con-

trast of reflected light indicates matching ratio (ratio of matched mode (TEMω 

tωo tota1 power) of 9但4.7協%， and trans凶 ttanceof windows of vacuum chamber was 

Cf7め Fromthese va1ue we obtained transmittance of the cavity and 10ss of the 

Tcav = 0.91 

?'.f~ず α2 = 9.6 X 10-5 (5.3) 
U、シニ包SV、

~ 100ppm 

Although obtained 10ss was 10wer than that of one made by E1ectron Beam Deposit 

method (f'V 300ppm)， it was rather worse than typica1 one made by Ion Beam 

Spattering method (三 50ppm).It is， however， good enough for our experiment 

considering 10wer transmittance of other optica1 components. 

As obtained 10ss corresponds to contrast of 99.8% for matched mode， obtained 

rather worse contrast may be due to mismathed light or difference of quality of 

each mirror. 
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5.1.2 Suspension of the Mir・ror

One of the mos七slgm五cantfactors for the interferometric gravitational wave 

detectors is how to suspend mirrors. To suspend mirrors keeps them free for 

the gravitational waves a七higherfrequencies than the resonむlceof the suspen-

sion. Moreover it worksぉ avibration isolation system for the external seismic or 

acoustic noise. In practice， mechanical resonance of the suspension system pro-

duces excess noise to the mirror， and thermal noise of the suspension system and 

that of mirror mass itself degrade sensitivity of the interferometer. 

Considering these conditions， we designed a suspension sytem (Fig.5.9) as 

follows. 

Double Pendulum Suspension 

Vibration isolation ratio for n-stage suspension sytem without damping， above 

its resonant frequencies， can be roughly expressed as， 

二:ニ::;::J(手r (5.4) 

where x's denote displacement， and fo and f are typical resonant frequency of 

suspension and a frequency of vibration， respectively. From (5.4)， multi-stage 

sy批 mis necessary in order to realize high isolation ratio [20， 21]. We applied 2-

stage suspension: upper m出 sis made of aluminum and lower mass is fused silica 

rod with a mirror (Fig.5.2). For controlling mirror by coil and magnet actuators， 

two magnets， diameter of 2mm and length of 10mm， are attached on the surface 

of the rod opposite to the mirror. 

Eddy Current Damping 

In order to suppress large pendulum motion at resonant frequencies， we 

adopted eddy current damping sy批 m [22] applied on the upper mぉs. As the 

damping force produced between 8 strong Nd magnets and aluminum mass is 

large enough， we needed not use any active damping system using position sensors 
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P 

F帆

etc. U sing eddy current damping simplified our 2・stagesUspension system. Since 

two fundamental pendulum modes couple the both mass， damping force was .ap-

plied only the uppper mass， which also simplified the sys七ema:rid reduces thermal 

noise of lower mass. 

Vertical Vibration Isolation System 

Vertical vibration ordinary couples horizontal motion which causes excess 

noise [21]. In order to isolate vertical vibration， rectangular blade springs were 

inserted at suspension point of the upper mass (Fig.5.10)， resulting in 2・stagever-

tical isolation. Spring is made of phosphorus bronze which has no magnetism and 

can be used in vacuum. Figure 5.11 shows the noise spectnim with or without ver-

tical isolationobtained from the error singal of Mode Cleaner (see Fig.5.1). Below 

100Hz， vertical vibration apparar凶lycouples to horizontal motion and is reduced 

about 50dB by blade springs. Noise fl.oor in Fig.5.11 is limited by frequency noise 

of the laser. 

. Alignment Control 'Using Motor Drive and PZT 

Since suspension sysもemis housed in出evacuum charnber， alignment should 

be controlled from outside the chaniber. For simplicity， alignment control was 

rea1ized by contro1ling position of suspension point of the pendulum. Upper mass 

is suspended by three wiresj two are fixed on suspension fr町ne，• and one is fixed 
on the x-z stage. By control1ing suspension point of 'one wire' x or y direction， 

yaw or pitch of山e凶 rrorcan be conもrolled(Fig.5.12). . Motorized drives were 

used for co紅白 control(と1J.L宮山 whilePZT (piezo・electrictransducer) acturators 

were used for fine control (三10μm).We used PZTs wi出 coe血cientof 10μm/100V 

which corresponds to tilt of 1μrad/V for our mirror with 10cm long. 

In addition， coil support， mirror stopper in case of break of suspension wire 

and wiring etc.are inc1uded as suspension system. All the components are made 

of materials durable in va山 m 叩 dwith 'l~w outg回(山凶num，stainless steel， 

Teflon e七c.).
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Fig.5.12 Alignment control by sus-

penSlOn pomι 

Fig.5.10 Blade spring for vertical vi-

bration isolation. 
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In order to estimate suspension performance， we measured transfer function 

of the pendulum using photosensor as position sensor (Fig.5.13). The obtained 

transfer fuction (Fig.5.14) shows quality factor of upper mぉsdamping of Q = 0.5. 

Using this quality factor， vibration isolation ratio can be calculated as， 

Xmirror 

Xsuspension point 

ωH(l+α)ω1 + i(ωdQ)ω] 

ω4 -i(ωdQ)ω3一(1+α)(ω?+ω~)ω2 + i(ω1ωVQ)ω+(1 +α)ω?ω2' 
(5.5) 

where 
行1.2 I g 

α=一一， ω1.2=‘lτ一一
m1  V .1::1， 2 

r-' Subscrip七1and 2 denotes upper and lower massj m， g， and.e mean mass， gravity 
accelerati'on: :aild length of wire， respectively. Calculated isolation ratio is shown 

in Fig.5.15. 

合

5.1.3 Vacuum Chamber 

Mode cleaner cavity is housed in出evacuum chamber in order to avoid acous-

tic noise and. fluctuation of refractive index of air. Figure 5.16 shows the shape 

of the chamber: each mirror with suspension system is located in each chamber 

of 500rriin-diameter and 600mm-tall separaもedby 1m. Each chamber is made of 

stainless s旬eland is connencted with 6・inchpipe. Incident beam illuminates cav-

ity through the anti-reflection opticalιwindow. Transmitted light from the cavity 

is led into main 20m vacuum chamber through the quick-coupling vacuum pipe; 

mode cleaner can be evacuated isolately when transmitted port is closed. 

When the chamber w部 emptyand isolately evacuated with turbo molecular 

pump (300.ejs)， pressure of.1 X 1O-4Pa was attained. In operation induding sus，.. 

pension system， vacuum was degraded to 4 x 1O-4Pa. It is， however， enough for 

our experiment. 
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Fig.5.13 Measurement of transfer func-

tion of the pendulum. 
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ピーム拡がり角

5.5mrad(垂直)、 7.5mrad(水平)

斗、Gn.胤d 6‘O...ra.J 

Table 5.1 Specifications of MISER 

5.1.4 Laser 

PZT感度

b2MHz/V 

6.仰向Iy

We used a: Laser Diode pumped Nd:YAG laser as a light source because of 

its low noise performance and feasibility of high power laser in future. Moreover， 

commercially available one we used (MISER， Model:122-1064-500・F，入=1064nm，

500mW， LIGHTWAVE C叫 td.)h部 relativelystable configuration， m∞oli出 c

non-planar ring resonator which is thermally controlled， and is tunable in frequency 

by PZT a.ttached on the' resonator. 

