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第１章 

序論 

 

微視的͵粒子͹振Ζ舞いͺ量子力学ͶΓΕ支配さΗΖ͗，ニューφン力学͗支配ͤΖ
巨視的͵物体Ͷ͕いͱ΍，量子力学的作用͗影響を及ぼͤͳ考えΔΗͱいΖ．し͖し͵
͗Δ，巨視的͵物体ͺ熱浴͖Δ͹孤立͗困難ͲあΕ，量子力学的͵振Ζ舞いͺϔϧウン
運動ͶΓΖ熱振動[1]ͶΓͮͱ覆い隠さΗͱ͕Ε，量子的現象を観測ͤΖたΌͶͺ絶対
零度付近まͲ冷却ͤΖ必要͗あΖ．こ͹たΌ，巨視的͵物体͹量子的振Ζ舞いを観測し
た例ͺこΗまͲ報告さΗͱい͵い．本研究͹最終的͵目標ͺ，ϓΡーχώρク冷却ͶΓ
Ε熱振動を除去ͤΖこͳͶΓͮͱ巨視的͵物体͹量子力学的基底状態Ͷ͕けΖ零点振
動を計測ͤΖこͳͲあΖ．我々ͺ巨視的͵ηケーϩ͹物体ͳしͱ，機械振動子͹一種Ͳ
あΖεϨコンϜ΢クϫ片持ち梁Ͷ関しͱ研究を行ͮͱいΖ[2-4]．Ϝ΢クϫ片持ち梁ͺ，
量子的現象を解明ͤΖたΌ，他͹研究[5, 6]Ͷ΍用いΔΗͱいΖ． 

近年，米国Ϫーδー干渉計重力波天文台͹チーϞͺ，干渉計Ͷ用いΔΗΖϝϧー͹熱
振動を低減[7]し，量子振動状態まͲ感度を向上ͤΖこͳͲ，ϔϧρクϙーϩ合体時͹
重力波を計測ͤΖͳいう画期的͵成果を報告した．機械振動子を利用した計測機器΍こ
ΗͶ追随ͤ΄く，本来持ͮͱいΖ性能を限界まͲ引͘出ͤたΌͶ，熱振動を極限まͲ除
去し，量子的基底状態まͲ冷却ͤΖこͳ͗重要ͲあΖ． 

Ϝ΢クϫ片持ち梁͹熱振動を除去ͤΖͶͺ，冷凍機を用いͱ冷却ͤΖ手法[5, 8]，外
力ͶΓΕ熱振動を除去ͤΖ手法[3, 4, 6, 9-15]͹２ͯ͗考えΔΗΖ．我々ͺ，冷凍機を必
要ͳし͵い，外力ͶΓΕ除去ͤΖ手法を採用しͱいΖ．熱振動͖Δ90 deg遅Ηた位相Ͳ
Ϝ΢クϫ片持ち梁を加振ͤΖこͳͲ熱振動を除去ͤΖ(機械的ϓΡーχώρク冷却)．他
͹先行研究Ͳͺ，冷凍機を用いͥͶ熱振動を除去ͤΖ手法ͳしͱ，Ϫーδー光͹輻射圧
を用いΖ方法[12]，Ϫーδー干渉計ͳϚϫϟφϨρク効果ͶΓΕ受動的Ͷ制振ͤΖ方法
[10, 11]͵ʹͶ関しͱ検討͗行わΗͱいΖ． 

近年͹研究ͶΓΕ，本研究Ͳ採用ͤΖ機械的ϓΡーχώρク冷却͹限界ͺ，計測した
熱振動͹信号量ͳ計測系͹υΡτクターό΢θ͹比(S/N)ͶΓΕ決定さΗΖ，ό΢θϪ
ϗϩͳ͵Ζこͳ͗明Δ͖ͳ͵ͮた[3, 15]．ϓΡーχώρク冷却͹限界(最小実効温度୫ܶi୬)ͺ， 

 

୫ܶi୬ = √��0ܶ�B� ܵ୬ (1-8) 
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ͶΓΕ求ΌΔΗΖ[8]．ここͲ，�ͺϜ΢クϫ片持ち梁͹ͻ͸定数(N/m)，�0ͺ固有角振
動数(Hz)，ܶͺ熱浴͹温度(K)，�BͺϚϩςϜン定数(J/K)，�ͺQ値(-)ͲあΕ，ܵ୬ͺϏ
ワーηϘクφϩό΢θ密度(ό΢θϪϗϩ)(m2/Hz)を表ͤ． 

零点振動計測Ͷ近ͰくたΌ今回我々ͺ，熱振動͹計測Ͷ用いΖϪーδー干渉計を，Ϝ
΢ケϩソン干渉計͖ΔϓΟϔϨ・Ϙϫー干渉計΃変更した．ϓΟϔϨ・Ϙϫー干渉計ͺ，
重力波検出[7]等͹高感度͵変位計測Ͷ用いΔΗͱいΖ．また，Ϫーδー͹狭帯域発振
器ͲあΖエタϫン[16, 17]や，ϓΟ΢ώー光学͹応用[18, 19]ͳしͱ用いΔΗͱいΖ．先
行研究Ͳͺ光ϓΟ΢ώー͹端面ͳϜ΢クϫ片持ち梁ͶΓΕ構成ͤΖϓΟϔϨ・Ϙϫー干
渉計[10, 11]や，Ϝ΢クϫ片持ち梁͹表面Ͷ超高反射率ϝϧーを貼Ε付け構成ͤΖϓΟ
ϔϨ・Ϙϫー干渉計[11, 12]Ͷ関しͱ検討さΗͱ͘た．し͖し͵͗ΔこΗΔ͹手法Ͷͺ，
回折ͶΓΕ感度(ϓΡϋη)͗低下ͤΖ，高い微細加工技術͗必要ͲあΖ，光学Πϧ΢ϟ
ンφ͗複雑ͲあΖ，等͹問題͗あΖ．今回我々ͺ，Ϝ΢クϫ片持ち梁͹表面ͳϝϧーͲ
構成ͤΖ微小ϓΟϔϨ・Ϙϫー干渉計を開発した．本干渉計ͺ，先行研究ͳ比較し，Γ
Ε簡素͵光学εητϞͲ構成ͤΖこͳͶ成功し，͖ ͯ理論通Ε͹高感度͵干渉特性を得
Ζこͳ͗Ͳ͘た．また，微小ϓΟϔϨ・Ϙϫー干渉計ͺ，高いキャビτΡ͹平行度，͵
ΔびͶϝϧー͹面精度を必要ͳし͵いこͳ͗判明した． 

従来ΓΕ΍高感度͵微小振動計測ͶΓΕ，ό΢θϪϗϩ͹低減，さΔͶͺϓΡーχώ
ρク冷却限界͹向上Ͷ成功した．微小ϓΟϔϨ・Ϙϫー干渉計͹特性ͳ解析，ϓΡーχ
ώρク冷却͹実験，解析を行ͮた．さΔͶ，微小ϓΟϔϨ・Ϙϫー干渉計ͶΓΖ，Ϝ΢
クϫ片持ち梁͹受動的͵冷却・加熱΍確認さΗたたΌ，こ͹現象Ͷ関しͱ΍実験，解析
を行ͮた． 
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第２章 

使用した装置と計測機器 

 

2.1 イオンスパッタϨンή装置 

΢オンηϏッタϨンή装置ͺ，走査型電子顕微鏡(SEM)Ͳ試料を観察ͤΖ際，試料͹
チϡーζΠッϕを防͛目的Ͳ，金αーφを施ͤたΌͶ用いΔΗΖ．本研究Ͳͺ，(株)日
立製作所製͹ E-1010を用いた．装置͹外観を図 2.1Ͷ示ͤ．金͹ターΰッφϨンήͶ，
電界ͶΓΕ加速͢た空気中͹原子・分子(主Ͷ窒素)΢オンを衝突させΖ．加速͢た΢オ
ンͶΓΕ金を弾͘飛ͻ͢，試料Ͷ付着させΖこͳͲ金αーφを施ͤ． 

本研究Ͳͺ，Ϝ΢έϫ片持ち梁͹表面反射率を向上ͤΖたΌ，΢オンηϏッタϨンή
装置ͶΓΕ金αーφを施͢た．詳細ͺ第４章Ͳ述΄Ζ． 

 

2.2 試料断面作製装置 

試料断面作製装置(Cross section polisher; CP)ͺ，SEMͲ積層試料等を観察ͤΖ際，
完全͵断面を作製ͤΖたΌͶ主Ͷ用いΔΗͱいΖ．本研究Ͳͺ，日本電子製(株)͹ IB-

19500CPを用いた．装置͹外観を図 2.2Ͷ示ͤ．Ar΢オンを加速させ，試料表面を弾
͘飛ͻͤ，ηϏッタϨンήを応用͢た加工装置ͲあΖ．加工ͤΖ部分を΢オンビーϞͶ
曝露͢，そΗ以外ͺ遮蔽板Ͳ覆う． 

本研究Ͳͺ，Ϝ΢έϫ片持ち梁͹小型化Ͷ用いた．詳細ͺ第４章Ͳ述΄Ζ． 

 

2.3 高速フーϨエ変換アナϧイザ 

高速ϓーϨΦ変換(Fast Fourier transform; FFT)Πナϧ΢δͺ，周期的͵信号を解析
ͤΖたΌͶ用いΔΗΖ．信号をϓーϨΦ変換ͤΖこͳͲ，周波数分布(ηϘέφϩ)を確
認ͤΖこͳ͗Ͳ͘Ζ．本研究Ͳͺ，(株)小野測器製͹ CF-9400を用いた．装置͹外観を
図 2.3Ͷ示ͤ．横軸ͺ周波数，縦軸ͺ信号量Ͳ表示さΗΖ．信号量ͺ，単純͵電圧(V)，
実効値(V୰୫ୱ)，Ϗワー(V2, V୰୫ୱ2)，ηϘέφϩ密度(V/√Hz, V୰୫ୱ/√Hz)，ϏワーηϘέ
φϩ密度(V2/Hz, V୰୫ୱ2/Hz)Ͳ表ͤこͳ͗Ͳ͘Ζ．ηϘέφϩ密度，͵ΔびͶϏワーη
Ϙέφϩ密度ͺ，解析͢た信号͗ FFT Πナϧ΢δ͹周波数分解能(積分時間)Ͷ依存͢
͵いΓうͶ，信号を周波数分解能Ͳ正規化͢た΍͹ͲあΖ．本 FFT Πナϧ΢δͺ，Ͳ~ͳͲͲ kHz͹範囲内Ͳ解析͗可能ͲあΖ．周波数分解能ͺ，γンϕϩ(分割)数ͳ解析周
波数範囲ͶΓΕ決定さΗΖ． 

本研究Ͳͺ，FFTΠナϧ΢δ͹周波数分解能ͺ，Ϝ΢έϫ片持ち梁͹ Q値ͶΓͮͱ
決定さΗΖ固有振動数Ͷ͕͜ΖηϘέφϩ͹半値幅ΓΕ΍，十分Ͷ狭͚設定ͤΖ必要͗
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あΖ．周波数分解能͗Ϝ΢έϫ片持ち梁ηϘέφϩ͹半値幅ͳ同等，あΖいͺそΗ以上
Ͳあͮた場合，正͢い解析結果を得Ζこͳ͗Ͳ͘͵い． 

 

2.4 ロッέインアンプ 

(υζタϩ)ϫッέ΢ンΠンϕ(Digital lock-in amplifier; LA)ͺ，微弱͵信号͖Δ特定
͹周波数成分を取Ε出͢，直流信号ͳ͢ͱ増幅͢出力ͤΖ計測機器ͲあΖ．本研究Ͳͺ，
(株)ΦϊΦϓ回路設計ϔϫッέ製͹ LI5655 を用いた．装置͹外観を図 2.4 Ͷ示ͤ．ό
΢θͶ埋΍Ηた信号を検出ͤΖこͳ͗Ͳ͘Ζ．解析ͤΖ信号ͳ，計測͢たい周波数͹参
照信号(振幅ͳ~ͳͲ V͹正弦波)を͖͜合わせΖこͳͲ検出ͤΖ．本 LAͺ͵Ͳ MHzΉͲ͹
範囲内Ͳ解析͗可能ͲあΖ．最小時定数(積分時間，取込時間)ͺͳ μsͲあΕ，入力信号
͹実効値ͺͳ V以下ͲあΖ必要͗あΖ．測定Ϫンζ(SENS)ͶΓΕ，検出͢た信号͹増幅
倍率を設定Ͳ͘Ζ．入力信号を�i୬ͳͤΖͳ，出力ϛーφΓΕ出力さΗΖ信号ͺ，�i୬ ×ͳͲ/ሺSENSሻͳ͵Ζ．Ήた，参照周波数を掃引(SWEEP)ͤΖこͳͲ，信号͹周波数解析を
行うこͳ͗Ͳ͘Ζ．こ͹際，掃引範囲を∆�S，時定数を�CͳͤΖͳ，掃引時間�Sͺ， 

 �S > ʹሺ∆�S × �C2ሻ (2-1) 

 

ͳ͵Ζ必要͗あΖ．ここͲ，ʹͺ安全係数ͲあΕ，実測ͳ LA͹減衰傾度(SLOPE)ͶΓ
Ζ遅Ηを考慮ͤΖこͳͲ求Όた． 

LA ͺ時定数͗長いほʹ低ό΢θͲ計測ͤΖこͳ͗Ͳ͘Ζ．LA ͹入力ϛーφͶΠッ
τϋータ(ͷͲ Ω)を接続͢，参照信号͹周波数を9Ͳ kHz，振幅をͳͲ VͶ設定͢検出͢た，
時定数ͳ LA͗持ͯό΢θ͹関係を図 2.5Ͷ示ͤ． 

周波数ͳ LA͗持ͯό΢θ密度͹関係を図 2.6Ͷ示ͤ．時定数�CͺͷͲͲ μsͲ計測を行
ͮた．参照周波数ͺ，ϓΟンέεョンζΥϋϪータͶΓΕ掃引͢た正弦波ͲあΕ，掃引
範囲ͺͳͲ~ͳͲͲ kHz(∆�S = 9Ͳ kHz)ͲあΕ，式(2-1)を考慮͢掃引時間ͺͳ sͲあΖ．周波
数͗低いほʹό΢θ͗多い． 

 

2.5 スペέトϧムアナϧイザ 

ηϘέφϧϞΠナϧ΢δͺ，主ͳ͢ͱ情報通信計測Ͷ用いΔΗΖ周波数解析装置Ͳあ
Ζ．9 kH~ͳ.ͷ GHz͹広帯域͹解析͗可能ͲあΖ͗，FFTΠナϧ΢δやϫッέ΢ンΠン
ϕͳ比΄，計測器͹持ͯό΢θϪϗϩ͗高い．本研究Ͳͺ，RIGOL Technologies Inc.