We measured several performance of the 1部 er:output power， beam geometry， 

and the index between inpu色onPZT and frequency shift. 

Outp叫 powerwas measured by a powぽIIiet町 (SCIENTECHCo.，Lもd. .). Ini-

tially it wωO.53W but it gradually decreased over several months down to O.50W. 

Beam geometry (see Section 5.1.7 in detail) and PZT index (frequency resp∞se 

W邸 measuredωFig.5.17and 5.18)出 wellas measured power町 eshown in Table 

5.1， accomp~ed with nominal specification. Other performance， intensity noise， 

frequency noise， and beam jitter are described in Cb，apter .6. 

5.1.5 EOM (Phase Modulator) 

In order to lock the Fabry-Peroもonresonance， incident light is modulated in 

phase， and reflected light is detected and demodulatedもoobもainsignal. Modula-

tion frequency should be chosen at the frequency where iritensity noise is below 
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shot noise level of the light， which is higher than 10MHz considering intensity 

noise performance of MISER [23]. Phase modulation at such RF band is realized 

b切yE目le民ctωoOptic Modu叫11a剖，ゐ却tωO白r(EOM)ト.'VVe decided modulation frequency of 1臼81恥MHz

and used a re悶

b凶ot出ha crystal w叫it出ha 1同a勾，岳gee出lecωtωO句 bωicindex and a res白so∞na叩ntcircuit tωor閃edωuc臼einput 

voltage. 

By measuring ratio of sideband peak (九)to carrier peak (九)， we obtained 

modulation index by measurement similar to Fig.5.3 as shown in Fig.5.19. Other 

specl五cationsare shown in Table 5.2. 

5.1.6 Detector and Demodulator 

Refiected light from the cavity is modulated in amplitude which is detected 

and demodulated to obtain signal (Fig.5.1). Output of the detector is demodulated 

with a passive Double Balanced Mixer (DBM) by mixing with properly phase 

shifted reference oscillator. Mixed output of DBM is obtained as a signal after 

removing second harmonics of modu1ation frequency. 

The detector shou1d have low noise performance because it directly limits the 

frequency stabilization. By applying LC tank circuit resonant at the modulation 

frequency (Fig.5.20， 5.21)， we could make a low noise detector [24]. By measuring 

demodulated noise as a fuction of photocurrent， equivalent noise photocurrent， 

へ)

Iムet=O.lmA (Fig 5.22) which is wel1 below the r~仙aldetected light (んc~ 2mA)，ヘ f

was obtained. 

One problem of the detector is its saturation power. Although we used InGaAs 

photodiode (diameter of 1mm) to increase quantum e缶ciency，it has saturation 

power of about 10mW. Ideally refiected light falls down completely dark， but 

due to mismatching or low quality of cavity mirrors some ligh七ISre宜ectedjin 

our case several milli-watts was refiected. We avoided sa叫tur江lraゐω七

a叫，ゐtt句enu江lua叫tingthe detected light when cavity w槌 off-resonanta叩l1dincreasing the light 

after resonanc閃e.However， considering吐lefuture high power laser， development of 
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a multi-devided detector [25] or a large surface pho七odiodewould be necessary出

well出 effortsof reducing mismatching and a high quality cavity. 

g5.2 Optical Design 

Optical con五gurationw回 designedso出 tomatch the laser beam to the 

Fabry-Perot cavity， because high matching ratio leads to low refiec旬dlight and 

high transmittance of the cavity. 

First， we measured the beam geometry of the MISER. Since laser cavity of 

the MISER is a ring cavity， output beam shape is elliptical; its principal axes 

are directed to horizontal and vertical.. Hence we measured both vertical and 

horizontal beam diameter using a knife edge beam profiler as a fuction of distance 

of the 1部 er(Fig.5.23 'raw beam'). The me制 redbeam waist radius and position 

(subscript x and y denote horizontal and vertical， respectively)， 

ωxO = 111μm， 
WyO = 145μm， 

which corresponds to divergence angle of 

ZxO = -52mm 
ZyO = -54mm， 

。xO= 6.0mrad， ()yO = 4.6mrad. 
They agree with nominal value (Section 5.L4). In order to realize high matching 

応 ratio，beam geometry should be converted from elliptical shapeもoround shape. 

Two cylindricallenses positionedぉ Fig.5.24made it possible to convert shapes. 

Measured and fitted beam profile are shown in Fig.5.23. 

Next， in designing mode matching lenses， demands for beam diameter to 

insert optical devices with small aperture and compatibility of their posi七ionwith 

an optical table and a vacuum chamber were considered. Reasonable optical path 

length in the laboratory was another factor to be considered. 

We designed optical con五guration出 Fig.5.25using two lenses except for cylin-

drical ones. Due to limitation of laboratory space， incident beam was forced to 
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steer by the mirror mounted on an unstable table and optical path length had 

to be made large to lead beam. Optical isolator and EOM， which have aperture 

diameter of 2mm， was inserted near beam waist whose beam diameter is about 

lmm. All optical components are treated with anti-reflection coat. Polarization 

of七hebeam w出 designedvertical and optics were arranged at the same level to 

avoid polarization change in the reflection by the steering mirrors. Re丑ectedlight 

from the cavity was extracted by the combination of Polarizing Beam Splitもer

(PBS) and Faraday Rotator (FR). Detecting power w出 controlledby rotating 

Half Wavelength Plate (HWP)， to avoid saturation of出edetector (Section 5.1.6). 

Due to power loss of the optical components， power of incident beam to the 

cavity diminished from 500m W at laser down to 240m W. Major loss w出 a2・stage

{' opti叫 isolator(transmittance of 70%). Resulting transmitted power from the 

cavity w出 about200mW. 

~5.3 Servo Design 

We designed two servo systems. One is Cavity Lock Servo to lock the Fabry-

Per叫 cavityreferred to the laser， which is used either to me出 ureperformance 6f 

the components or to compare free running noise level with frequency-stabi1ized 

one. The 0もheris Frequency Stabilizing Servo which stabilizes laser referred to 

~ Fabry-Perot cavity，句e仇 lly伽 bilizesnear 1kHz. The block diagram of both 

servo is shown in Fig.5.26. 

The theoretical Bode diagram of Cavity Lock Servo is shown as thin line 

in Fig.5.27. In order to keep stable locking at low frequencies， time constant is 

changed after locking from dashed line to solid line (conditionally stable servo)， 

which has unity gain frequency of 1kHz and phase margin of 15degree. It was 

in good agreement with出emeasured transfer function. By using this servo we 

measured response function of the Fabry-Perot cavity (Section 5.1.1) and PZT of 

MISER (Section 5.1.4). 
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Frequecy Stabilizing Servo contains two loops; signal at low frequencies is fed 

back to the cavity， while at higher frequencies laser frequency is locked to the 

cavity. Because of the unstabili七yof the cavity length due to pendulum motion 

excited by seismic noise， such cavity lock loop at low frequencies is necessary. 

Cross over企equencyof these loops was decided to be about 30Hz considering 

the cavity stability obtained from the spectrum with Cavity Lock Servo， which 

indicated th剖 cavityvibration was dominant below 30Hz while frequency noise 

dominated above 30Hz (Fig.6 in Section 6). Low cross over frequency causes 

frequency stabilization referred to unstable reference， whereas higher cross over 

frequency limi ts出efrequency stabilization gain; we decided 30Hz as trade-off. 

Figure 5.2お8shows calculated t甘回ra組nsfe訂rfunction of the two 10。∞。句ps配: Pendulum 

"... 臥 Lμ。∞。句ptω。lockFaぬ.brηy-P，民er附。ωta.x凶PZ'τTLo心。∞。句pfi伽。ぽrfre問eq明u問附e叩ncys伽色旬旬a耐a

w槌 aめ.bou叫t2お5d白ega叫ta unity gain企frequencyof about 20kHz which w凶 limited

by PZT resonance about 100kHz. From出ecalculation using servo diagram in 

Fig.5.29， stabi1ized frequeney noise is expressed凶
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(5.6) 

~ 

therefore abouむ80dBfrequency stabilization would be realized at 1kHz. As Fre-

quency Stabi1ization Servo was also designed conditionally stable to realize high 

loop gain near 1kHz， time constant w出 setinitially as dashed line in Fig.5.28 and 

after locking it w部 changedto solid line with increasing loop gain by increasing 

detected light power using HWP (Section 5.1.6， 5.1.7). 

Since two loops couple tightly， we cannot me部ureeach transfer function in-

dependently. So we measured each loop transfer function when it was locked. 

Calculated and measured transfer functions are shown in Fig.5.30. In these mea-

suremer凶s，the PZT loop transfer function expresses neむstabilizationgain peaking 

neむ 1kHz.

Long term stability of both servo systems seemed to have no problem. With-

out external vibration，むhesystem kept locking longer than 3 hoursωfar as 

conmmed. On the long term stabiliもy，see Section 7.3. 
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6. Performance. of 1・meterMode Cleaner 

fi 6.1 Measurement of Beam Jitter 

In order to estimate performance of Mode Cleaner as a ，mode selector， we 

measured beam jitter with or without Mode Cleaner. Other feature， improvement 

of contrast of prototype is described in Chapter 7. 

6.1.1 Beam Jitter of Incident Beam 

We measured beam jitter of the incident beam makiIig use of one arm of 20m 

prototypeωFig.6.1. Optical component in the 20m chamber w回出esame con-

dition出 operationof prototype， except that Fabry-Perot cavity and beamsplitter 

were noもinstalled.Angular fl.uctuation is enhanced by its aロnlength. Transmit-

ted light from ぬ~end chamber w出 detectedin position using a knife edge position 

sensor which blocks half of the light horizontally or vertically. Effect of intensity 

noise was cancelled out by subtracting outpu七ofposition sensor with the intensi七y

of sampled light. 

Before measurement of beam jitter， beam diameter at the position sensor 

was measured. Figure 6.2 is the output of position sensorj knife edge was moved 

horizontally or vertically. Assuming elliptical gaussian distribution of)ntensity and 

its principal axes were directed to horizontal and vertical direction， the output of 

the sensor can be expressed as a function of displacement ofぬeknife edge， 

的)=長乙点α (6.1) 

P 

where叩 ois beam radius and origin ofαis assumed to be center of the beam. 

Solid curves in Fig.6.2 is fitted intensity v，ariation assuming W:z: = 3.9 X 103μm for 

horizontal and叩世=3.2 X 103μm for vertical. Then， the position fluctation of the 
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もeamcanもeexpressed when出eknife edge is located at the center Qf t-he beam. 

=高6α
(6.2) 

Therefore correspOnding beam jitter in angle is， 

6α=与 (6.3) 

where f=20m in our measurement. 

Bold line and dashed line in Fig.6.3 are the horizontal beam jitter and noise 

leve刊吋elofth吋 ete叫ctωt“i。∞n叩l
knife edge. U nfortunately， dueもolarge path length between laser and the chamber， 

almost beam jitter originated from fluctuation of the air. When the air conditioner 

near the path was turned on， beam jitter at low frequencies incresed to thin line 

in Fig.6.3. Other noise sources in detecting beam jitter was mechanical vibration 

of the position sensor; it was hard to estimate the vibration level. 

Although we are inもerestedin beam ji抗erof MISER itself in出ekHz frequency 

region， it seems very hard to estimate it quantitatively considering various noise 

mentioned above. In fact， such beam jitter was noもdetectedin Fig.6.3. So we 

estimated total beam jitter including air fluctuation and confirmed reduction of 

such beam jitter by Mode Cleaner. Anyway， di~erence betweenもhickcurv~ and 

thin one is real beam jitter coming from air fluctua.tion， it mu叫 beteduced by 、 1 I 

Mode Cleaner. 

Another beam jitter of our interest is a effect of PZT attached on the laser 

crystal. Cont!，ol of resonant frequency by deforming the laser crystal may produce 

spurious beam jitter. By applying signal to the PZT asFig.6.4， frequency response 

of beam jitter was measured (Fig.6.5). At low frequencies， effect of beam jitter 

could noもbemeasured due to external noise， e.g:a~r f!uctuation. Applying volta伊

on PZT also caused intensity change， but comparing dashed line which is the 

output without knife edge such effect w回 negligiblein this measurement. Figure 
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6.5 indicates that spurious bea.m jitter by controlling frequency do exist and it is 

the same level horizonta.lly a.nd vertica.lly. Such jitter ca.n be also reduced by Mode 

Cleaner. 

6.1.2 Beam Jitter with Mode Cleaner 

Next， we measured beam jitter in the same V{ay when the Mode Cleaner 

was installed (Fig.6.6). Measurement wωperformed in the cqndition that Mode 

Clener cavity w回 lockedby Frequecy S凶bilizationServo. Measured beam size at 

the position sensor wa笛.sshown in F、i泡g.6.7

F抗Ig肝ur閃e6.8 is 色叫山he珂eh恥。r巾i匂z。∞nt凶叫beamj狗i比tt附e釘rw叫it出h。ぽrWl比t】h恥1ぬo∞u叫l品色 Mode Cleaner 叫。∞n碍g 

r-- w柄it出h同a耐ir似 l吋diもUω10。∞a悶悶e釘r色h旬tur山urn江r

，-

unchanged irrespective of s抗ta叫tu凶sof a副lrc∞。nd品ωt“lone釘r.Bean jitter with displacement 
fluctuation aαand angle fluctuation aαinduce contribution of mainly firsむorder

of the cavity mode (Eq.(4.11))， 

町山 (6.4) 

where k and叩 O 紅 ewavelength and beam waist radius， and Uoo， U10 denote 

TEMoo， TEM10 mode， l'esp~ctively. 
. 