製͹DSA815を用いた．装置͹外観を図 2.7Ͷ示ͤ． 

本研究Ͳͺ，固有振動数͗約ʹ͹Ͳ kHz͹Ϝ΢έϫ片持ち梁͹微小振動計測Ͷ用いた．
詳細ͺ第６章Ͳ述΄Ζ． 
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2.6 油回転ポンプ 

油回転(ϫータϨ)ϛンϕͺ，油Ͳ満たさΗた装置内部ͶあΖϫーター͗回転ͤΖこͳ
Ͳ吸気ͤΖ真空ϛンϕͲあΖ．真空チϡンώ内をͲ.ͳ Pa程度͹真空度ͶͤΖこͳ͗Ͳ͘
Ζ．本研究Ͳͺ，(株)Πϩώッέ製͹ G-200を用いた．装置͹外観を図 2.8Ͷ示ͤ．排
気速度ͺʹͶ L/minͲあΖ．Ήた本油回転ϛンϕͶͺ，ϫーター͗回転ͤΖ際Ͷ生ͣΖ油
煙͹蔓延を防͛オ΢ϩϝηφφϧッϕ((株)Πϩώッέ製，OMT-050A)͗装着͢ͱあΖ． 

 

2.6.1 油回転ポンプの振動除振機構 

油回転ϛンϕͺϫーター͗回転͢吸気ͤΖたΌ，振動を生ͣΖ．油回転ϛンϕ͖Δチ
ϡンώ΃ͳ繋͗Ζϙーηͺ光学定盤Ͷ΍接͢ͱいΖたΌ，計測͹際Ͷό΢θͳ͵Ζ可能
性͗あΖ．ϙーηͶΓΕ伝達さΗΖ油回転ϛンϕ͹振動を除振ͤΖたΌ，図 2.8Ͷ示ͤ
ΓうͶ，ϙーη͹一部を質量約 20 kg͹ϠϩタϩͲ固定͢た．そ͹後金属部材Ͷ固定ͤ
ΖこͳͲ，さΔ͵Ζ除振を行ͮた． 

 

2.7 油拡散ポンプ 

油拡散(υΡϓューζョン)ϛンϕͺ，蒸発͢た油(油煙)͗空気分子を巻͘込Ί͵͗Δ
冷却さΗΖこͳͲ吸気ͤΖ真空ϛンϕͲあΖ．本研究Ͳͺ，大亜真空(株)製͹ DPF-2Z

を用いた．本油拡散ϛンϕͺ水冷式ͲあΕ，水͹循環͗行わΗ͵いͳϛンϕ͗過熱状態
Ͷ͵Ε，火災や事故͹危険性͗あΖたΌ，注意͗必要ͲあΖ．装置͹外観を図 2.9Ͷ示
ͤ．排気速度ͺ，ͳ͸Ͳ L/sͲあΖ． 
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図 2.1 ΢オンηϏッタϨンή装置͹外観 

 

 

 
 

図 2.2 試料断面作製装置͹外観 
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図 2.3 高速ϓーϨΦ変換Πナϧ΢δ͹外観 

 

 
図 2.4 ϫッέ΢ンΠンϕ͹外観 

 

 
図 2.5 時定数ͳ LA͗持ͯό΢θ͹関係 
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図 2.6 周波数ͳ LA͗持ͯό΢θ密度͹関係 

 

 

 
 

図 2.7 ηϘέφϧϞΠナϧ΢δ͹外観 
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図 2.8 油回転ϛンϕͳϛンϕͶΓΖ振動除振機構͹外観 

 

 

 
 

図 2.9 油拡散ϛンϕ͹外観 
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第3章 

量子的零点振動 

 

本研究͹最終的͵目標ͺ，Ϝ΢έϫ片持ち梁͹持つ量子的基底状態Ͷ͕͜Ζ零点振動
͹検出を実現すΖ͞ͳͲあΖ．素粒子や電子，光子等͹粒子͹微視的͵世界Ͳͺ，ニュ
ーφン力学͹古典論Ͳ͵く量子力学的振Ζ舞い͗支配すΖ．量子力学ͺ，古典論Ͳͺ説
明Ͳ͘͵い微視的粒子͹振Ζ舞いを確率的Ͷ記述すΖ手法ͲあΕ，20 世紀Ͷ発達を遂
͝，Ϫーδーや半導体工学，超伝導工学等͹近代産業発展Ͷ大͘く寄与した． 

微視的͵粒子͹振Ζ舞いを記述すΖ量子力学ͲあΖ͗，͞ ͹量子的作用ͺニューφン
力学͗支配すΖ巨視的͵物体Ͷ΍作用すΖ͞ͳ͗知ΔΗͱいΖ．物体͹量子的振Ζ舞い
(格子振動)͗物体͹基本ϠーχͶ͕͜Ζ振動ͳしͱ現ΗΖ．し͖し͵͗Δ，巨視的物体
͹量子的零点振動ͺ熱等͹ό΢ズͶ埋΍ΗͱいΖたΌ，計測を直接実現した例ͺ報告さ
Ηͱい͵い． 

量子振動ͺ，基本的͵質量-バϋ͹力学系ͲあΖ調和振動子ͶΓΕ近似的Ͷ考えΔΗ
Ζ．調和振動子ͶΓΖ量子振動͹概略を図 3.1Ͷ示す．図 3.1͹縦軸ͺ系Ͷ与えΔΗΖ
エϋϩάー(ϛテンεϡϩ)ͲあΕ，横軸ͺ系͹振幅ͲあΖ．本研究Ͳͺ，Ϝ΢έϫ片持
ち梁を巨視的͵調和振動子ͳみ͵す．Ϝ΢έϫ片持ち梁͹持つ熱振動を引͘起͞す
Langevin 力等をフΡーχバッέ冷却ͶΓΕ除去(系Ͷ与えΖエϋϩάーを減衰)しͱい
くͳ，図 3.1Ͷ示すΓうͶ，エϋϩάー͗ℏ�0減少すΖ毎Ͷ離散的Ͷ振幅͗減衰すΖ．
͞͞Ͳ，ℏͺプランέ定数(6.6͵ × ͳͲ−ଷସ J ∙ s)，�0ͺϜ΢έϫ片持ち梁͹固有角振動数Ͳ
あΖ．本研究ͺ͞͹離散的͵振幅͹減衰͹計測，さΔͶͺ物体͹最小振動ͲあΖ量子的
基底状態Ͷ͕͜Ζ零点(エϋϩάー�q0)振動͹計測を目指しͱいΖ．物体ͺ零点振動を
持つたΌ，絶対零度͹環境下Ͷ͕いͱ΍僅͖Ͷ振動すΖͳ考えΔΗͱいΖ． 

本研究ͺ巨視的͵機械振動子͹量子力学的振Ζ舞いを計測し，振動子を用いた計測機
器͹極限を探Ζ基礎研究ͲあΖ． 
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図 3.1 調和振動子͹持つ量子振動͹概略．ℏͺプランέ定数(6.6͵ × ͳͲ−ଷସ J ∙ s)，�0ͺϜ΢έϫ片持ち梁͹固有角振動数，�ͺϜ΢έϫ片持ち梁͹ͻ͸定数，�qͺϜ΢έϫ片持ち梁͹量子振動振幅ͲあΖ．零点エϋϩάーͺℏ�0/ʹͲ

あΕ，Ϝ΢έϫ片持ち梁Ͷ与えΔΗΖエϋϩάー͗ℏ�0増加すΖ毎Ͷ量子
振動振幅͗離散的Ͷ増加すΖ． 
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第４章 

マイクロ片持ち梁 

 

4.1 マイクロ片持ち梁͹概要 

Ϝ΢έϫ片持ち梁ͺ，エρチンήͶΓΖMicro Electro Mechanical Systems (MEMS)

を応用͢ͱ作製さΗͪ素子ͲあΕ，主ͳ͢ͱ走査型ϕϫーϔ顕微鏡͹一種ͲあΖ原子間
力顕微鏡(Atomic Force Microscope; AFM)Ͷ用いΔΗΖ．AFMͺ光ͱこ方式ͶΓΕ，
Ϝ΢έϫ片持ち梁͹探針ͳ試料表面上Ͷ生ͣΖ原子間力ͶΓΖ，梁͹歪Ίや振動を測定
ͤΖこͳͲ表面形状を計測ͤΖ．AFM ͹計測手法ͳ͢ͱ，Ϝ΢έϫ片持ち梁を試料表
面上Ͳ走査ͤΖコンタέφϠーχや，試料表面を叩くΓうͶ͢ͱ原子間力を測定ͤΖタ
ρϒンήϠーχ等͗あΖ͗，特ͶコンタέφϠーχͲͺϜ΢έϫ片持ち梁͹微小振動͗
計測分解能を決定ͤΖ要因͹一ͯͳ͵ͮͱいΖ． 

本研究Ͳͺ，２種類͹Ϝ΢έϫ片持ち梁͹微小振動計測結果Ͷͯいͱ報告ͤΖ．走査
型電子顕微鏡(Scanning Electron Microscope; SEM)ͶΓΕ撮影ͪ͢Ϝ΢έϫ片持ち梁
͹正面画像を図 4.1 (a), (b)Ͷ示ͤ．Ήͪ，鳥瞰画像を図 4.2 (a), (b)Ͷ示ͤ．図 4.1 (a)

͵ΔびͶ図 4.2 (a)Ͷ示ͤ梁をϜ΢έϫ片持ち梁 AͳͤΖ．Ϝ΢έϫ片持ち梁 Aͺ，原
子間力顕微鏡͹ͪΌͶMEMSϕϫιηͲ作製さΗ，市販さΗͱいΖ(ϟーΩー；ΨϨン
Ϗη(株)，型番；OMCL-AC240TN)．長さʹͶͲ μm，幅ͶͲ μm，厚さ約ʹ.͵ μmͲあΕ，
材質ͺ単結晶εϨコンͲあΖ．ͻ͸定数ͺΩタϫή値ΓΕͳ.͸~͵.ͷ N/mͳ個体差͗あΖ．
固有角振動数ͺ約͹Ͳ kHzͲあΖ．図 4.1 (b)，図 4.2 (b)Ͷ示ͤ梁をϜ΢έϫ片持ち梁 B

ͳͤΖ．Ϝ΢έϫ片持ち梁 Bͺ，4.2Ͷ示ͤ理由͖Δ，後述͹加工法ͲϜ΢έϫ片持ち
梁 A ͹長さͳ幅を約半分Ͷ小型化ͪ͢΍͹ͲあΖ．長さͳͶͲ μm，幅ʹͶ μm，厚さ約ʹ.͵ μmͲあΕ，材質ͺ単結晶εϨコンͲあΖ．固有角振動数ͺ約ʹͺͲ kHzͲあΖ．Ϝ΢
έϫ片持ち梁 A ͵ΔびͶϜ΢έϫ片持ち梁 B ͹探針側͹表面Ͷͺ，΢ΨンηϏρタϨ
ンή装置ͶΓΕ，金コーφ͗施さΗͱいΖ．ηϏρタϨンή加工条件ͺ，放電流ʹͷ mA，
加工容器内真空度ͷ Pa，加工時間ͳͺͲ sͲあΖ．予想さΗΖ金͹膜厚ͺ約ʹͷ nmͲあΕ，
He-NeϪーδー͹表面反射率ͺ約ͻʹ%ͳ͵ͮͪ． 

 

4.1.1 マイクロ片持ち梁͹持つ熱振動 

Ϝ΢έϫ片持ち梁ͺ常Ͷ微小振動を有ͤΖ．微小振動͹中Ͳ特Ͷ代表的͵΍͹ͺ，熱
ͶΓΖϔϧウン運動͖Δ生ͣΖ熱振動ͲあΖ．熱振動振幅͹理論的͵実効値(RMS)ͺ，
熱統計力学ͶΓΖエϋϩάー等分配͹法則を用いΖこͳͲ求ΌΖこͳ͗Ͳ͘Ζ． 

熱統計力学ͶΓΖエϋϩάー等分配͹法則ͳͺ，一ͯ͹系͹全ͱ͹エϋϩάー自由度
͹和͗݇B�ͳいう熱エϋϩάー�tͶ等͢く͵Ζͳいう法則ͲあΖ．ここͲ，݇BͺϚϩς
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Ϝン定数(ͳ.͵ͺ × ͳͲ−ଶଷ J/K)ͲあΕ，�ͺϜ΢έϫ片持ち梁͹絶対温度ͲあΖ．Ϝ΢έϫ
片持ち梁を単純͵Ϝη-ͻ͸系Ͳ表ͤͳ，梁Ͷͺϛτンεϡϩエϋϩάーͳ弾性エϋϩ
άー͹二ͯ͹エϋϩάー自由度͗生ͣΖ．͢ ͪ͗ͮͱ，ͨ ΗͩΗ͹エϋϩάー自由度Ͷ݇B�/ʹ͗等͢く分配さΗΖ．Ϝ΢έϫ片持ち梁͹熱振動 RMS 振幅を�̅�，Ϝ΢έϫ片持
ち梁͹ͻ͸定数を݇ͳͤΖͳ， 

 ͳʹ �t = ͳʹ ݇B� = ͳʹ ݇�̅�ଶ (4-1) 

 

ͳいう等式͗成Ε立ͯ．ͪ͗ͮ͢ͱ，式(4-1)を用いΖͳ理論的͵熱振動振幅ͺ， 

 

�̅� = √݇B�݇  (4-2) 

 

ͳ求ΌΔΗΖ． 

 

4.2 マイクロ片持ち梁͹小型化 

前述͹通Ε，本研究ͲͺϜ΢έϫ片持ち梁͹持ͯ量子的基底状態Ͷ͕けΖ零点振動͹
計測を目指ͤ．量子的零点振動͹振幅ͺ，物体͗小さく͵Ζほʹ増加ͤΖ．計測ͤΖ量
子的零点振動͹信号量を増加ͤΖͪΌ，Ϝ΢έϫ片持ち梁を小型化ͤΖ必要͗あΖ． 

 

4.2.1 マイクロ片持ち梁͹持つ量子的零点振動 

理論的͵Ϝ΢έϫ片持ち梁͹量子的零点振動͹ RMS振幅ͺ，4.1.1ͳ同様ͶϜη-ͻ
͸系を考えΖこͳͲ求ΌΖこͳ͗Ͳ͘Ζ．Ϝ΢έϫ片持ち梁͹弾性エϋϩάーͳエϋϩ
άー量子͹釣Ε合いͶΓΕ導く．エϋϩάー量子ℏ�଴ͺ，物質波͹エϋϩάー͗ͨ͹角
周波数�଴ͶυΡϧρέ定数ℏ(約ͳ.Ͳͷ × ͳͲ−ଷସ J ∙ s)を͖けͪ値Ͷ͵Ζこͳを示ͤ定理Ͳ
あΖ．こ͹式ͺ光子Ͷ対͢ͱ͹Ί適用さΗΖ式Ͳͺ͵く,あΔゆΖ物質(波)Ͷ対͢ͱ適
用可能ͲあΖ．量子的基底状態Ͷ͕けΖ零点エϋϩάーͺℏ�଴/ʹͳ͵Ζ．零点エϋϩά
ーͳϜ΢έϫ片持ち梁͹弾性エϋϩάー͗等͢く͵ΖͪΌ， 

 ͳʹ ℏ�଴ = ͳʹ ݇�̅q଴ଶ (4-3) 

 

ͳ͵Ζ．ここͲ，�̅qͺϜ΢έϫ片持ち梁͹量子的零点振動͹振幅ͲあΖ．以上ΓΕ，式
(4-3)を用いΖͳ，Ϝ΢έϫ片持ち梁͹量子的零点振動͹振幅ͺ， 
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�̅q଴ = √ℏ�଴݇  (4-4) 

 

ͳ求ΌΔΗΖ． 

 

4.2.2 試料断面作成装置を用いたマイクロ片持ち梁͹小型化 

本研究Ͳͺ，Ϝ΢έϫ片持ち梁 A ͹幅͕Γび長さを約半分Ͷ小型化ͪ͢Ϝ΢έϫ片
持ち梁 Bを作製ͪ͢．小型化Ͷͺ，試料断面作製装置(Cross Section Polisher; CP)を用
いͪ．Ϝ΢έϫ片持ち梁 A͹縦半分領域Ͷ遮蔽板を置͘，Ar+΢ΨンϑーϞを照射ͤΖ
こͳͲ長さを半分Ͷ加工͢，梁͹横半分領域Ͷ遮蔽板を置͘，再び Ar+΢ΨンϑーϞを
照射ͤΖこͳͲ幅を半分Ͷ加工ͪ͢．加工条件ͺ，放電流ͺ.Ͳ kV，放電流ʹ͸Ͳ~͵ͲͲ μA，
加工容器内真空度約Ͷ × ͳͲ−ଷ Pa，加工時間͵͸Ͳ sͲあΖ．CP Ͳ加工ͤΖこͳͲ，熱変
性層͗生ͣΖこͳ͵く単結晶εϨコン͹完全͵断面を作製ͤΖこͳ͗Ͳͪ͘． 

 

4.3 マイクロ片持ち梁͹微小振動振幅͹計算 

4.3.1 マイクロ片持ち梁͹ば͸定数と固有角振動数 

Ϝ΢έϫ片持ち梁͹Ϡυϩを図 4.3Ͷ示ͤ．Ϝ΢έϫ片持ち梁͹長さを݈，幅を�，厚
さをℎͳͤΖ． 

Ϝ΢έϫ片持ち梁͹理論的͵ͻ͸定数݇をϓρέ͹法則ΓΕ導く．片持ち梁͹先端Ͷ
力�を͖けͪ場合͹ͪわΊ量を�ͳͤΖͳ， 

 � = ݇� (4-5) 

 

͗成Ε立ͯ．ここͲͪわΊ量ͺ， 

 � = �݈ଷ͵�� (4-6) 

 

Ͳ求ΌΔΗΖ．ここͲ，�ͺϜ΢έϫ片持ち梁͹材質ͲあΖεϨコン͹縦弾性係数(Ϣン
ή率；約ͳ͵ͷ GPa)，�ͺ断面二次ϠーϟンφͲあΖ．片持ち梁͹断面二次Ϡーϟンφͺ， 

 � = �ℎଷͳʹ  (4-7) 

 

Ͳ求ΌΔΗΖ．ͪ͗ͮ͢ͱ，Ϝ΢έϫ片持ち梁͹ͻ͸定数ͺ， 
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݇ = �� = ��ℎଷͶ݈ଷ  (4-8) 

 

Ͳ求ΌΖこͳ͗Ͳ͘Ζ． 

Ϝ΢έϫ片持ち梁͹理論的͵固有角振動数�଴を導く．固有角振動数ͺ， 

 �଴ = (�ଵ݈)ଶ √���� (4-9) 

 

Ͳ求ΌΖこͳ͗Ͳ͘Ζ．ここͲ，�ଵͺ振動ϠーχͶΓͮͱ決定さΗΖ無次元定数͹境界
条件ͲあΕ，片持ち梁͹Γう͵固定端-自由端͹場合ͺ約ͳ.ͺ͹ͷͳ͵Ζ．Ήͪ，�ͺεϨ
コン͹密度(ʹ͵ʹͻ kg/mଷ)ͲあΕ，�ͺϜ΢έϫ片持ち梁͹断面積ͲあΖ．式(4-9)ΓΕ，
Ϝ΢έϫ片持ち梁͹固有角振動数ͺ， �଴ = (�ଵ݈)ଶ √�ℎଶͳʹ� (4-10) 

 

Ͳ求ΌΔΗΖ． 

以上ΓΕ，Ϝ΢έϫ片持ち梁 B ͹ΓうͶϜ΢έϫ片持ち梁 A ͹長さͳ幅を半分Ͷ小
型ͪ͢場合，ͻ͸定数，固有角振動数ͳ΍Ͷ４倍増加ͤΖこͳ͗予想さΗΖ．加えͱ，
厚さ΍半分Ͷ小型化ͪ͢場合，ͻ͸定数ͺͳ/ʹͶ減少͢，固有角振動数ͺ２倍Ͷ増加ͤ
Ζこͳ͗予想さΗΖ． 

 

4.3.2 小型化によるマイクロ片持ち梁͹微小振動振幅 

Ϝ΢έϫ片持ち梁͹大͘さͶ対ͤΖ，熱振動振幅ͳ量子的零点振動振幅͹理論計算結
果を図 4.4Ͷ示ͤ．横軸ͺϜ΢έϫ片持ち梁͹長さ݈ͲあΕ，݈ͳ相似的Ͷ幅�ͳ厚さℎ΍
変化ͤΖΓうͶ計算を行ͮͪ．図 4.4中Ͷ，従来͹Ϝ΢ίϩソン干渉計ͶΓΖ微小振動
計測系͹ό΢θϪベϩを示ͤ．熱振動振幅，量子的零点振動振幅͹計算値ͺͳ΍ͶϜ΢
έϫ片持ち梁͹小型化Ͷ伴い増加ͤΖこͳ͗分͖Ζ．こ͹理由ͺ，小型化ͶΓΕϜ΢έ
ϫ片持ち梁͹ͻ͸定数ͳ固有角振動数͗変化ͤΖͪΌͲあΖ．熱振動振幅Ͷ比べ，量子
的零点振動振幅͹勾配͗大͘い．本研究Ͳͺ，熱振動をϓΡーχώρέ冷却ͶΓΕό΢
θϪベϩΉͲ除去ͤΖ．Ϝ΢έϫ片持ち梁͹長さをͳͲ μm程度ΉͲ小型化ͤΖこͳͲ，
ϓΡーχώρέ冷却ͶΓΕ量子的零点振動を確認Ͳ͘Ζͳ予想さΗΖ͗，ό΢θϪベϩ
を低減ͤΖこͳͲ大幅͵小型化を行わͥͶ量子的零点振動を確認Ͳ͘Ζ． 

長さ͗ʹͶͲ μm͹，Ϝ΢έϫ片持ち梁A͹零点振動振幅ͺͻ͸定数をʹ N/mͳͤΖͳ，
約Ͳ.ͳͷ fmͳ予想さΗΖ．こΗͺ，式(4-1)ͶΓΕ実効温度Ͷ換算ͤΖͳ約͵.͵ nKͲあΖ． 



16 

 
 

図 4.1 走査型電子顕微鏡ͶΓΕ撮影ͪ͢Ϝ΢έϫ片持ち梁͹正面画像． 

(a)Ϝ΢έϫ片持ち梁 A．(b)Ϝ΢έϫ片持ち梁 B 

 

 

 
 

図 4.2 走査型電子顕微鏡ͶΓΕ撮影ͪ͢Ϝ΢έϫ片持ち梁͹鳥瞰画像． 

(a)Ϝ΢έϫ片持ち梁 A．(b)Ϝ΢έϫ片持ち梁 B 
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図 4.3 Ϝ΢έϫ片持ち梁͹Ϡυϩ 

 

 

 
 

図 4.4 Ϝ΢έϫ片持ち梁͹大͘さͶ対ͤΖ微小振動振幅 
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第５章 

微小ϓァϔリ・ペϫー干渉計 

 

5.1 ϓァϔリ・ペϫー干渉計 

ϓΟϔϨ・Ϙϫー(以下，FP)干渉計ͺ，重力波検出等Ͷ用いΔΗΖ高感度͵光干渉
計ͲあΖ．Ήͪ，狭帯域ϓΡϩνーͳ͢ͱ，Ϫーδー共振器等Ͷ用いΔΗΖ．͞ΗΉ
Ͳ超小型͹ϓΟϔϨ・Ϙϫー干渉計ͺ，半導体Ϫーδー͹ΦνϫンやϓΟ΢ώー光学
系Ͷ利用さΗͱいΖ． 

 

5.1.1 ϓァϔリ・ペϫー干渉計の原理 

FP干渉計͹概要を図 5.1Ͷ示ͤ．FP干渉計ͺ，一対͹部分透過ϝϧーͶΓͮͱ構成
さΗΖ．ϝϧーͺ高い平行度Ͳ向͖い合うΓうͶ設置さΗΖ．一対͹ϝϧー͹間隔(隙
間)をキϡϑτΡͳいう．図 5.1 Ͷ示ͤΓうͶキϡϑτΡͶϪーδー光͗入射ͤΖͳ，
中ͲϪーδー光ͺ反射を繰Ε返ͤ．部分透過ϝϧーを使用ͤΖͪΌ，反射͹度Ͷ一部͹
光ͺϝϧーを透過ͤΖ．Ϫーδー光͹入射方向Ͷ対͢ͱ反射側ͳ透過側Ͳ，ϝϧーを透
過ͪ͢複数͹Ϫーδー光͗重͵Ζ多重干渉ͶΓΕ，高感度͵干渉計͗生成さΗΖ．キϡ
ϑτΡ長͗変化ͤΖͳ，透過ͪͨ͢ΗͩΗ͹Ϫーδー光͹位相Ͷ変化͗生ͣΖ．全ͱ͹
透過光͹位相͗一致ͪ͢，ͯ ΉΕ位相差͗ 0Ͷ͵ͮͪ際，反射側Ͳͺ光͗打ͬ消͢合う
͞ͳͲ暗͚͵Ε，透過側Ͳͺ光͗強Ό合う͞ͳͲ明Ζ͚͵Ζ． 

 

5.1.2 ϓァϔリ・ペϫー干渉特性の理論計算 

FP 干渉͹理論特性を導͚．Ϫーδー光͹入射方向Ͷ対ͤΖ反射側Ͷͯいͱ考えΖ．
図 5.1Ͷ示ͤΓうͶ入射Ϫーδー光͹複素振幅を�iͳ͢，ϝϧー͹表面Ͳ反射ͪ͢光͹
複素振幅を�r଴，キϡϑτΡ中Ͳ̏回反射͢，透過ͪ͢光͹複素振幅を�rଵ，キϡϑτΡ
中Ͳ̑回反射͢，透過ͪ͢光͹複素振幅を�rଶ，キϡϑτΡ中Ͳ̓回反射͢，透過ͪ͢
光͹複素振幅を�rଷ(以下，略)ͳͤΖ．Ήͪ，ϝϧー̏͹反射率を�ଵ，ϝϧー̐͹反射率
を�ଶ，キϡϑτΡ長を�CͳͤΖ．FP干渉計(ϝϧー面)Ͷ対ͤΖϪーδー光͹角度を�ͳ
ͤΖ． 

虚数単位を�ͳͤΖͳ，ͨΗͩΗ͹Ϫーδー光͹複素振幅ͺ， 

 �r଴ = −�i√�ଵ݁଴�� (5-1) �rଵ = �iሺͳ − �ଵሻ(√�ଶ)݁ଵ�� (5-2) �rଶ = �iሺͳ − �ଵሻ(√�ଶ)ଶ(√�ଵ)݁ଶ�� (5-3) 
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�rଷ = �iሺͳ − �ଵሻ(√�ଶ)ଷ(√�ଵ)ଶ݁ଷ�� (5-4) �rସ = �iሺͳ − �ଵሻ(√�ଶ)ସ(√�ଵ)ଷ݁ସ�� (5-5) ⋮  

 

ͳ͵Ζ．͞͞Ͳ，�ͺϪーδー光͹位相差，ሺͳ − �ଵሻͺϝϧー̏͹透過率を表ͤ．͵͕，�r଴͹Ί負͹符号͗ͯいͱいΖ． �r଴以降全ͱ͹状態ͺ真空(疎)͖Δϝϧー(密)΃͹固定
端反射͹ΊͲあΕ位相͗πͥΗΖͪΌ，符号͗入Η替わΖ．式(5-2)-(5-5)Ͷ示ͤ複素振
幅Ͷͯいͱ考えΖͳ，�r଴以外͹反射側͹Ϫーδー光複素振幅�r�ͺ， 

 �r� = �iሺͳ − �ଵሻ(√�ଵ)�−ଵ(√�ଶ)�݁��� = �iሺͳ − �ଵሻ√�ଶ(√�ଵ�ଶ)�−ଵ݁��� (5-6) 

 

ͳ͵Ζ．ͪͫ͢，� > Ͳ͹条件下Ͳ͹Ί成Ε立ͯ．以上ΓΕ，無限等比級数ͲあΖ͞ͳ
Ͷ注意͢ͱ，全ͱ͹Ϫーδー光複素振幅͹和�rを求ΌΖͳ， 

 �r = �r଴ + ∑ �r�∞
�=ଵ  

= −�i√�ଵ + �i ሺͳ − �ଵሻ√�ଶ݁��ͳ − √�ଵ�ଶ݁��  

= �i √�ଶ݁�� − �ଵ√�ଶ݁�� − √�ଵ + �ଵ√�ଶ݁��ͳ − √�ଵ�ଶ݁��  

= �i √�ଶ݁�� − √�ଵͳ − √�ଵ�ଶ݁��  
(5-7) 

 

ͳ͵Ζ．ͪ͗ͮ͢ͱ，Ϫーδー光複素振幅比ͺ， 

 �r�i = √�ଶ݁�� − √�ଵͳ − √�ଵ�ଶ݁��  (5-8) 

 

ͳΖ．共役複素を考えΖͳ， 
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�r∗�i∗ = √�ଶ݁−�� − √�ଵͳ − √�ଵ�ଶ݁−��  (5-9) 

 