Transmitted mode can be expressed using Eq.( 4.13) as， 

faα .kw白aa、
Utransmitted = Uoo + (ー+iー壬ー}SI0UI0，

¥Wo ~ 
(6.5) 

which corresonds to fluctuation of 

6αtransmitted = 5106α 
(6.6) 

6αtransmitted = 51Oaα 

From above equation， about 60dB. reduction of beam jitter is expected， using 

:F = 1500， .e=lm， R1 =1.5m，組dR2=?O・， UnçÞ.，~.gei of beam jitter with Mode 

Cleaner is consistent with this result. On the other hand， transmitted power 

should fluctuate in exchange of reduction ofhigher mode. Figure 6.9 is the intensity 
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spectrum of transmitted beam， with air conditioner on or off. Reduction of jitter 

was certainly converted to intcnsity noise. 

Increase of jitter of transmitted beam when air conditioner turned off can be 

interpreted as instabi1ity of Mode Cleaner cavitYj this can be clearly understood 

by comparing horizontal and vertical beam jitter (Fig.6.10). Some peaks seem 

resonant peak of vibration isolation system. Hence beam jitter at low frequencies 

depends mainly on vibration isolation of the cavity. However， long cayity may 

relax this situationj amount of jitter seems reversely proportional to its cavity 

length if parallel translation of the cavity mirrors decide jitter. 

3 6.2 Estimation of Frequency Stability 

Next， we estimated frequency stability of using another Fabry-Perot cavity. 

Although frequency stability can be estimated from the error signal of servo system 

to some degree， instability due to reference Mode Cleaner cavity or detector noise 

C叩noもbeestimated from the error s.ignal. .t¥nother reference cavity with s~me 

stability OF more is needed. We titilized the，白 ~stimationcavity as the independently 

suspended Fabry~Perot with cavity length of 20m and finesse of about 350; it is 

the one arm ot20m Fabry-PefQt prototype detector [261. 

The response of the Fabry-Peroもcavitywith length f. and finesse :F for fre-

quency noise is proportional to Fl(Eq.(4.14))， while for fluctuation of cavity lenth 

it is proportional to F (cf. Eq.(3.26))， Therefore reference Fabry-Perot with long 

cavity length and low finesse is regarded as good frequency reference. On the other 

hand， as the sensitivity of frequency noise limited by shot noise is proportional to 

Ff. (Eq.( 4.16))， 20m estimation system has higher sensitivity than Mode Cleaner. 

Moreover， since we applied the same pendulum suspension for 20m Fabry-Perot 

as the one for Mode Cleaner， frequency instability due to vibration of reference 

Mode Cleaner cavity can be estimated. 
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6.2.1 Expected Frequency Noise from lVIode Cleal1er 

Before the estimation using a 20m Fabry-Pcrot， expected frequcncy noise 

level which is decided both original frequency noise of the laser and servo gain 

was evaluated from the error signal of Mode. Cleaner. First we calibrated to con-

vert obtained error signal to frequency noise， and then estimated the stabilized 

frequency noise level. 

Calibration 

The output error signal ¥vas converted to corresponding frequency noise using 

the index obtained from calibration shown in Fig.6.11. Vibration of front mirror 

produces change of resonant frequency of the cavity expressed as (Eq.(3.26))， 

6ν=762 (6.7) 

where ν， l， and 8x are resonant， frequency of the cavity， cavity length， and vibra-

tion amplitude of the front mirror， respectively. Hence relation between dX and 

error signal gives the index which converts error signal to frequency. Vibration 

amplitude dX can be obtained from the Michelson interferometer formed回 dashed

lines in Fig.6.11. Output of出edetector VM can be expressed using maximum and 

minimum intensity (.V~ax ， Vmin) as， 

'V;nax ..:... Vmf~" . ，_. ， ， Vmax'+ Vmirt 
陥'_品 λ2AHsin(2K21十一2 品川

νベ

(6.8) 

where k and x are a wavelength of出elight and displacement of the front mirror. 

If the average position of front mirl;"or ì~ control1ed so出 tosin(2kx) ..:.... 0 satisfies， 

small vibration from <average positi8ri. i~'cletected 出，

6九1=(九lax-Vmin )k8x (6.9) 

Figure 6.12 shows the frequency response between signal1 and 2 for Michelson 

and between signal 1 and 3 for MC error signal' Both curves are inversely pro-

portional to the square of vibration frequency， which reflects frequency response 
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between applied force and displaceri1ent of the front mirror. From t山;hcfi思lrewe 3 

obta凶jnedthc relation VMCerr(肘=5.5 x 10が3VM.Using Vmax=4.9V and Vmin=O.5V 

we had the index 

九ぃ = 5.5 x 刷 Vma.x一V九恥Vmin削附in吟n
. = 5.0 x 1O-~'6ν 

Estimation of Fr・equencyNoise from Error Signal: 
"f  

(6.10) 

Figure 6.13 is the frequency noise level obtained ftom the error signal of Mode 

Cleaner. Thin line was obtained when， C_avity. Lock Loop. (S~ct~on 5.1.8) worked. 
... 

Above 30Hz bhe specbmm shows typical vdeRcy of frequency noiseof MISER，内 v

inversely propotional to Fourier frequency， whi1e vibra.tion of periHUlum motion can 

be read below 30Hz. When stabi1ized， error signal reduced down to the dashed 

curve. This level well agrees with the theoretical level calculated from thin line 

and servo gain (Fig.5.28). Ta:king iIito' accotUlt the feedback loop to the pendulum 

at low frequencies， expected frequency noise was calculated from stabilized error 

signal as s~òwn 'stabi1ized level'. 

1n order to estimate such noise contribution to the frequency noise that does 

not appear in the error signal; we measured or estimated the possible noise sources 

and calcula.ted noise contribution using Fig.6.14. Figure 6.15 is electrical出ld

seismic noise contribution to the frequency noise， where seismic noise ~f the gr~tmd 

is assumed 'to be (x:displacement in m/、1Hz，f:vibration frequency i~ Hz)， ~. ~ .l 

州)=lF (6.11) 

Near the bbttom of stabiliz~d levei， sè~'eral elec'tric noise sources match the sta-
bilized lev~l. If we want to stabilize with larger servo gain， thi~ result su邸ests
we have to reduce such electric， noise. Anyway， in our cuπent system such noise 

conkibution cmbe regarded aegligihie-
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6.2.2 Frequency Noise Estimated from 20m Fabry-Perot Cavity 

Figure 6.16 shows the setup for estimation of fniquency noise of Mode Cleaner 

using a 20m Fabry-Perot. yacuum chamber of Mode Cleaner was connected to the 

Center Tank of the 20m Fabry-Perot prototype， and the transmitted beam from 

the Mode Cleaner illuminated the 20m estimation cavity housed in one arm of 

the-chamber. Mirrors of the 20m cavity was the one used f6r~ the 20m prototype， 

which hωdiameter of 50mm an<~ 100mm long and is monolithic mωs made of 

fused si1ica:台ont，mirror is flat， and end， mirror has concave cUrvature radius of 
30m. Other components of 20m cavity， e.g.vacuum sysもem，are described in detai1 

in the following Chapter 7. 
L 

F炉燃 InωO町r巾d伽e町rtωOω。似bt凶a叩lns討19炉nal，t訂ran出nsm凶nit凶 beamfroII官O町m恥 M蜘。deCαωle悶a叩n悶l

，.， 

mo吋du叫11a叫，ゐtedw叫it出h4ωOMHz a叩ndr児eflecte吋dbeam from the 2初OmFaぬbrηy-Pe訂ro叫tw出 ex-

tracted by optical circulator and then detected. Signal was obtaind in the same 

wayas Mode Cleaner and fed back to the end mass to keep the cavity on resonancej 

unity gain frequency of the servo was about 1.2kHz. 