ͳ͵Ζ．以上ΓΕ，干渉光強度比(干渉光反射率)�iͺ， 

 �i = �r�r∗�i�i∗ = √�ଶ݁�� − √�ଵͳ − √�ଵ�ଶ݁�� × √�ଶ݁−�� − √�ଵͳ − √�ଵ�ଶ݁−��  

= �ଵ + �ଶ − √�ଵ�ଶ(݁�� + ݁−��)ͳ+�ଵ�ଶ − √�ଵ�ଶሺ݁�� + ݁−��ሻ 
(5-10) 

 

ͳ͵Ζ．͞͞Ͳ，Ψ΢ϧー͹公式ΓΕ，݁�� + ݁−�� = ʹ cos �ͳ͵ΖͪΌ式(5-10)ͺ， 

 �i = �ଵ + �ଶ − ʹ√�ଵ�ଶ cos �ͳ+�ଵ�ଶ − ʹ√�ଵ�ଶ cos � (5-11) 

 

ͳ͵Ζ．半角͹公式を用いΖͳ，cos � = ͳ − ʹ sinଶሺ�/ʹሻͳ͵ΖͪΌ式(5-11)ͺ， 

 �i = �ଵ + �ଶ − ʹ√�ଵ�ଶ{ͳ − ʹ sinʹሺ�/ʹሻ}ͳ+�ଵ�ଶ − ʹ√�ଵ�ଶ{ͳ − ʹ sinʹሺ�/ʹሻ} = �ଵ + �ଶ − ʹ√�ଵ�ଶ − Ͷ√�ଵ�ଶ sinʹሺ�/ʹሻͳ+�ଵ�ଶ − ʹ√�ଵ�ଶ − Ͷ√�ଵ�ଶ sinʹሺ�/ʹሻ 
(5-12) 

 

ͳ求ΌΔΗΖ．式(5-12)͹計算結果を図 5.2Ͷ示ͤ． 

同様ͶϪーδー光͹入射方向Ͷ対ͤΖ透過側Ͷͯいͱ考えΖͳ，干渉光強度比(干渉
光透過率)�iͺ， 

 �i = ሺͳ − �ଵሻሺͳ − �ଶሻͳ+�ଵ�ଶ − ʹ√�ଵ�ଶ − Ͷ√�ଵ�ଶ sinʹሺ�/ʹሻ (5-13) 

 

ͳ求ΌΔΗΖ． 

式(5-12)Ͷ示ͤ干渉光反射率ͺ，ϝϧー̏ͳϝϧー̐͹反射率͗等͢い場合，ͯΉΕ�ଵ = �ଶ = �ͳͤΖͳ， 
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�i = � + � − ʹ� + Ͷ� sinʹሺ�/ʹሻͳ + �ଶ − ʹ� + Ͷ� sinʹሺ�/ʹሻ 

= Ͷ� sinʹሺ�/ʹሻሺͳ − �ሻଶ + Ͷ� sinʹሺ�/ʹሻ 
(5-14) 

 

ͳ͵Ζ．同様Ͷ干渉光透過率ͺ， 

 �i = ሺͳ − �ሻଶሺ� − ͳሻଶ + Ͷ� sinʹሺ�/ʹሻ (5-15) 

 

ͳ͵Ζ． 

位相差�ͳキϡϑτΡ長��͹関係を求ΌΖ．図 5.1中͹�r଴ͳ�rଵ͹光路差∆�ͺ， 

 ∆� = ʹ��� cos � (5-16) 

 

ͳ͵Ζ．͞͞Ͳ，�ͺキϡϑτΡを満ͪͤ媒質͹屈折率ͲあΖ．Ήͪ，位相差�ͺ， 

 � = ʹ�∆��  (5-17) 

 

ͳ͵Ζ．͞͞Ͳ，�ͺϪーδー光͹波長ͲあΖ．式(5-16), (5-17)ΓΕ位相差�ͺ， 

 � = Ͷ���� cos ��  (5-18) 

 

ͳ͵Ζ．本研究Ͳͺ，真空中Ͳ FP 干渉計を構成ͤΖͪΌ，屈折率�ͺͳͳ͵Ζ．Ήͪ，
ϝϧー面Ͷ対ͤΖϪーδー光͹角度�ͺͲ degͲ構成ͤΖͪΌ， 

 � = Ͷ����  (5-19) 

 

ͳ͵Ζ． 

Ήͪ，キϡϑτΡ長Ͷ対ͤΖ FP干渉͹先鋭さを表ͤϓΡϋηℱͺ， 
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ℱ ≅ �√�ͳ − � (5-20) 

 

ͶΓΕ見積΍Ζ͞ͳ͗Ͳ͘Ζ．͞͞Ͳ，反射率�ͺϝϧー̏͹反射率�ଵͳϝϧー̐͹反
射率�ଶ͹相乗平均(√�ଵ�ଶ)ΓΕ導͚͞ͳ͗Ͳ͘Ζ． 

 

5.1.3 ϓァϔリ・ペϫー干渉計光学系の最適設計 

図 5.3Ͷ，式(5-12)を計算ͤΖ͞ͳͲ求Όͪ，ϝϧー̏͹反射率�ଵͶ対ͤΖ FP干渉
光透過率͹最低値�୫i୬ͳϓΡϋηℱ͹関係を示ͤ．ϓΡϋηͳͺ FP 干渉͹先鋭さを表
ͤ無次元定数ͲあΕ，図 5.2͹Γう͵ FP干渉特性Ͷ͕いͱ，ͽͳͯ͹ϒーέ͹キϡϑ
τΡ長半値幅Ͷ対ͤΖ，ϒーέ͖ΔϒーέΉͲ͹キϡϑτΡ長͹比Ͳ求ΌΔΗΖ．FP

干渉計͹最大感度ͺ，キϡϑτΡ長変化量Ͷ対ͤΖ干渉光変化量͗最大ͳ͵Ζ，ͯ ΉΕ
勾配͗最大ͳ͵Ζ位置Ͷ決定さΗΖ．͵ ͕，今回͹計算ͺϝϧー̐͹反射率�ଶをͻʹ%ͳ
͢ͱ行ͮͪ．図 5.3Ͷ示ͤΓうͶ，反射率�ଵͳ�ଶ͗一致ͪ͢場合，最低干渉光反射率͗Ͳ%ͳ͵Ε，完全͵干渉光͗生成さΗΖ．͞Ηͺ，図 5.2 中͹�ଵͳ�ଶ͗ͻʹ%ͲあΖ場合
͹計算結果͖Δ΍読Ί取Ζ͞ͳ͗Ͳ͘Ζ．一方Ͳ，ϓΡϋηͺ図 5.2 Ͷ΍示ͤΓうͶ，�ଵ͗上昇ͤΖͶ従ͮͱ指数関数的Ͷ増加ͤΖ．ϓΡϋη͹増加ͺ勾配，ͯ ΉΕ最大感度
͹増加ͳ比例ͤΖͪΌ，高感度化を図ΖͶあͪΕ，反射率�ଵͳ�ଶ͗ͻʹ%͹場合͹ FP干
渉計ͺ最適条件Ͳͺ͵いͳ考えΔΗΖ． 

図 5.4Ͷ，式(5-12)を微分ͤΖ͞ͳͲ求Όͪ，�ଵͶ対ͤΖ FP干渉͹最大感度を示ͤ．
図 5.4ΓΕ，�ଵ͗ͻ͸%͹ͳ͘，最大感度ͳ͵Ζ͞ͳ͗判明ͪ͢．Ήͪ感度ͺ，性能指数
(figure of merit)ͲあΖሺͳ − �୫i୬ሻ × ℱを用いΖ͞ͳͲ΍概算ͤΖ͞ͳ͗Ͳ͘Ζ． 

図 5.5Ͷ，最大感度ͳ͵ΖΓう͵ FP干渉計を構成ͤΖ̐ͯ͹ϝϧー͹最適͵組Ί合
わͦを示ͤ．例ͳ͢ͱ，�ଶ͗ͻʹ%͹場合͹最適͵�ଵͺͻ͸%ͲあΖ．�ଶ͗ͺͷ%͹場合͹最
適͵�ଵͺͻʹ%ͲあΖ．�ଶ͗ͶͲ%͹場合͹最適͵�ଵͺ͸ͷ%ͲあΖ．Ήͪ，図 5.5Ͷ示ͤ計
算結果ͺ，縦軸�ଵͳ横軸�ଶを入Η替えͱ΍同様͹結果を得Ζ͞ͳ͗Ͳ͘Ζ． 

 

5.2 集光系における回折限界とϪイリー範囲 

集光系͹光学特性Ͷͯいͱ述΄Ζ．Ϫーδー光ͺ，媒質͗励起状態͖Δ基底状態΃戻
Ζ際Ͷ誘導放出さΗΖ固有͹波長͹光子を FPΦνϫンͶΓΕ増幅ͤΖ͞ͳͲ生成さΗ
Ζ．ͨ͹ͪΌ，光子͹波長ͳ位相，振幅͗揃ͮͱいΖαϐーϪンφ光ͲあΖ．αϐーϪ
ンφ光ͲあΖϪーδー光ͺ FPΦνϫン͖Δ射出さΗΖͳ波面͗一定͹平面波ͳ͵ͮͱ
進΋．Ϫーδー光ͺϪンθͶΓΕ集光さΗΖͳ図 5.6Ͷ示ͤΓうͶ，平面波͗球面波ͳ
͵Ε集光さΗΖ．球面波ͳ͵ͮͪϪーδー光ͺ焦点付近Ͷ͕͜Ζ回折限界ͶΓΕ，部分
的Ͷ完全͵平面波ͳ͵ΖϪ΢Ϩー範囲を生ͣ，再;球面波ͳ͵Ε広͗Ζ． 
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集光系Ͷ͕͜Ζ回折限界ͶΓΖϪーδー光͹理論͵最小集光径݀ͺ， 

 ݀ = Ͷ��� = Ͷ�݂��  (5-21) 

 

ͶΓΕ求ΌΔΗΖ．͞ ͞Ͳ，݂ ͺϪンθ͹焦点距離，�ͺϪンθͶ入射ͤΖϪーδー光͹
直径ͲあΖ．�ͺ F値(F-number)ͲあΕ，� = ݂/�Ͳ求ΌΔΗΖ． 

集光系Ͷ͕͜ΖϪ΢Ϩー範囲�Rͺ， 

 �R = ݀� = Ͷ�� (�݂)ଶ
 (5-22) 

 

ͶΓΕ求ΌΔΗΖ． 

 

5.3 微小ϓァϔリ・ペϫー干渉計 

本研究Ͳͺ，ϝϧーͳϜ΢έϫ片持ͬ梁͹先端Ͳ FP干渉計を構成ͤΖ͞ͳͲ，Ϝ΢
έϫ片持ͬ梁͹微小振動を計測ͤΖ．Ϝ΢έϫ片持ͬ梁͹先端Ͷ局所的ͶϪーδー光を
当ͱΖͪΌ，Ϫンθを用いͱ集光ͤΖ必要͗あΖ．今回，集光系Ͳ生ͣΖϪ΢Ϩー範囲
内Ͳ構成ͤΖ FP干渉計を開発ͪ͢．Ϫ΢Ϩー範囲内Ͳ構成ͤΖ FP干渉計を，微小 FP

干渉計ͳ呼称ͤΖ． 

 

5.3.1 微小ϓァϔリ・ペϫー干渉計を用いた振動計測システム 

図 5.7Ͷ，本研究Ͳ開発ͪ͢微小 FP干渉計を用いͪϜ΢έϫ片持ͬ梁͹微小振動計
測εητϞ͹概略を示ͤ．図 5.8ͳ図 5.9Ͷ微小振動計測εητϞ͹外観を示ͤ． 

微小 FP干渉計を，誘電体多層膜ϝϧーͳϜ΢έϫ片持ͬ梁(探針͗あΖ面)͹先端Ͷ
ΓΕ構成ͤΖ．誘電体多層膜ϝϧーͳͺ，屈折率͹異͵Ζ誘電体薄膜を多重Ͷ蒸着ͤΖ
͞ͳͲ製作さΗͪϝϧー͹͞ͳͲあΕ，通常͹金属αーφϝϧーͳ比較͢ͱ光͹損失
(吸収，散乱等)͗極Όͱ少͵い．多重Ͷ蒸着さΗͪ誘電体間Ͳ光͹干渉を引͘起ͤ͞͞
ͳͲ，光͹低損失を実現͢ͱいΖ．本研究Ͳ使用ͪ͢誘電体多層膜ϝϧーͺ，波長͸͵ʹ.ͺ nmͶ最適化͢ͱ作製さΗͱ͕Ε，ϝϧー͹直径ͺ͵Ͳ mm，厚さͺͳ mm，面精度
ͺ中心͖Δ͹Ͳ%͹領域Ͷ͕いͱɉ/ͳͲͲあΖ．ϝϧー基板͹材質ͺ合成石英ͲあΕ，屈折
率ͺͳ.Ͷͷ͹ͲあΖ．Ήͪ，入射角�ͺͲ degͲ設計さΗͱ͕Ε，ϝϧー͹平行度ͺ͵′ ± ͳ′
ͲあΕ，反射率ͺ 85%Ͳ作製さΗͱいΖ．Ϝ΢έϫ片持ͬ梁 A，Bͳ΍Ͷ前述͹通Ε，
΢ΨンηϏッνϨンή装置ͶΓΕ，反射率͗約ͻʹ%ͳ͵ΖΓうͶ探針面Ͷ金αーφを施
͢ͱあΖ． 
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微小 FP干渉計ͺ複数͹光学ητーζ上Ͷ設置さΗͱいΖ．光軸方向ͳ，光軸Ͷ対͢
ͱ左右を調整ͤΖητーζͶͺϓΟ΢ンϒッοηέϨューΠζϡηνーを使用͢ͱい
Ζ．͞ ͹Πζϡηνーͺϒッο͗ʹͷͲ ɊmͲあΖͪΌ，̏ 回転ͲʹͷͲ Ɋm͹精密調整͗可
能ͲあΖ．ͨ͹他，高さ調整ητーζͳ，あ͕Εητーζ͗誘電体多層膜ϝϧーͳϜ΢
έϫ片持ͬ梁Ͷ使用さΗͱいΖͪΌ，高精度͵光学Πϧ΢ϟンφ͗可能ͲあΖ．͞ ΗΔ
͹ητーζを用いΖ͞ͳͲ微小 FP干渉計を生成ͤΖ．Ήͪ，本研究͹微小 FP干渉計
ͺϜ΢έϫ片持ͬ梁͹探針͗あΖ面Ͳ構成ͤΖͪΌ，キϡϑτΡ長を探針長以下Ͷ設定
Ͳ͘͵い．キϡϑτΡ長ͺ約ʹͲ ɊmͲあΖͳ見積΍ΔΗΖ． 

Ϝ΢έϫ片持ͬ梁ͺ̐種類͹圧電素子(Lead zirconate titanate actuator; PZT actuator，
ϒΦμ素子，電歪素子)上Ͷ設置さΗͱいΖ．̏ͯͺ積層圧電素子(͸.ͷ × ͸.ͷ × ͳͲ mm)

ͲあΕ，ͳͷͲ V印加ͤΖ͞ͳͲͻ.ͳ ± ͳ.ͷ Ɋm͹変位͗生ͣΖ．̏ͯͺ単相圧電素子Ͳあ
Ε，約Ͷͳʹ pm/V͹感度Ͳ駆動ͤΖ．積層圧電素子ͺ，キϡϑτΡ͹調整Ͷ用い，単相
圧電素子ͺ，後述͹ϓΡーχώッέ冷却͹ͪΌͶ用いΖ．Ήͪ，誘電体多層膜ϝϧーͺ
̒本͹積層圧電素子(͵.ͷ × Ͷ.ͷ × ͳͲ mm)上Ͷ設置さΗͱ͕Ε，͞ ͹素子ͺͳͷͲ V印加ͤ
Ζ͞ͳͲͻ.ͳ ± ͳ.ͷ Ɋm͹変位͗生ͣΖ． 

微小 FP 干渉計͹光源ͺ，波長͸͵ʹ.ͺ nm，出力約ͳ mW͹直線偏光εンήϩϠーχ
He-NeϪーδーͲあΖ．射出さΗͪϪーδー光͹直径(ϑーϞ径)ͺ約ͳ mmͲあΖ．式
(5-17)Ͷ示ͤ回折限界ͶΓΖ理論的͵最小集光径ͺ，ϑーϞ径Ͷ反比例ͤΖ．ͨ ͹ͪΌ，
Ϝ΢έϫ片持ͬ梁͹幅以下ΉͲ集光ͤΖͪΌͶ，ϑーϞ径ͺ大͘い方͗望Ή͢い．ϑー
ϞΦキηϏンξを用いΖ͞ͳͲ，ϑーϞ径を約͸ mmͶ拡大ͪ͢．ϑーϞΦキηϏンξ
͹外観を図 5.10Ͷ示ͤ． 

Ϫーδー光ͺ両凸ϪンθͶΓΕ集光さΗΖ．Ϫンθ͹焦点距離ͺͺͲ mmͲあΖ．Ϫン
θͶ入射ͤΖϑーϞ径ͺ約͸ mmͲあΖͪΌ，F 値ͺͳ͵ͲあΖ．式(5-21)ΓΕ回折限界
ͶΓΖ最小集光径ͺ約ͳͲ ɊmͲあΖͳ予想さΗΖ．Ήͪ式(5-22)ΓΕ，Ϫ΢Ϩー範囲ͺͳͶ͵ ɊmͲあΖͳ予想さΗΖ．微小 FP 干渉計ͺ，焦点付近͹Ϫ΢Ϩー範囲内Ͳ構成さ
Ηͪ． 

Ϫンθを含΋微小 FP 干渉計ͺ，真空οϡンώ内Ͷ設置さΗͱいΖ．οϡンώ内ͺ，
前述͹油回転ϛンϕ(ϫーνϨーϛンϕ)ͳ油拡散ϛンϕ(υΡϓューζョンϛンϕ)Ͷ
ΓΕ，約Ͷ × ͳͲ−ଷ Pa͹真空度を実現͢ͱいΖ．Ϝ΢έϫ片持ͬ梁を真空中Ͷ設置ͤΖ
͞ͳͲQ値を向上ͤΖ目的͗あΖ． 

微小 FP 干渉計ͶΓΕ干渉ͪ͢Ϫーδー光͗ He-Ne ϪーδーͶ帰還ͤΖ͞ͳͲ，Ϫ
ーδー光͹出力͗不安定Ͷ͵Ζ可能性͗あΖ．͞Ηͺ，戻Ε光͗ He-Ne Ϫーδー͹Φ
νϫン内Ͷ入Ε，予期ͦͷ媒質͹励起を引͘起ͤͪ͞ΌͲあΖ．本研究Ͳͺ，戻Ε光͗
Φνϫン内Ͷ入Ζ͞ͳを防͛ͪΌ，He-NeϪーδー͹出口付近Ͷ偏光板ͳɉ/ʹ板を設置
ͪ͢．偏光板ͺ，均一方向͹多数͹微細͵溝を掘ͮͪ光学素子ͲあΕ，特定͹角度Ͷ偏
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光ͪ͢光͹Ίを透過さͦΖ．ɉ/ʹ板ͺ，入射ͪ͢光͹位相差を半波長(ͳͺͲ deg)ͥΔ͢，
偏光方向をͻͲ deg回転さͦΖ光学素子ͲあΖ．͞ΗΔ̐ͯ͹光学素子を組Ί合わͦΖ
͞ͳͲ戻Ε光を防͙，Ϫーδー出力͹安定を実現ͤΖ．Ϫーδー͹基本Ϡーχ͹Ίを用
いΖͪΌ，ɉ/ʹ板͹後ΘͶϒンϙーϩを設置͢ͱいΖ．He-Ne Ϫーδーͳ偏光板，ɉ/ʹ
板，ϒンϙーϩ͹外観を図 5.11Ͷ示ͤ． 

He-Ne Ϫーδー͹出力光ͺ，ϑーϞΦキηϏンξͶΓΕ拡大さΗͪ後，ϑーϞηϕ
Ϩッνを介͢ͱ，光量計測用ͳ微小 FP干渉用Ͷ均等Ͷ分割さΗΖ．光量計測用Ͷ分割
さΗͪϪーδー光ͺϓΧφϟーνͶΓΕ計測さΗΖ．干渉用͹Ϫーδー光ͺ微小 FP干
渉計Ͳ干渉ͪ͢後，再;ϑーϞηϕϨッνを介͢ͱ He-Ne Ϫーδー方面ͳ干渉光計測
用Ͷ均等Ͷ分割さΗΖ．He-NeϪーδー方面΃͹戻Ε光ͺ，前述͹通Ε偏光板ͳɉ/ʹ板
ͶΓΕ除去さΗΖ．干渉光計測用Ͷ分割さΗͪ干渉光ͺ，ΠώϧンεΥϓΧφξ΢Ψー
χ(APD)ͶΓΕ検出さΗΖ．本研究Ͳͺ，松定ϕϪεζョン(株)製͹ APS-1R00VF を
用いͪ．Ήͪ APD͹受光面Ͷͺ，光学ϓΡϩνーを設置͢ͱいΖ．本研究Ͳͺ，Thorlabs, 

Inc.製͹ FL05632.8-1を用いͪ．本ϓΡϩνー͹透過波長ͺ͸͵ʹ.ͺ nmͲあΕ，透過波長
半値幅ͺͳ nmͲあΖ．光学ϓΡϩνーを用いΖ͞ͳͲ，干渉光以外͹蛍光灯等͹光を
除去ͪ͢．APDͳ光学ϓΡϩνー͹外観を図 5.12Ͷ示ͤ． 

干渉光ͺ APDͶΓΕ信号Ͷ変換さΗΖ．変換さΗͪ信号をΨεϫηαーϕや FFTΠ
ψϧ΢δ，ηϘέφϧϞΠψϧ΢δͶΓΕ計測，解析ͤΖ． 

Ϝ΢έϫ片持ͬ梁を支持ͤΖ積層圧電素子ͺ，外部͹定電圧電源あΖいͺϓΟンέε
ョンζΥϋϪーνͶ接続さΗͱいΖ．いͥΗ͖͹電圧調整機器を用いΖ͞ͳͲ積層圧電
素子͹長さ，即ͬキϡϑτΡ長を調整可能ͲあΖ．定電圧電源͹外観を図 5.13Ͷ示ͤ．
本研究Ͳ用いͪ定電圧電源ͺ，(株)ίンΤッχτΡー・ΦϞ・Π΢製͹ PW36-1.5ADͲ
あΖ． 

FFTΠψϧ΢δ͹持ͯό΢θͳ，APD͹持ͯό΢θ(暗信号)を図 5.14Ͷ示ͤ． 

 

5.3.2 微小ϓァϔリ・ペϫー干渉計の光学利点 

図 5.15Ͷ，通常͹ FP干渉計ͳ微小 FP干渉計͹キϡϑτΡ͹平行度͹影響͹概略を
示ͤ．一般的͵ FP干渉計ͺ，図 5.15 (a)͹ΓうͶキϡϑτΡ͹平行度͗悪い場合，ͽ
ͳͯͽͳͯ͹透過光軸͗平行Ͷ͵Δͥ，干渉光͹生成͗困難ͲあΖ．ͨΗͶ対͢ͱ，図
5.15 (b)Ͷ示ͤ本εητϞ͹微小 FP 干渉計ͺ，Ϫ΢Ϩー範囲内ͲキϡϑτΡを構成͢
ͱいΖͪΌ，平行度͗悪い場合Ͳ΍，再;Ϫンθを通Ζ͞ͳͲ光軸͗平行Ͷ戻Ζ再帰性
反射を生ͣΖ．ͨ͹ͪΌ一般的͵ FP干渉計ͳ比΄，透過光͗重͵Ζ͞ͳͲ干渉光͹生
成͗容易ͲあΕ，平行度͹影響͗少͵いͳいう特徴͗あΖ．微小 FP干渉計ͺキϡϑτ
Ρ͹平行度Ͷ対͢ͱ高い精度を要求͢͵い． 
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重力波検出等Ͷ用いΔΗΖΓう͵一般的͵ FP干渉計ͺ通常，直径͹大͘͵Ϫーδー
ϑーϞを使用ͤΖͪΌ，FP 干渉計を構成ͤΖϝϧーͺ，Ϫーδー光͗当ͪΖ面全体Ͷ
対͢ͱ，高い光学面精度͗求ΌΔΗΖ．ͨ͹理由ͺ，ϝϧー͹光学面精度͗ FP干渉͹
不完全さを誘発ͤΖͪΌͲあΖ．͞ΗͶ対͢ͱ，微小 FP干渉計を構成ͤΖ̐ͯ͹ϝϧ
ー(本研究Ͳͺ，誘電体多層膜ϝϧーͳϜ΢έϫ片持ͬ梁表面)Ͷ対ͤΖ光学的面精度͹
要求ͺ，一般的͵ FP干渉計ͳ比較͢ͱ低い．ͨ͹理由ͺ，Ϫーδー光を回折限界付近
͹最小集光径ΉͲ集光ͤΖͪΌͲあΖ．集光さΗͪϑーϞ径ͺ約ͳͲ ɊmͲあΕ，͞ ͹範
囲Ͷ͕͜Ζϝϧー͹面精度ͺ限Ε͵͚完全Ͷ近いͳ考えΔΗΖ． 

さΔͶ微小 FP干渉計ͺ，キϡϑτΡ長͗短いͪΌ自由ηϘέφϩ間隔(Free spectral 

range)͗大͘い͞ͳ΍特徴͹一ͯͳ͢ͱ挙͝ΔΗΖ． 

 

5.3.3 微小ϓァϔリ・ペϫー干渉計の干渉特性 

5.3.3.1 ϓァϔリ・ペϫー干渉特性 (マイクϫ片持ち梁 A) 
Ϝ΢έϫ片持ͬ梁 A ͳ誘電体多層膜ϝϧーͲ構成ͪ͢微小 FP 干渉計͹干渉特性͹

実験結果を図 5.16Ͷ示ͤ．FP干渉特性ͺ，Ϝ΢έϫ片持ͬ梁 Aを支持ͤΖ積層圧電素
子Ͷ，ϓΟンέεョンζΥϋϪーνͲ発生ͪ͢，͹͙͞Ε波を印加ͤΖ͞ͳͲキϡϑτ
Ρ長を変化さͦ計測ͪ͢．周期 0.5 Hz，振幅ͳͲ V͹͹͙͞Ε波ͲキϡϑτΡ長を変化
さͦͪ． 

図 5.16中Ͷ式(5-12)を用いͱ求Όͪ FP干渉͹理論特性を灰色͹実線Ͳ示ͤ．装置͹
構成通Ε，誘電体多層膜ϝϧー͹反射率͗ͺͷ%，Ϝ΢έϫ片持ͬ梁 A͹反射率͗ͻʹ%Ͳ
計算を行ͮͪ．実験値ͳ理論値ͺ良好͵一致を示͢，設計通Ε͹干渉特性͗得ΔΗͪ͞
ͳを確認Ͳ͘Ζ． 

干渉特性ΓΕ，ϓΡϋηͺ約ʹ͸ͳ計測さΗͪ．ΉͪキϡϑτΡ長変化量Ͷ対͢ͱ干渉
光変化量͗最΍大͘い最大感度ͺ，約Ͳ.ͳͺ V/nmͳ͵ͮͪ．͞Ηͺ従来用いͱͪ͘Ϝ΢
ίϩλン干渉計ͶΓΖ計測εητϞ͹約ͳͷ倍͹感度ͲあΖ． 

 

5.3.3.2 ϓァϔリ・ペϫー干渉特性 (マイクϫ片持ち梁 B) 
Ϝ΢έϫ片持ͬ梁 B ͳ誘電体多層膜ϝϧーͲ構成ͪ͢微小 FP 干渉計͹干渉特性͹

実験結果を図 5.17Ͷ示ͤ．FP干渉特性ͺ，Ϝ΢έϫ片持ͬ梁 Bを支持ͤΖ積層圧電素
子Ͷ，ϓΟンέεョンζΥϋϪーνͲ発生ͪ͢，͹͙͞Ε波を印加ͤΖ͞ͳͲキϡϑτ
Ρ長を変化さͦ計測ͪ͢．周期 0.5 Hz，振幅ͳͲ V͹͹͙͞Ε波ͲキϡϑτΡ長を変化
さͦͪ． 

図 5.17中Ͷ式(5-12)を用いͱ求Όͪ FP干渉͹理論特性を灰色͹実線Ͳ示ͤ．装置͹
構成通ΕͶ，誘電体多層膜ϝϧー͹反射率͗ͺͷ%，Ϝ΢έϫ片持ͬ梁 B͹反射率͗ͻʹ%
Ͳ計算を行ͮͪ場合，実験値ͳ一致͢͵͖ͮͪ．͞͹原因ͳ͢ͱ，図 5.18 Ͷ示ͤΓう
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Ͷ，Ϝ΢έϫ片持ͬ梁 B ͹幅Ͷ対͢ͱ実際͹Ϫーδー光͹最小集光径͗大͖ͮͪ͘͞
ͳ͗考えΔΗΖ．͞͹ͪΌ，梁͹両脇をϪーδー光͹一部͗通過ͤΖ͞ͳͲ，全ͱ͹Ϫ
ーδー光͗ FP 干渉Ͷ用いΔΗͥ，干渉͗悪化ͪ͢．Ϝ΢έϫ片持ͬ梁 B ͹反射率を͸Ͳ%ͳͪ͢場合，実験値ͳ理論値ͺ良好͵一致を示ͪ͢． 