Before; IIleasurement of noise， we calibrated出esignal in the similar wayぉ

previous calibration. 

Calibration 

Setup for calibration of 20m Fabry-Perot is also shown in Fig.6.16. The 

Mode Cleaner cavity出 afrequency reference wぉ vibratedin the same wayω 

calibration of Mode Cleaner， resulting in the frequency modulation of stabilized 

beam. Since IIl.odulation index was a:1ready' known from previous calibration of 

Mode Cleaner， fromもheoutput of 20m Fabry-Peroもwecould calibrateぬesignal. 

Thin line in Fig.6.17 is the modulation inもermsof error signal of Mode Cleaner， 

which is evaluated from the response function between signal 1 and 2. The curve 

shows almost the same shape as the one in Fig.6.12 except for the tendency at low 

frequencies (三100Hz)e:ffected by the Pendulum Loop. On the other hand， thick 

line is the response function between signal 1 and 4 in terms of error signal of 20m 
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t"" 

Fabry-Perot. From the relation between two signals， V20mFP = 0.25 V;V[Cerror， we 

have 
巧OmFP= 0.25 x 5.0 x 1O-46v 

= 1.3 x 10-46ν 

. Estimαtion of Frequency Noise from 20m Fabry-Perot 

(6.12) 

Figure 6.18 shows the calibrated spectra from 20m Fabry-Perot， as well回 the

one from Mode Cleaner. . Both dashed curves， which means without stabilization， 

well agree with each. o~þ'er except below 30Hz. The difference comes from cavity 

lengthj for a Fabry-Perot cavity with a certain finesse， response against the fre-

quency noise is proportional t6、thecavity length whi1e respons~. for the vibration 

of mirrors is unchanged to the cavity length within the cut-off frequency of the 

cavity. Therefore long cavity is insensitive to the seisrnic noise relatively to the 

frequency noise. The difference by a factor of"，  10 below 30Hz is explained as 

the difference of cavity length by a factor of 20.' When stabi1ized， due to above in-

stability of Mode Cleaner for seismic noise relative to 20m Fabry-Perot， stabilized 

noise levelhf20m bbry.perot is enhancedwso the noise level ofMode Cleaner 

below 30Hz. 

Another remarkable feature is discrepancy between expected level obtained 

from Section 6.2.1 and 20m error signal when stabi1ized. Excess noise seems to 

come fr9IIl Mode Cleaner and/or 20m Fabry-Perot. As the possible noise sources 

were estimated for the Mode Cleaner， ，we evaluated the possible excess noise for 

20m system (Fig.6.19) using Fig.6.20. Detector noise wぉ abovethe expected 

level， but it was below the obtained noise. Other electric noise was well below the 

expected leve1. 

F旨omthe complex structure of the excess noise region， we assumed七ha七i七

cames from mechanical vibration excited by seismic noise， and we observed出e

change of the spectrum against the external vibration applied purposely. Figure 

6.21 is the change of the spectra when the vibration of rotary vacuum pump was 

activated near出evacuum chamber. 
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Result ()f significn.nt effcct for centcr tankseems to suggest tlù~ ~ffect of steering 

mirrors (M's: in Fig.6.16) fixed to the tn.ble. If the optical path length is changed 

due to the vibratio"ri '?f the mirrors，間11lungphase changeis: 

act = kax 

which corresponds to frequency noise of 

l.-r 
" 

6ν(f) = 2πfkax(f) 

(6.13) 

(6.14) 

where f is a fx:equency of vibration. . This ph~se. noise due tO steering mirrors is also 

shown in Fig.6.21 assuming seismic spectrum 出 (~.11). As th~ vibraticn of the _ 

mirrors is not. the same回 groundmotion， the': noise level may ~e laiger 'than the i ¥ 

drawn level. The effect of phase noise can be confirmed by isolating the s旬ering
，-ー

mlrrors. ー‘.一
‘ 

Another noise sources is vibration，of cavity mirrors. EfFecむofvibration for 

end色町lkindicates insufficient vibration isolation ofぬependulum. Theoretical 

vibration level assuming. (5.5) is shown as seismic'in Fig.6.21. Although it is well 

below the obtained frequency noise level， excess vibration noise due to resonance 

of suspension wires or blade springs， or excitation of seismic noise from damping 

magnets may ne紅 obtainedlevel. Vibration level of the table is a1so unknown. 

In both c出 es(ph回enoise due to steering mirrors or vibration of cavity mir-

rors)， vibration isolation sho~ld be reinforced especially above"lOOHz. 0品 POSSl- へj
ble way for such isolation is using stacks which is， say， layers of lead and rubber. 

However， for the future detector (see Chapter 8) which Can detect low frequency 

gravitationa1 waves， such stacks will have insu缶cientisolatiori .ratio and are not 

good for ultra-high vacuum. Improvement or another type of isolation system 

should be investigated. 
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7. Operation of 20m Fabry-Perot Prototype 

with l-m Mode Cleaner 

!j7.1 20m Fabry-Perot Prototype 

As a conclusion of this experiment， we operated 20m Fabry-Perot prototype 

detector with Mode Cleaner [27， 29] in order tQ confirm the improved performance 

as wellωthe stability of operation. Concerning the 20m Fabry-Perot proto・

type withou七ModeCleaner at National Astronomical Observatory (NAO， Mitaka， 

Tokyo)， see reference~ [6， 26]. Remarka.ble characteristics 'of the prototype are 
Schnupp method (pre-modulation) is applied to realiz.e recombined scheme 

which is compatible with reeycling. 

L出向Diodepumped Nd:YAG laser (入=1064nm)has been used回 alight 

source， because iむisconsidered as one of.，the promising lasers which will be 

developed to high-power laser with stabiliもy.

Vacuum chamqerJor prototype is made らfaluminum alloy， which can attain 

vacuuIIi:pressure ofbelow 10-5Pa witho1lt baking. 

In the Jollowing subsection， sGJ:lematic features are described. 

7.1.1 Apparatus 

The 20~ Fabry-Peroもprototypedetector is l<?cated in the middle of Mitaka 

campus of NAO (Fig.7.1). The L-shaped prefab was specially built to house the 

interfeormeterj each arm is directed to notheast and northwesもrespectively.Since 

the building is independent from other buildings， enviroment in ground vibration is 

relatively good for interferometer. Moreoverぬebase plate to fix vacuum chamber 

is isolated from the floor in order to reduce the effect of vibration of the building. 

Figure 7.2 is the schematics of vacuum chamber used for 20m Fabry-Perot 

prototype; diameter and height of center tank are' 1.4m， and 2.0In and those of 
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each end ta叩l江'ln】kare O.8m and 2.0m， respe削ct汁北t，ivelう!ly.Inner surface of these t，anks was 

treated with EX-GBD (Gla.ss Bead Blast) to remove impurities. Electric signa.l 

can be supplied by the feedthrough located 叫 thebottom of each tank， and the 

laser beam can be extracted through the optical window. Mode Cleaner vacuum 

chamber is connected with center tank as shown in Fig.7.2. Optical bench in the 

tank is fixed directly to the ground while tank itself is isolated from the ground with 

bel1ows; this mechanism serves to reduce d白eflおor口m町m凶 ionof opμtica叫.1bench 司~ec吋与ted by 

vacuum tank in evacuation. Optical bench is made of 3cm-thick bulk aluminum， 

which we were obliged to apply due to poor vacuum performance of honeycomb 

breadboard. Vibration resonance .of .the bench seems to affect the noise level 

(Section 6.2.2， 7.2)ト. 
Vacuum pump戸sa訂relocated 剖 F町司'ig.7 .3. In operation of prototype， all the 

pumps are' turned o:ff or only' turbo p山npslocated in the middle of the pipes 

evacuate; diameter of the pipes is O.2m and they connect tanks with bellow~ wh~ch 

works vibration isolation from I the vacuum pump. In operation (when evacuated 

Wlもhmiddle-pipe vacuum pumps， pressure of lessもhan4 x 1Q-4Pa could be kept 

including Mode Cleaner chamber. Vacuum status of a11 chambers are obtained by 

date acquisition system and can be remotely moniもored..byworkstation む~ough

network. 

、，

7.1.2 Optical Design 

Optical design for 20m Fabry-Perot prototype is shown in Fig.7.4. Trans-

mitted lign.t from Mode Cleaner is modulated in phase wiぬ 40MHzusing EO M 
because phase modulation wi出 18M:ijzbefore the Mode Cleaner cannot transmiも

withぬiscavity length 1m. The modulated beam is lead to the main interferometer 

through two lenses for mode matching (Fig.7.5) and steered by two mirrors. Phase 

modulator with 2mm<T aperture is inserted near the beam waist. Incident beam is 

separated by beam splitter; transmitted beam illuminates the 20m Fabry-Perot of 

east arm (henceforth we call east arm becauseもhisむmis. directed to notheast)， 
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Fig. 7.3 yacuum pump system for 20m Fabry-Perot. 
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while reflectcd light illuminates west arm Fabry-Peroも(wecall west in the same 

reason). Front mirrors are flat mirror with diameter of 50mm and lOOmm long 

and end mirrors are concave mirror with curvature radius of 30m; they are made of 

monolithic fused silica. All the mirrors comprising Fabry-Perot are suspended with 

the same pendulums as Mode Cleaner (Piture). Only beamsplitter is suspended 

by different system without vertical vibration isolation (Picture). 

Reflected light from each Fabry-Perot is piGked up partially (ご1%) on the a.nti-

reflection surface of beamsplitter and extracted as a signal to lock arm Fabry-Perot 

on resonance. The main beam is recombined at the beamsplitter and detected as 

a main signal wruch contains signal of gravitational waves as well as signal to 

controll beamsplitter at dark fringe. T4e other beam going back to Mode Cleaner 

炉 isextracted from optical isolator in order both to avoid excess noise of scatter吋

light and to monitor status of the beam inぬechamber. Location of optical 

components and beam lines in the center tank is shown in Fig.7.6. Dista.nce 

beもweeneach front mirror and beamsplitter is purposely made different in order 

to obtain main signal by Schnupp method. Degradation of contrast due to this 

path difference is 2 X 10-4 for the ideal TEMoo mode. 

7.1.3 Servo Design 

Block diagram of servo system to lock Fabry-Perot or beamspliもteris also 

~ shown in Fig.7.4. Beam from the inte市 ometeris detected outside the chamber 

with resonant type detectors. They are the same performance each other and have 

resonant frequency of 40MHz and quality factor of abou七5(Fig.7.7). Equivalent 

noise photocurrent is about 100μA. 

Detected signal from each arm is demodulated and fed back toぬeendm出 S

in order to keep theむmFabry-Perot on resonance. Main signal from beamsplitもer

is also demodulated and fed back to出ebeamsplitter to keep dark fringe. Open 

loop gain of these servo is shown in Fig.7.8. Servo for each arm (easむorwest) 

is made the same property in order to maximize Common Mode Rejection Ratio 
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(CMRR). 

Servo gain in the observation band is dcsigned to be below unity to avoid 

compensation of effect of gravitational waves by the servo loopj unity gain fre-

quency of each loop is about 300Hz which satisfies the above situation. Unity gain 

frequency of the main loop is about 50Hz because of the mechanical resonancc of 
、ー、

beamsplitter near 250Hzj servo gain of main loop is not enough to supress external 

noise at low frequencies. 

7.1.4 Calibration 

Calibrati9nもoobtain displacemer山loisefrom the output was performed in the へi
similar way邸 ModeCleanerj instead of forming another Michelson interferometer， 

Michelson interferometer foロnedwith each front mirror w回 utilized.

Figure 7.9 shows calibration for 20m Fabry-Perot prototype. After calibrating 

vibration amplitude of front mirror of east arm using Michelson interferometer of 

front mirro}"s， output ofthe prototype for the vibr.ation was obtained~ Figure 7.10 

is the output for the vibratiop~ of.east front mirrorj tendency like~Fig.6.12 can 

be seen. From the figure we obtain the relation of九ast= 14VM and Vmai~ = 
t 

2.0 X 10~VM ， where九叫ー，九凶n，and九{are_ the output error signal官ofe出 tarm， 

main interferometer， and Michelson interferometer foロnedwith eachfront mirror， 

respectivel~. Referred: to (6.9) using'Ymax=6.3V and Vmin=0.05V~we have the 

relation 

九叫 =14k(九lax- Vmin)OX 

= 5.1 X 1Q8ox 

Vmain = 2.0 X 102 k(九m ーVmin)OX

~7.3x109ÓX 

where ox is vibration amplitu.de of east front mirror. 

_! 

(7.1) 

Calibration for west arm is calculated from the ratio of gain of servo filter 

between east and west， considering the same setup of each armj the ratio comes 
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(7.2) 

~7.2 Op-eration with Mode Cleaner 
1， へj

We operated 20m Fabry-Perot prototype detector with Mode Cleaner (Fig. 

7.11) and i.mprovement owing t6 M6de Clener'¥vas estimated. 

. Impro1Jement 01 Contrast 

One remarkable improvement w田 contraヰoimain interierometer recombin-

ing refiected light from each arm. Deおrmedbeam containing spurious higer mode 

degrades contrast especially for an asymmetric interierometerj say in our case with 
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different arm lenghs， because phase shift of higher rnode against optical pa.th differs 

from tha.t of fundamental mode. Without Mode Cleaner the contrast of the nmin 

interferometer with Fabry-Perot arms was up to 95%. With Mode Cleaner， in 

our experiment， the contrast improves up to 99.2%. Although these value cannot 

compare quantitatively considering detail change of setup in both case， it can be 

said that interferometer with 0.2m different arm lengths can attain such contrast， 

maybe more， with Mode Cleaner. 