干渉特性ΓΕ，ϓΡϋηͺ約ͳͳͳ計測さΗͪ．ΉͪキϡϑτΡ長変化量Ͷ対͢ͱ干渉
光変化量͗最΍大͘い最大感度ͺ，約Ͳ.ͳʹ V/nmͳ͵ͮͪ．͞Ηͺ従来用いͱͪ͘Ϝ΢
ίϩλン干渉計ͶΓΖ計測εητϞ͹約ͳͲ倍͹感度ͲあΖ． 

 

5.3.4 ϓァϔリ・ペϫー干渉光不完全性の原因考察 

5.3.4.1 光路差による干渉光不完全性 

微小 FP干渉計ͺ，前述͹漏Η光ͶΓΖϓΡϋη低下Ͷ加え，干渉光Ͷ縞͗生ͣΖ不
完全性͗確認さΗͪ．図 5.19 Ͷ，キϡϑτΡ長変化Ͷ伴う干渉縞͹推移を示ͤ．キϡ
ϑτΡ長͹変化ͳͳ΍Ͷ環状͹干渉縞͗確認さΗͪ．FP 干渉光ͺ全体ͶわͪΕ明暗を
生ͥΖ状態͗理想的ͲあΕ，最終的Ͷͺ͞͹状態を実現ͤΖ必要͗あΖ． 

環状͹干渉縞͗生ͣͪ理由Ͷͯいͱ，集光系Ͷ͕͜Ζ幾何光学ͶΓΕ考察ͤΖ．集光
系Ͷϝϧー基板を設置ͤΖ͞ͳͲ生ͣΖ焦点距離͹ͥΗ͹概略を図 5.20 Ͷ示ͤ．図
5.20 Ͷ示ͤΓうͶ，本来͹Ϫーδー光͹焦点Ͷϝϧー基板͹端面͗位置ͤΖ光学系Ͷ
ͯいͱ考えΖ．ϝϧー基板͹屈折率を�，厚さを�ͳͤΖ．角度ߙͲ入射ͪ͢光ͺϝϧー
基板Ͷ入Ζͳ角度ߚͶ屈折ͤΖ．図 5.20中Ͷ示ͤ距離ܽͺ， 

 ܽ = � tanሺߙሻ ≅  (5-18) ߙ�

 

ͳ͵Ζ．図 5.20中Ͷ示ͤ距離ܾͺ， 

 ܾ = � tanሺߚሻ ≅  (5-19) ߚ�

 

ͳ͵Ζ．以上ΓΕ，図 5.20中Ͷ示ͤ距離ܿͺ， 

 ܿ = ܽ − ܾ = ߙ� − ߚ� = �ሺߙ −  ሻ (5-20)ߚ

 

ͳ͵Ζ．Ήͪ，ϙ΢ϖンη＝ϓϪϋϩ͹原理ΓΕ， 

 � = sinሺߙሻsinሺߚሻ ≅  (5-21) ߚߙ
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ͳ͵Ζ．式(5-20)ΓΕ焦点距離͹ͥΗ݀ͺ， 

 ݀ = �ሺߙ − ሻߙሻtanሺߚ ≅ �ሺߙ − ߙሻߚ = � (ͳ −  (5-22) (ߙߚ

 

ͳ͵Ζ．͞͞Ͳ，式(5-21)を用いΖͳ， 

 ݀ = � (� − ͳ� ) (5-23) 

 

ͳ͵Ζ．本微小 FP干渉計͹光学設計Ͷ合わͦ，ϝϧー基板͹屈折率�をͳ.Ͷ͸，ϝϧー基
板͹厚さ�をͳ mmͳͤΖͳ，式(5-23)ΓΕ焦点距離͹ͥΗ݀ͺ約͵ͳͷ Ɋmͳ計算さΗͪ． 
球面波ͶΓΖ光路差͹概略を図 5.21 Ͷ示ͤ．図 5.21 中Ͷ示ͤ距離ܿͺ，焦点距離͹
ͥΗ݀ͳ集光系͹ F値�を考えΖͳ， 

 ܿ = ݀ʹ� (5-24) 

 

を用いΖ͞ͳͲ΍求ΌΖ͞ͳ͗Ͳ͘Ζ．ϒνβϧη͹定理ΓΕ，図 5.21中Ͷ示ͤ距離݁
ͺ， 

 ݁ = √ܿଶ + ݀ଶ = ݀√ ͳͶ�ଶ + ͳ ≅ ݀ (ͳ + ͳͺ�ଶ) (5-25) 

 

ͳ͵Ζ．ͪ͗ͮ͢ͱ，集光系͹光軸ͳ端面͹光路差݂ͺ， 

 ݂ = ݁ − ݀ = ݀ͺ�ଶ (5-26) 

 

ͳ͵Ζ．本微小 FP干渉計͹ F値ͺͳ͵ͲあΖͪΌ，式(5-26)ΓΕ集光系͹光軸ͳ端面͹
光路差݂ͺͲ.ʹ͵ Ɋmͳ計算さΗͪ．͞ ͹値ͺ即ͬ約ɉ/͵ͲあΕ，自由ηϘέφϩ間隔(ɉ/ʹ)

Ͷ対ͤΖ͞͹光路差͗ FP干渉光Ͷ環状͹干渉縞を生ͣさͦͪ原因͹一ͯͲあΖ可能性
ͳ͢ͱ考えΔΗΖ． 
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5.3.4.2 球面収差による干渉光不完全性 

前述͹光路差͹他Ͷ，ϝϧー基板ͶΓΖ集光系͹球面収差͗原因ͳ͵Ζ干渉光͹不完
全性΍考えΔΗΖ．球面収差を除去ͤΖͪΌͶ，ϝϧー͹前Ͷ平凸Ϫンθを設置ͤΖ手
法Ͷͯいͱ検討ͪ͢．平凸ϪンθͶΓΖ球面収差除去͹概略を図 5.22Ͷ示ͤ．図 5.22

͹通Ε，波面͹曲率Ͷ合わͦͱ作製ͪ͢平凸を設置ͤΖ．波面͹曲率を�，Ϫンθ材質
͹屈折率を�ͳͤΖͳ，必要ͳͤΖ平凸Ϫンθ͹焦点距離݂ͺ， 

 ݂ = �ͳ − � (5-27) 

 

ͳ͵Ζ．以上͹Γう͵光学設計ͶΓΕ，微小 FP干渉計を構成ͤΖ͞ͳͲ，環状͹干渉
縞を除去Ͳ͘Ζ可能性͗あΖ． 

 

 

 
 

図 5.1 ϓΟϔϨ・Ϙϫー干渉計͹原理 
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図 5.2 FP干渉特性͹理論計算値 

 

 

 
 

図 5.3反射率�ଵͶ対ͤΖ FP干渉光透過率͹最低値�୫i୬ͳϓΡϋηℱ͹関係 
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図 5.4 ϝϧー̏͹反射率�ଵͶ対ͤΖ FP干渉感度͹関係 

 

 

 
 

図 5.5 最大感度を実現ͤΖ FP干渉計を構成ͤΖϝϧー͹組Ί合わͦ 
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図 5.6 回折限界ͳϪ΢Ϩー範囲 

 

 

 
 

図 5.7 微小ϓΟϔϨ・Ϙϫー干渉計を用いͪ振動計測εητϞ͹概略 
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図 5.8 微小ϓΟϔϨ・Ϙϫー干渉計を用いͪ振動計測εητϞ͹全体外観 

 

 

 
 

図 5.9 微小ϓΟϔϨ・Ϙϫー干渉計͹外観 
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図 5.10 ϑーϞΦキηϏンξ͹外観 

 

 

 
 

図 5.11 He-NeϪーδー，偏光板，ɉ/ʹ板，ϒンϙーϩ͹外観 
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図 5.12 ΠώϧンεΥϓΧφξ΢Ψーχ 

 

図 5.13 定電圧電源͹外観 

 

 

 

 
 

図 5.14 FFTΠψϧ΢δͳ APD͹持ͯό΢θ 
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図 5.15 キϡϑτΡ平行度͗及ぼͤϓΟϔϨ・Ϙϫー干渉計΃͹影響͹概略． 

(a)一般的͵ϓΟϔϨ・Ϙϫー干渉計．(b)微小ϓΟϔϨ・Ϙϫー干渉計 
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図 5.16 Ϝ΢έϫ片持ͬ梁 AͲ構成ͪ͢微小 FP干渉計͹干渉特性 

 

 

 
 

図 5.17 Ϝ΢έϫ片持ͬ梁 BͲ構成ͪ͢微小 FP干渉計͹干渉特性 
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図 5.18 ϓΡϋη͗悪化ͪ͢原因 

 

1 2 3 4 5 

     
図 5.19 キϡϑτΡ長変化Ͷ伴う環状 FP干渉縞͹推移 

 

 
図 5.20 ϝϧー基板ͶΓΖ焦点͹ͥΗ͹概略 
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図 5.21 球面波ͶΓΖ光路差͹概略 

 

 

 
 

図 5.22 平凸ϪンθͶΓΖ球面収差除去͹概略 
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第６章 

マイクロ片持ち梁の微小振動計測 

 

6.1 マイクロ片持ち梁 A の熱振動 

微小 FP 干渉計ͶΓΕ計測さΗたマイクϫ片持ち梁 A ͹微小振動パワーηϘクトϩ
密度(PSD)͹結果を図 6.1Ͷ示す．赤点ͺ実験値ͲあΕ，灰色͹実線ͺ式(8-15)ΓΕ求
めた熱振動͹理論曲線ͲあΖ．͵ お，ΰイン�ͺͲͲ計算を行った．微小振動計測ͺ，Ͷ ×ͳͲ−ଷ Pa͹真空中Ͳ行った．周波数解析Ͷͺ，FFTアナライδを用いた．FFTアナライ
δ͹周波数分解能ͺͲ.ͷ Hz，平均回数ͳͲͲͲ回Ͳ解析を行った．振動子͹品質を表す Q

値ͺ約ʹͲͲͲͳ͵Ε，固有振動数ͺ約͹͸.͸ kHzͳ計測さΗた．PSD を固有振動数付近Ͳ
面積分すΖこͳͲ得ΔΗΖ，マイクϫ片持ち梁 A͹熱振動͹振幅ͺ約ͷ pmͳ算出さΗ
た．また，従来͹マイίϩソン干渉計ͶΓΖ計測͹ノイθϪϗϩͺ約ͳ × ͳͲ−ଶ pmଶ/Hz
Ͳあった．こΗͶ対しͱ今回͹ノイθϪϗϩͺ約ͳ × ͳͲ−ସ pmଶ/HzͲあΖ．計測εηテ
ム͹感度͗約ͳͷ倍向上したため，PSD Ͷ換算したノイθϪϗϩ͗約ͳ/ͳͲͲ低減Ͳ͘た
こͳ͗確認さΗた． 

 

6.2 マイクロ片持ち梁 B の熱振動 

微小 FP 干渉計ͶΓΕ計測さΗたマイクϫ片持ち梁 B ͹微小振動パワーηϘクトϩ
密度(PSD)͹結果を図 6.2Ͷ示す．赤点ͺ実験値ͲあΕ，灰色͹実線ͺ後述͹式(8-15)

ΓΕ求めた熱振動͹理論曲線ͲあΖ．͵ お，ΰイン�ͺͲͲ計算を行った．微小振動計測
ͺ大気中Ͳ行った．周波数解析Ͷͺ，ηϘクトラムアナライδを用いた．ηϘクトラム
アナライδ͹周波数分解能ͺͳͲͲ Hz，平均回数ͳͷ回Ͳ解析を行った．振動子͹品質を
表す Q 値ͺ約ʹͲͲͳ͵Ε，固有振動数ͺ約ʹ͹͸ kHzͳ計測さΗた．CP ͶΓΕ，マイク
ϫ片持ち梁 A ͹幅ͳ長さを約半分Ͷ小型化したこͳͲ，式(4-10)ΓΕ予想さΗΖΓう
Ͷ固有振動数͗約４倍ͳ͵ったこͳ͗確認さΗた．また，従来͹マイίϩソン干渉計Ͷ
ΓΖ計測͹ノイθϪϗϩͺ約ͳ × ͳͲ−ଶ pmଶ/HzͲあった．こΗͶ対しͱ今回͹ノイθϪ
ϗϩͺ約͸ × ͳͲ−ହ pmଶ/HzͲあΖ．計測εηテム͹感度͗約ͳͲ倍向上したため，PSDͶ
換算したノイθϪϗϩ͗約ͳ/ͳͲͲ低減Ͳ͘たこͳ͗確認さΗた． 
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図 6.1 マイクϫ片持ち梁 A͹微小振動パワーηϘクトϩ密度 

 

 

 
 

図 6.2 マイクϫ片持ち梁 B͹微小振動パワーηϘクトϩ密度 
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第 7 章 

キャビテΡ冷却とキャビテΡ加熱 

 

7.1 キャビテΡ冷却とキャビテΡ加熱の概要と原理 

熱統計力学͹Φネϩάー等分配͹法則Ν用いた式(4-2)ΓΕ，理論的͵マ΢έϫ片持
ち梁͹熱振動振幅ͺ約ͷͲ pmͳ予想さΗた．͖͢͢͵͗Δ，図 6.1Ͷ示ͤΓうͶ，今回
計測さΗた微小振動͹振幅ͺ約ͷ pmͳ͵Ε，理論計算値ͳ比較͢ͱ熱振動振幅͗約ͳ/ͳͲͶ低減͢ͱいΖこͳ͗確認さΗた．こ͹原因ͳ͢ͱ，FP干渉計ͶΓΖマ΢έϫ片
持ち梁͹受動冷却͗原因ͲあΖͳ考えΔΗΖ． FP干渉ͺ振動子Ν加振(加熱)，制振(冷
却)ͤΖこͳ͗こΗΉͲ͹研究Ͳ報告さΗͱいΖ[10, 11]．FP干渉計ͶΓΖ受動制振Ν
ΫャϑテΡ冷却，受動加振ΝΫャϑテΡ加熱ͳ呼称ͤΖ．ΫャϑテΡ冷却ͳ加熱ͺ，干
渉計͹光源ͲあΖ He-Ne Ϫーδー͹一部͗マ΢έϫ片持ち梁表面͹金Ͷ吸収さΗ熱ͳ
͵Ζ(光熱効果)こͳͲ引͘起こさΗΖ．図 7.1Ͷ示ͤΓうͶ，今回計測͢たマ΢έϫ片
持ち梁ͺ表面Ͷ金コートΝ施͢ͱいΖたΌ，金͹薄膜ͳεϨコン͹二重構造(ώ΢ϟタ
ϩ，Bimetal)ͲあΖ．マ΢έϫ片持ち梁表面͹金ͺ，Ϫーδー͹吸収ͶΓΕ加熱さΗ，
膨張ͤΖ．こ͹光熱効果ͶΓΕ作用ͤΖ見͖け上͹力ΝボϫϟトϨッέ力ͳ呼称ͤΖ．
ΫャϑテΡ冷却ͳ加熱͗確認さΗたΨεϫηコープ͹信号Ν図 7.2Ͷ示ͤ．図 7.2中͹
黄色͹波形ͺ光検出器Ͳ測定͢た FP干渉光͹信号ͲあΕ，水色͹波形ͺマ΢έϫ片持
ち梁Ν支持ͤΖ積層圧電素子Ͷ印加͢た電圧Ν表ͤ．印加電圧͹減少ͺΫャϑテΡ長͹
増加Ν表͢，印加電圧͹増加ͺΫャϑテΡ長͹減少Ν表ͤ．電圧͹印加ͶͺϓΟンέε
ョンζΥネϪータΝ用いた．発生͢た波形ͺ͹こ͙Ε波ͲあΕ，周波数ͺʹͲ mHz，振
幅7 VͲあΖ．FP干渉͹ϒーέΝ境Ͷ，ΫャϑテΡ長͗短い方Ͳ冷却͗，長い方Ͳ加熱
(発振)͗確認Ͳ͘Ζ．FP 干渉特性Ͷ͕けΖΫャϑテΡ冷却ͳ加熱͹発生位置Ν示͢た
概略Ν図 7.3 Ͷ示ͤ．冷却さΗΖ位置ͲΫャϑテΡ長Ν固定͢，干渉光Ν FFT 解析ͤ
ΖこͳͲ，図 6.1Ͷ示ͤΓう͵熱振動͹減衰Ν確認Ͳ͘Ζ．加熱さΗΖ位置ͲΫャϑテ
Ρ長Ν固定͢，干渉光Ν FFT解析ͤΖこͳͲ，熱振動͹増大Ν確認Ͳ͘Ζ． 

ΫャϑテΡ冷却，ΫャϑテΡ加熱͹原理Ͷͯいͱ述べΖ．図 7.4Ͷ示ͤΓうͶ，Ϋャ
ϑテΡ長͗増加ͤΖ方向Ν正ͳͤΖ．マ΢έϫ片持ち梁͹振幅͗最大ͳ͵Ε，Ϋャϑテ
Ρ長͗最小ͳ͵Ζ位置Ν点 A ͳͤΖ．マ΢έϫ片持ち梁͹振幅͗最大ͳ͵Ε，Ϋャϑ
テΡ長΍最大ͳ͵Ζ位置Ν点 BͳͤΖ．マ΢έϫ片持ち梁͹表面Ͷ生ͣΖ FP干渉光͹
概要Ν図 7.5Ͷ示ͤ．図 7.5中͹点線ͺ計測用͹反射干渉光ͲあΕ，マ΢έϫ片持ち梁
͹表面Ͷͺ反射干渉光͗反転͢た透過干渉光͗生ͣΖ．FP透過光干渉特性ͺ，式(5-13)

ΓΕ理論的Ͷ求ΌΖこͳ͗Ͳ͘Ζ．図 7.3，図 7.5Ͷ示ͤΓうͶ，FP干渉͹ϒーέΝ境
Ͷ，ΫャϑテΡ長͗短い方Ͳ冷却͗，長い方Ͳ加熱͗確認さΗた．こ͹たΌ，Ϋャϑテ



43 

Ρ冷却側ͲͺΫャϑテΡ長Ͷ対ͤΖ FP干渉光変化͹勾配͗正ͲあΕ，ΫャϑテΡ長͗
増加ͤΖͳ光量΍増加ͤΖ．ΫャϑテΡ加熱側Ͳͺ勾配͗負ͲあΕ，ΫャϑテΡ長͗増
加ͤΖͳ光量͗減少ͤΖ．ΫャϑテΡ冷却，加熱ͳ FP干渉光勾配͹関係Ν図 7.6Ͷ示
ͤ．マ΢έϫ片持ち梁͹変位Ͷ対͢ͱ，遅Ηͱ作用ͤΖボϫϟトϨッέ力͹概要Ν図 7.7

Ͷ示ͤ．ボϫϟトϨッέ力ͺ，金͹薄膜ͳεϨコン͹熱伝導Ν考慮ͤΖͳ遅Ηͱ作用ͤ
Ζ．ΫャϑテΡ冷却側ͺ勾配͗正ͲあΖたΌ，ΫャϑテΡ長͗増加ͤΖͳマ΢έϫ片持
ち梁͹微小振動Ͷ対͢ͱ，位相͗遅Ηͱ作用ͤΖ．ΫャϑテΡ加熱側ͺ勾配͗負ͲあΖ
たΌ，ΫャϑテΡ長͗増加ͤΖͳ，遅Ηた位相͗反転͢ͱ作用ͤΖたΌ，実際Ͷͺ位相
͗進ΞͲ作用ͤΖ．マ΢έϫ片持ち梁͹微小振動Ͷ対͢ͱ，位相͗遅Ηͱ力͗作用ͤΖ
ͳ振動ͺ制振さΗ，ΫャϑテΡ冷却効果͗現ΗΖ．位相͗進ΞͲ作用ͤΖͳ振動ͺ加振
さΗ，ΫャϑテΡ加熱効果͗現ΗΖ． 

 

7.2 キャビテΡ冷却・加熱とレーザー光量の関係 

7.2.1 FFT Πナラ΢ザを用いた光量依存性の確認 

ΫャϑテΡ冷却ͳΫャϑテΡ加熱ͺ，FP干渉計͹光源ͲあΖ He-NeϪーδー͹光量
͗高いたΌ，引͘起こさΗΖͳ考えΔΗΖ．マ΢έϫ片持ち梁͹表面Ͷ吸収さΗΖ光量
͗少͵い場合，ΫャϑテΡ冷却・加熱͹影響ͺ少͵͚͵Ζ．ΫャϑテΡ冷却・加熱͹Ϫ
ーδー光量依存性Ν確認ͤΖたΌ，Ϫーδー͹出口Ͷ光学可変ΠッテネータΝ設置͢，
マ΢έϫ片持ち梁͹微小振動振幅Ν計測͢た．計測εηテϞ͹概略Ν図 7.8Ͷ示ͤ．光
学可変Πッテネータ͹外観Ν図 7.9Ͷ示ͤ．ΫャϑテΡ冷却ͳ加熱͗作用͢たマ΢έϫ
片持ち梁͹微小振動計測結果Ν図 7.10 Ͷ示ͤ．ͳ.Ͷ mW͹Ϫーδー光量Ͳ計測Ν行ͮ
た．ΫャϑテΡ冷却ͳ加熱͗作用͢͵いͲ.ͳ mW͹Ϫーδー光量Ͳ計測͢た結果΍同様
Ͷ示ͤ．Ήた，可変光学ΠッテネータͲ光量Ν調整͢，マ΢έϫ片持ち梁͹微小振動振
幅Ν計測͢た．ΫャϑテΡ冷却側Ͷ͕けΖ実験結果Ν図 7.11 Ͷ示ͤ．Ϫーδー光量ͺ
ϓΧトϟータͲ計測͢た．光量͗高い場合，ΫャϑテΡ冷却͗作用͢ͱ，マ΢έϫ片持
ち梁͹熱振動͗数pmΉͲ制振さΗΖ．Ϫーδー光量͗Ͳ.ͳ mW以下Ͷ͵Ζͳ，Ϋャϑテ
Ρ冷却͹効果͗小さ͚͵Ε，熱振動͗理論値ͳ近い約ʹͲ pmͳ͵Ζ．ΫャϑテΡ加熱側
Ͷ͕けΖ実験結果Ν図 7.12 Ͷ示ͤ．Ϫーδー光量͗高い場合，ΫャϑテΡ加熱͗作用
͢ͱ，マ΢έϫ片持ち梁͹熱振動͗数nmΉͲ発振さΗΖ．Ϫーδー光量͗Ͳ.ͳ mW以下
Ͷ͵Ζͳ，ΫャϑテΡ加熱͹効果͗小さ͚͵Ε，熱振動͗理論値ͳ近い約ʹͲ pmͳ͵Ζ．
͵͕，ΫャϑテΡ冷却・加熱͹両方Ͷ͕いͱ光量Ν増加，減少͹両方向Ͳ計測Ν行ͮた
͗，有意͵差ͺΊΔΗ͵͖ͮた．光量͹増加方向ͳ減少方向Ͳͺ閾値͗異͵Ζͳ考えΔ
ΗΖ͗，FFTΠナϧ΢δΝ用いた振幅計測Ͷͺ時間͖͖͗ΖたΌ，確認Ͳ͘͵͖ͮた． 
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7.2.2 LA を用いた光量依存性の確認 

FFTΠナϧ΢δΝ用いた振幅計測ͺ時間͖͖͗Ε，閾値͹確認͗Ͳ͘͵͖ͮたたΌ，
LAΝ用いͱ追加実験Ν行ͮた．計測εηテϞ͹概略Ν図 7.13Ͷ示ͤ．LA͹参照周波
数Νマ΢έϫ片持ち梁͹固有振動数Ͷ設定͢実験Ν行ͮた．ϓΧトϟータͲ計測͢た光
量ͳ，LAͲ計測͢た信号ΝΨεϫηコープͲ同期ͤΖこͳͲ，閾値Ν確認͢た．実験
結果Ν図 7.14 Ͷ示ͤ．縦軸ͺ最大振幅Ν基準ͳ͢ͱ算出͢た振幅比ͲあΖ．͵͕，今
回͹計測ͺΫャϑテΡ加熱Ͳ͹Ί行ͮた．光量͹増加方向ͳ減少方向Ͳ閾値͹違い͗確
認さΗた．光量Ν増加ͤΖ方͗閾値͗高いこͳ͗わ͖ͮた． 

 

 

 
 

図 7.1 Ϫーδー光ͶΓΖマ΢έϫ片持ち梁͹膨張͹概要． 

 

 

 
 

図 7.2 ΫャϑテΡ冷却・加熱͗確認さΗた FP干渉信号． 
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図 7.3 ΫャϑテΡ冷却・加熱͗確認さΗた FP干渉特性Ͷ͕けΖ位置． 

 

 

 
 

図 7.4 ΫャϑテΡ長͹増加方向ͳ点 A，点 B͹定義． 
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図 7.5 マ΢έϫ片持ち梁͹表面Ͷ生ͣΖ FP 干渉光͹概要．図中͹点線Ͳ示ͤ計
測用͹反射干渉光͗反転͢た特性ͳ͵Ζ． 

 

 

 
 

図 7.6 ΫャϑテΡ冷却側ͳΫャϑテΡ加熱側Ͳマ΢έϫ片持ち梁͹表面Ͷ生ͣΖ
FP干渉光͹概要． 
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図 7.7 マ΢έϫ片持ち梁͹変位Ͷ対͢，遅Ηͱ作用ͤΖボϫϟトϨッέ力͹概要． 
 

 

 

 
 

図 7.8 FFTΠナϧ΢δΝ用いたΫャϑテΡ冷却・加熱͹光量依存性計測εηテϞ
͹概略． 

 



48 

 
 

図 7.9 光学可変Πッテネータ͹外観 

 

 

 
 

図 7.10 ΫャϑテΡ冷却・加熱ͶΓΖマ΢έϫ片持ち梁͹振動͹Ϗワーηペέトϩ
密度． 
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図 7.11 ΫャϑテΡ冷却ͳ光量͹関係． 

 

 

 
 

図 7.12 ΫャϑテΡ加熱ͳ光量͹関係． 
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図 7.13 FFTΠナϧ΢δΝ用いたΫャϑテΡ冷却・加熱͹光量依存計測εηテϞ． 

 

 

 
 

図 7.14 ΫャϑテΡ加熱͹光量͹閾値ͳϐηテϨεη． 
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第８章 

機械的フィードバック冷却 

 

マ΢έϫ片持ͬ梁͹熱振動ϓΡーχώッέ冷却͹原理，理論的解析，実験結果Ͷͯい
ͱ述΄Ζ．機械的ϓΡーχώッέ冷却ͺ，ϓΡーχώッέ機構を用いΖ͞ͳͲマ΢έϫ
片持ͬ梁͹熱振動を打ͬ消͢，実効温度を下͝Ζ手法ͲあΖ．マ΢έϫ片持ͬ梁͹熱振
動を除去ͤΖͶͺ，冷凍機を用いͱマ΢έϫ片持ͬ梁͹実際͹温度を冷却ͤΖ手法΍あ
Ζ͗，希釈冷凍機等͹大掛͖Ε͵装置を必要ͳͤΖ上，最大Ͳ΍数百mK程度ΉͲ͖͢
冷却Ͳ͘͵い．本研究Ͳ採用ͪ͢機械的ϓΡーχώッέ冷却ͺΓΕ簡便͵機構Ͳ，極限
ΉͲ͹冷却を目指ͤ͞ͳ͗Ͳ͘Ζ． 

 

8.1 機械的フィードバック冷却の原理と実験方法 

マ΢έϫ片持ͬ梁͹持ͯ微小振動͹ϓ機械的ϓΡーχώッέ冷却εητϞ͹概略を
図 8.1Ͷ示ͤ．真空οϡンώ外部Ͷ設置さΗͪ定電圧電源を用いͱ，微小 FP干渉計͹
感度͗最大ͳ͵ΖΓうͶ，キϡϑτΡ長を調整ͪ͢．最大感度͹ FP干渉光をΠώϧン
εΥϓΧφξ΢ΨーχͲ検出͢，信号を FFT Πψϧ΢δͳώンχϏηϓΡϩν(BPF)