Reduction of Frequency Noise 

Another improvement was reduction of frequency. noise owing to frequency 

stabilization of Mode Cleaner. Figure 7.12 is the obtained noise spectra of main 

recombined signal as well aseach arm. Spectrum of each arm hasthe same shape 

出 theone obtained in the one-arm estimation in Secti~n 6.2 (Fig.6.18)j it consists 

of residual frequency noise over almost frequency range and unidentified noise， 

probably phase noise of the steering mirror and seismic noise， near 1kHz. Such 

common mode noise as residual frequency noise and phase noise will be reduced 

by recombining light from each arm. 

加1ainspectrum in Fig.7.12 CiI旬.inlyshows CMRR of up to 20dB above -50Hz 

except for 200-600Hz. Therefore excess noise in Fig.6.18 can be divided into 

common mode noise and others. One' such un-common noise for 200-600Hz can 

be rega:rded as vibration due to resonance ofbreadboard (Section 7.1.1) considering 

its resonant frequency. Noise floor of 1.0 x 10-1九n/VHZ.at2kHz is po田iblylimited 

by such un-common noise judging from the following measurement of CMRR. 

Estimation of CMRR 

In order to estimate CMRR， noise spectrum without frequency stabilization 

using Cavity Lock Servo of Mode Cleaner was obtained (F、i泡gι.7.13め).Although the 

shown spectra indicate CMRR of about 20dB which is consistent with the data 

obtained without Mode Cleaner， the ratio is sensitive to the alignment of each 

arm. We found that the good alignment to maximize CMRR does not necessarily 
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means the good aligment for contrast.. 

The contrast depends oi1. the power reflected from each arm; if equal power is 

recombined at heamsplitter， the interfered light is cancelled out， resulting in high 

contrast. On the other hand， phase change due to frequency noise from each arm 

depends on 
2:F _ e 

84> = =-k':"8ν 
πν  

=2FE6νJα刀，
c 

(7.3) 

which has little to do with the reflected power. Considering the difference of each 

arm length 
ムe2.5cm 
e 20m (7.4) 
~10-h 

the discrepancy mainly comes from the differeI1ce of finesse of each arm 

d.:F 370 -350 

:F 370 (7.5) 

'" 5 X 10-2 

If the optical perfoロnanceof each arm cavity can be matched better than now 

using high quality mirrors， larger CMRR， more七han40dB， will be expected. 

Noise Sourceαt Low F:何queπc~es

As Fig.7.12 and Fig. '7~13 町e sensitivity converted iIltO vibration amplitude 

of cavity mirror using servo gain of each arm，、theydoes not reflect seismic noise 

of beamsplitter. In both figures， noise level is enhanced at low frequencies when 

recombined; this is probably due to the vibration noise of beamsplitter. In order to 

estimate the vibration of beamsplitter， VVe compare the main spectrum converted 

into vibration amplitude of beamsplitter with， that of Michelson interferometer 

which is formed with each front mirrors. 

Figure 7.14 indicatesもhatthe major noise source of the main signal below 

200Hz originates not from Fabry-Perot cavity but from the main Michelson in-

terferometer. Although there sti11 exists the possibility of noise due to different 

arm lengths of the Michelson interferometer， it is possibly due to vibration of 
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beamsplitter considering poor vibration isolat，ion of beamsplitter. By applying 

the suspension I1sed for arm mirrors with vertieal vibration isolation to the beam-

splitter， low frequency performance will be improved. 

37.3 Long Term Operation of the System 

Finally we estimated long-term stability of the system. Status of 20m Fabry-

Perot prototype as well as that of加fodeCleaner wωremotely monitored; lab-

oratory w凶 unmannedduring operation (25 hours). We c∞。nfirmπme町“dc∞on叫b“m
operation more than 3 hours. Major factors to fail the system were external vibra-

tion (e.g. sound) applied to Mode Cleaner and drift of alignment of Mode Cleaner. 

These factor will be removed in a degree by replacing current base table of出e

Mode Cleaner with such robust one as used in 20m prototype. 

97 



8. Conclusion 

~8.1 Sununary 

We have developed Mode Cleaner wi山independentlysuspended Fabry-Perot 

cavity (.e=lm)， and succeeded in operating 20m Fabry-Perot prototype detector 

with Mode Cleaner， which works as frequency stabilization system as well出 mode

selector. No significant problem has' been observed， and noise source' limiting 

sensitivity has been identified to some exterit. In this section，' results 'of this 

experiment are summ町izedand resolution of current problems to attain expected 

sensitivity is described. 

8.1.1 Results 

. Mode Cleaner as a mode selector 

. Measurement of beam jitter using 20m arm indicated that Mode Cleaner 

reduces beam jitter originating from fiuctuation of air below 100Hz. The 

reduced ji“er is limited by vibration of the cavity mirrors. 
Contrast of 20m Fabry-Perot prototype was improved more than 99% with 

合)

Mode Cleanerj it can be int切削edas帥 lctionof higher mode co山 ibution. へ)
. Mode Cleaner asαfreq1Lency stabilization system 

. Frequency 5ぬbilizationwith servo gain of 80dB near 1kHz was realized re-

ferred to suspended Fabry-Perot cavity. Estimation of frequency stabi1iもyus・

ing 20m Fabry-Perot shows 60dB reduction of frequency noise. Discrepancy 

of 20dB seems vibrational origin. 

. Performance of 20m Fabry-Perot prototype 
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Sensitivity of prototype was remarkably improvcd by frequency stabilization 

(Fig.8.1). Major noise source limiting sensitivity is vibration of beamsplitter 

below 100Hz， and also other vibration noise， such as vibration of steering 

mlrror，. seemsむodecide sensitivity above 100Hz. 

Common mode rejection ratio of main signal is up to 20dB in spite of high 

contrast (-99%). It can be interpreted as difference of finesse between each 

arm cavity. 

8.1.2 Improvement of current system 

. Improvement of Mode Cleanerωa mode selector 

As for Mode Cleaner出 amode selector， we found no problem except for beam 

jitter at low frequencies due to vibration of the cavity. Since such jitter is out of 

the observation band， it will not affect the sensitivity of the prototype. However， 

for the future large-scale detector， too much jitter 叫 lowfrequencies may degrade 

dark fringe locking or common mode rejection (Section 8.2.1). 

. Improvement of Mode Cleaner as a frequency stabilization system 

Figure 6.18 and 7.12 indicates that excess noise in Fig.6.18 contains both 

common mode noise (200-500Hz)叩 ddifferential noise (500-2.5kHz). Common 

mode noise originates froII+ steering mirrors fixed on the breadboard and/or vibra-

tion of Mode Cleaner cavity. Suspension of steering mirrors and further vibration 

isolation of Mode Cleaner cavity will reduce such common mode noise. As for the 

differential noise， one possibility is vibration of main mirrors excited by resonance 

of breadboard. This can be also reduced by isolating the mirrors. 

. Improvement of 20m Fabry-Perot prototype 

As mer泊ionedabove， noise due to vibration frequency of 200"，2kHz wi1l be 

reduced by further vibration isolation. Another vibration noise of protoもypewas 
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vibration of beam splitter below 100Hz. By applying ，vcrtical vibration isolation 

to beamsplittcr， noise fipor of Fig.7.12 and 7.14 will be reduced. For the future 

vibration isolation， see the following Section 8.2.2. 

Another lack of common mode rejection ratio wi11 be improved by applying 

high quality mirrors which can form the Fabry-Perot cavities with almost same 

finesse of each arm. If finesse of each cavity matches 1% precision， CMRR of 

40dB can be expected (Equation (7.4)). Since it is really possible for small mirror 

cavities [30]， it wiU be realized by large mirror cavity used for prototype or ful1 

scale detector. 

Roughly speaking， we can attain the expected level in Fig.6.18 by apply-

ing further vibration isolation， which me叩 sone order noise reduction of Fig.7.12 

r"" (-10-17 m/ y'ffz'). Mor~over by applyi~g high quality mirrors for prototype， which 
rea1izes 40dB CMRR， fur~her noise. reduction of 20dB (_ 1Q-18m/、1Hz)is e'x-
pected， resulting in shot noise sensitivity. 

F 

~8.2 Possible Future Configuration 

As副 1extent of this experiment， possible configuration for f叫1scale gravita-

tional wave detector as well剖 future.Mode Cleaner for such detector is considered. 

8.2.1 Futute Mode Cleaner System and InterferometrIc Detector 

Although improvement of current system mentioned above would be su缶cient

for the current prot~type detector， moreimprovement including optical design and 

servo system wi11 be necessary for the full-scale gravitational wave detector. In this 

subsection， possible design of Mode Cleaner for the future detector is discussed. 

. Remo1Jal 01 Phase Modulator 

Ideally no optical components should be inserted between Mode Cleaner and 

main interferometer (in our c~se one EOM" a pair of isolator， lens and steering 
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mirrors are inserted)， because they may distort thc modc-cleancd bearn. Although 

our result of 99% visibility shows it does not significant problem， at le悶 tEOM 

can be removed by the following configuration. 

• If we choose the modulation frequency凶 integertimes of free spectral range 

of Mode Cleaner cavity， 
__ 2πc 

ωm -川 2i (8.1) 

where N is an integer， the modulated beam before Mode Cleaner can transmit 

cavity without any effect (in our c出 e，at least e=3.花mfor 40MHz modula山
That is because any sideband of phase modulation is resonant when equation is 

satisfied (Fig.8.2). In出isway， we can simply move EOM before Mode Cleaner 

cavity without sigriifica.ot configuration change. 

Wideballrl Phase Modulator for Freq'uency Control 

For the future detector， further frequency stabilization is needed. As we want 

to attain sensitivity of h '" 10-21， which corresponds to 3 X 10-23/、/百三 In 

expectation of 40dB CMRR， frequency伽 bilityqf. ov. _ 1o~6!Iz/0iz ~t 1kHz 
I 畠ー .， f を・

should be attained. This means the servo gain of 140dB is needed. 

In our current design， unity gain frequency of the frequency stabi1ization servo 

is limited by resonance of PZT of MISER.， Since more gain of 60dB from current 

gain (80dB) with keeping current unity gain frequency seems very difficult， fast 

fre quency con trol sys t em shRuld b e ihR凶凶st a4i!he d;ff糸Rf仕出l~f\l時山t\知川u叫lzme f企r~明仰q早J.f叩叩4埠中字伺z将ys抗t弓ψ剥bi尚l~za叫.tωt

s可ys討tem.One possibility is wideband EOM modulator. Although modulation index 

of EOM is small compared with PZT and frequericy control by phase riiodulator 

is ineffective at low fr~quencies~. properly desigIied servo loo'p would realize three 

loop frequency stabi1ization with unity gain frequency of -lMHz. 

. Servo Design 

In order to obtain su缶cientfrequency stabilization gain at low frequencies， 

servo should be designed with lower c!oss over frequency between pendulum lock 

loop， and frequency stabilization loop. But it means frequency instability due to 
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pendulum vibration will be enhanced. We can avoid this situation to some degree 

by the following vibration reduction of the Mode Cleaner cavity. 

Vibr，αtion reduction at Low F何 quencies

In Section 6.1， we found the beam jitter limited by vibration of the cavity 

below ......，100Hz. Main signal of 20m prototype is also dominated by vibration of 

beamsplitter. For the I'叫1scale detector， cavity length of Mode Cleaner wi11 be 

elongated about 100m. Although vibration， in this case， will be relaxed both for 

jitter and for sensitivity of gravitational waves， it wi1l be very hard for further 

vibration isolation at low frequency， especial1y below 10Hz. 

Promising solution for it seems construction of ful1-scale system underground. 

In the underground， seismic noise is one or two orders lower than the ground level 

(Fig.8.3) [31]. 

Vibration Isolationαt High Fr・equenc~es

Sensitivity of detector seems to be limited by the vibration at several hundred 

Hz. Figure 8.3 shows th叫 mもheeven underground site seismic noise is the same 

level as ground above ......100Hz， because in this frequency range major noise source 

is an artistic one， e.g. sound noise. Vibration isolation in these frequencies is 

relatively eωy by using stack or multi-stage pendulum. 

(' . Loose Lock S俳句oScheme 

In our current design， all the pendulum masses are loosely locked， and signals 

are read out from the error signa1. The advantage of such design is independence 

for the excess noise applied to the mass from feedback signal. Such noise includes 

electronic noise an，d seismic noise from actuator. Our prototype deもector，however， 

has limited unity gain frequency， about 300Hz， due to loose lock scheme， because 

large seismic noise unlocks the servo with more loose one. 

Two order reduction of seismic noise in the underground site will permit more 

loose lock scheme. Even oUr current servo design gives unity gain frequency of 
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above 40Hz， considering Fig.7.8. For such low unity gain frequency， servo control 

may be realized by applying force only upper mass without any force applied to 

the final mass [32]. 

8.2.2 Full Scale Detector 

Finally， considering the discussion mentioned above， full scale detector is de-

signed回 anextension of our experiment. 

Figure 8.4 shows the full-scale detector with Mode Cleaner. Fundamental 

design is similar to current system. The detector is constructed underground 

where seismic noise level below "'100Hz is two order lower than the ground level， 

like Fig.8.3. Owing to the lower seismic noise level， all the mirrors are suspended 

郡山ree-stagepend山 nswith feedback force applied only second (middle) m制・

Final m出 sis not applied any force and is not attached any magnets， which avoids 

both excess noise from actuator and internal thermal noise due to degradation 

of mechanical Q of the m回 s.Damping force is applied the first (top) m儲 susmg 

eddy currentj effect of ground vibration applied by the damping magneもisisolaゐed

by next two stage suspension. 

In order to attain sensitivity of h '" 10.，-21， effective laser power of "，2kW is 

needed. B y applying recycling schem~， originallaser power can be down to '" 1 OOW 

if recycling gain of "，20 is attained. The incident laser is stabilized in frequency 

(" referred to Mode Cleaner cavity using boもhPZT and EOM. If we aもtainstabi-

lization level of '" 1μHzjJHZ and CMRR of maiil interferometer 40dB， designed 

sensitivity can be realized. 
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