΃送信ͪ͢．干渉光信号ͺ BPF ͶΓΕ，選択的Ͷマ΢έϫ片持ͬ梁͹固有振動数付近
͹信号͹Ί通過ͤΖ．通過ͪ͢信号ͺ増幅器ͶΓΕ，任意͹倍率Ͷ増幅さΗΖ．͵͕，
BPF ͳ増幅器ͺυュΠϩοϡンϋϩϕϫήϧマϔϩϓΡϩνー(DCPF)Ͷ内蔵さΗͱ
いΖ．信号ͺさΔͶ，位相εϓνー(ϫーϏηϓΡϩνー)ͶΓΕ，マ΢έϫ片持ͬ梁͹
固有振動数ΓΕ換算ͤΖ信号͹位相͖Δ9Ͳ deg遅ΗΖΓうͶ調整さΗͪ．͞͹信号を，
マ΢έϫ片持ͬ梁を支持ͤΖ単層圧電素子΃印加ͪ͢．単層圧電素子ͺマ΢έϫ片持ͬ
梁͹熱振動͹位相͖Δ9Ͳ deg遅Ηͱ振動ͤΖ．͞͹振動ͺマ΢έϫ片持ͬ梁΃伝わΕ，
熱振動を打ͬ消ͤ．以上͗本研究Ͳ採用ͪ͢機械的ϓΡーχώッέ冷却͹原理ͲあΖ．
͵͕，ϓΡーχώッέϩーϕ͹ゲ΢ン݃ͺ，マ΢έϫ片持ͬ梁͹微小振動振幅Ͷ対ͤΖ
単層圧電素子͹振動(梁Ͷ印加さΗΖ振動)振幅͹比ͳͤΖ．増幅器͹増倍率を変えΖ͞
ͳͲゲ΢ン͗変化ͤΖ．ゲ΢ン͗大͘過͙ΖͪΌͶ，マ΢έϫ片持ͬ梁͗発振ͪ͢場合
ͺ，ϩーϕ内Ͷ電気Πッτϋーνを挿入ͤΖ͞ͳͲ発振を抑えΖ͞ͳ͗可能ͲあΖ．信
号を FFTΠψϧ΢δͶΓΕ周波数解析ͤΖ͞ͳͲϓΡーχώッέ冷却を確認ͤΖ． 

ϓΡーχώッέ冷却実験ͺ次͹̑ͯ͹条件͹下Ͳ，マ΢έϫ片持ͬ梁 A Ͷ対͢ͱ͹
Ί行ͮͪ．̏ͯͺ，キϡϑτΡ冷却͗作用ͤΖ領域内ͲあΕ，͞Ηを条件ᶙͳͤΖ．̏
ͯͺ，キϡϑτΡ加熱͗作用ͤΖ領域内ͲあΕ，͞Ηを条件ᶚͳͤΖ．̏ͯͺ，光量を
減衰さͦキϡϑτΡ冷却・加熱͗作用͢͵い領域内ͲあΕ，͞Ηを条件ᶛͳͤΖ． 
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8.2 機械的フィードバック冷却の理論解析 

マ΢έϫ片持ͬ梁͹運動Ϡυϩを図 8.2Ͷ示ͤ．マ΢έϫ片持ͬ梁ͺ，マηͻ͸ξン
Ϗ系ͲϠυϩ化ͤΖ͞ͳ͗可能ͲあΖ． �ሺ�ሻを，マ΢έϫ片持ͬ梁͹微小振動を引͘起ͤ͞力(熱振動͹場合ͺ Langevin 力)

ͳͤΖ．ݔሺ�ሻを，計測さΗͪマ΢έϫ片持ͬ梁͹微小振動振幅ͳͤΖ．ݕሺ�ሻを，マ΢έ
ϫ片持ͬ梁͹微小振動を打ͬ消ͤͪΌͶ梁Ͷ印加ͤΖ振幅(今回ͺ梁を支持ͤΖ単層圧
電素子͹振幅)ͳͤΖ．ݔnሺ�ሻを，計測系͹持ͯό΢θϪϗϩ(APD や位相εϓνー，
DCPF 等͹電子回路͹持ͯζョンソンό΢θ，導線͹受͜Ζ電磁波，He-Ne Ϫーδー
͹εョッφό΢θ，FP 干渉計ͶΓΖマ΢έϫ片持ͬ梁΃͹輻射圧ό΢θ等)ͳͤΖ．ݔ�ሺ�ሻを，計測さΗͪマ΢έϫ片持ͬ梁͹微小振動͹位相を9Ͳ°遅Δͦ，圧電素子Ͷ印加
ͤΖ͞ͳͲ生ͣΖ圧電素子͹振幅ͳͤΖ．ݔn�ሺ�ሻを，圧電素子Ͷ印加さΗΖ計測系͹ό
΢θͶΓΖ圧電素子͹振幅ͳͤΖ．݃を，マ΢έϫ片持ͬ梁΃印加ͤΖϓΡーχώッέ
冷却͹ϩーϕゲ΢ンͳͤΖ． ݕሺ�ሻͺ，マ΢έϫ片持ͬ梁͹微小振動を打ͬ消ͤͪΌͶ，圧電素子΃印加ͤΖ振幅Ͳ
あΖͪΌ， 

ሺ�ሻݕ  = ሺ�ሻ�ݔ}݃ +  n�ሺ�ሻ} (8-1)ݔ

 

ͳ͵Ζ．Ήͪ，マ΢έϫ片持ͬ梁をϠυϩ化ͪ͢マηͻ͸ξンϏ系͹運動方程式ͺ， 

 �ሺ�ሻ = ሷሺ�ሻݔ}� + ሷݕ ሺ�ሻ} + ሶሺ�ሻݔ� +  ሺ�ሻ (8-2)ݔ݇

 

Ͳ表ͤ͞ͳ͗Ͳ͘Ζ．ͪͫ͢，�ͺマ΢έϫ片持ͬ梁͹等価質量，�ͺ減衰係数，݇ͺͻ
͸定数ͲあΖ．Ήͪ，マ΢έϫ片持ͬ梁͹振幅Ͷ対͢，圧電素子͹振幅ͺ微小ͲあΖͪ
Ό，計測さΗͪݔሺ�ሻͶ含ΉΗΖݕሺ�ሻͺ無視Ͳ͘Ζ΍͹ͳͤΖ．式(8-2)Ͷ示ͤ運動方程式
を解͚͞ͳͲ，マ΢έϫ片持ͬ梁͹微小振動ϓΡーχώッέ冷却͹理論解析を行う． 

 

8.2.1 複素振幅を用いた理論解析 

式(8-2)中͹各値͹複素振幅を考えΖ͞ͳͲ解析を進ΌΖ．位相を含΋複素振幅を用
いͪ，各値͹周期的記述ͺ， 

 �ሺ�ሻ = �̂ሺ�ሻ݁��� (8-3) ݔሺ�ሻ = nሺ�ሻݔ ሺ�ሻ݁��� (8-4)ݔ̂ =  nሺ�ሻ݁��� (8-5)ݔ̂
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ሺ�ሻ�ݔ = ሺ�ሻ݁�ቀ��−�ଶቁݔ̂
n�ሺ�ሻݔ (8-6)  = nሺ�ሻ݁�ቀ��−�ଶቁݔ̂
 (8-7) 

 

ͳ͵Ζ．͞͞Ͳ，݆ͺ虚数単位，�ͺ角周波数ͲあΖ．ݔሺ�ሻ͹一階微分，二階微分ͺͨΗ
ͩΗ，ݔሶሺ�ሻ = ሷሺ�ሻݔ，���ሺ�ሻ݁ݔ̂�݆ = −�ଶ̂ݔሺ�ሻ݁���ͳ͵Ζ．各値΍同様Ͷ求ΌΖ͞ͳ͗Ͳ͘
Ζ．Ήͪ，マ΢έϫ片持ͬ梁͹品質係数(Q値;Quality factor)�，͵ ΔびͶͻ͸定数݇ͺ， 

 � = ��0� = �0� ≈ ∆�݂0  (8-8) ݇ = ��0ଶ (8-9) 

 

Ͳ表さΗΖ．͞͞Ͳ，�0ͺマ΢έϫ片持ͬ梁͹固有角振動数，�ͺ減衰係数，τ0ͺ梁を
励振͢振幅͗励振直後͹振幅͹ͳ/݁ͳ͵ΖΉͲ͹時間(時定数，減衰時間)，�ͺ振動͹周
期(固有振動数͹逆数)，∆�ͺϏワーηϘέφϩ密度͹半値全幅(FWHM)ͲあΕ(Ϗワー
(̐乗)Ͳ͵いηϘέφϩ密度͹場合ͺͳ/√ʹ全幅)， 0݂ͺ梁͹固有振動数( 0݂ = �0/ʹ�)Ͳ
あΖ． 

式(8-3)Ͷ示ͤ微小振動を引͘起ͤ͞力，͵ΔびͶ式(8-5)Ͷ示ͤ計測系͹ό΢θϪϗ
ϩ͹間Ͷͺ相関関係ͺ͵い(ϧンζュώン力ͺό΢θϪϗϩͶ影響を及·さͥ，ό΢θ
Ϫϗϩ΍ϧンζュώン力Ͷ影響を及·さ͵い)΍͹ͳͤΖ．式(8-1)，式(8-3)-(8-9)を用
いΖ͞ͳͲ式(8-2)を整理ͤΖͳ， 

 �̂ሺ�ሻejωt = ሷሺ�ሻݔ� + ሷ�ሺ�ሻݔ݃� + ሷn�ሺ�ሻݔ݃� + ��0� ሶሺ�ሻݔ + ��0ଶݔሺ�ሻ  = −��ଶ̂ݔሺ�ሻ݁��� − �݃�ଶ̂ݔሺ�ሻ݁���݁�ቀ−�ଶቁ− �݃�ଶ̂ݔnሺ�ሻ݁���݁�ቀ−�ଶቁ + ݆� ��0� +���ሺ�ሻ݁ݔ̂ ��0ଶ̂ݔሺ�ሻ݁��� 
 

�̂ሺ�ሻ = −��ଶ̂ݔሺ�ሻ − �݃�ଶ̂ݔሺ�ሻ݁�ቀ−�ଶቁ − �݃�ଶ̂ݔnሺ�ሻ݁�ቀ−�ଶቁ
 +݆� ��0� ሺ�ሻݔ̂ + ��0ଶ̂ݔሺ�ሻ 

 

 

͞͞Ͳ，Ψ΢ϧー͹公式ΓΕ， 

 ݁�ቀ−�ଶቁ = cos ቀ− �ʹቁ + ݆ sin ቀ− �ʹቁ = Ͳ − ݆ = −݆  
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ͳ͵ΖͪΌ， 

 �̂ሺ�ሻ = � {−�ଶ̂ݔሺ�ሻ − ݃�ଶ̂ݔሺ�ሻ݆ − ݃�ଶ̂ݔnሺ�ሻ݆ + ݆ ��0� ሺ�ሻݔ̂ + �0ଶ̂ݔሺ�ሻ}  

 

ͳ͵Ζ．ͪ͗ͮ͢ͱ，実際͹微小振動͹複素振幅̂ݔሺ�ሻͺ， 

 

ሺ�ሻݔ̂ = �̂ሺ�ሻ� − ݆݃�ଶ̂ݔnሺ�ሻሺ�0ଶ − �ଶሻ + ݆ ቀ݃�ଶ + �0�� ቁ (8-10) 

 

ͳ͵Ζ．さΔͶ，̂ݔሺ�ሻ͹共役複素数̂̅ݔሺ�ሻͺ， 

 

ሺ�ሻݔ̅̂ = �̅̂ሺ�ሻ� + ݆݃�ଶ̂̅ݔnሺ�ሻሺ�0ଶ − �ଶሻ − ݆ ቀ݃�ଶ + �0�� ቁ (8-11) 

 

ͳ͵Ζ．Ήͪ，計測さΗͪマ΢έϫ片持ͬ梁͹微小振動振幅ͺ，実際͹微小振動複素振
幅̂ݔሺ�ሻͶ計測系͹ό΢θϪϗϩ複素振幅̂ݔnሺ�ሻを加えͪ΍͹[8]ͳ͵ΖͪΌ， 

 

ሺ�ሻݔ̂ + nሺ�ሻݔ̂ = �̂ሺ�ሻ� − {ሺ�0ଶ − �ଶሻ + ݆ �0�� } nሺ�ሻሺ�0ଶݔ̂ − �ଶሻ + ݆ ቀ݃�ଶ + �0�� ቁ  (8-12) 

 

ͳ͵Ζ．Ήͪ，式(8-12)͹共役複素数ͺ， 

 

ሺ�ሻݔ̅̂ + nሺ�ሻݔ̅̂ = �̅̂ሺ�ሻ� + {ሺ�0ଶ − �ଶሻ + ݆ �0�� } nሺ�ሻሺ�0ଶݔ̅̂ − �ଶሻ − ݆ ቀ݃�ଶ + �0�� ቁ  (8-13) 

 

ͳ͵Ζ． 

実際͹マ΢έϫ片持ͬ梁͹微小振動͹ϏワーηϘέφϩ密度ͺ，式(8-10)ͳ式(8-11)

を͖͜合わͦΖ͞ͳͲ得ΔΗΖͪΌ， 
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ሺ�ሻ|ଶݔ̂| = { ͳ�ଶሺ�0ଶ − �ଶሻଶ + ቀ݃�ଶ + �0�� ቁଶ } |�̂ሺ�ሻ|ଶ

+ { ݃ଶ�ସሺ�0ଶ − �ଶሻଶ + ቀ݃�ଶ + �0�� ቁଶ}  nሺ�ሻ|ଶݔ̂|

(8-14) 

 

ͳ͵Ζ．Ήͪ，計測さΗΖマ΢έϫ片持ͬ梁͹微小振動͹ϏワーηϘέφϩ密度ͺ，式
(8-12)ͳ式(8-13)を͖͜合わͦΖ͞ͳͲ得ΔΗΖͪΌ， 

 

ሺ�ሻݔ̂| + nሺ�ሻ|ଶݔ̂ = { ͳ�ଶሺ�0ଶ − �ଶሻଶ + ቀ݃�ଶ + �0�� ቁଶ } |�̂ሺ�ሻ|ଶ
 

+ { ሺ�0ଶ − �ଶሻଶ + ቀ�0�� ቁଶ
ሺ�0ଶ − �ଶሻଶ + ቀ݃�ଶ + �0�� ቁଶ}  nሺ�ሻ|ଶݔ̂|

(8-15) 

 

ͳ͵Ζ． 

 

8.2.2 複素振幅を用い͵い理論解析 

式(8-2)中͹各値を，複素振幅を用いͥͶ三角関数を用いͱ記述ͤΖͳ， 

 �ሺ�ሻ = � sinሺ��ሻ (8-16) ݔሺ�ሻ = ݔ sinሺ��ሻ (8-17) ݔnሺ�ሻ = nݔ sinሺ��ሻ (8-18) ݔ�ሺ�ሻ = ݔ sin ቀ�� − �ʹቁ = ݔ− cosሺ��ሻ (8-19) ݔn�ሺ�ሻ = nݔ sin ቀ�� − �ʹቁ = nݔ− cosሺ��ሻ (8-20) 

 

ͳ͵Ζ． ݔሺ�ሻ͹一階微分，二階微分ͺͨΗͩΗ，ݔሶሺ�ሻ = �ݔ cosሺ��ሻ，ݔሷሺ�ሻ = ଶ�ݔ− cosሺ��ሻ
ͳ͵Ζ．各値΍同様Ͷ求ΌΖ͞ͳ͗Ͳ͘Ζ． 

式(8-1)，式(8-8)-(8-9)，式(8-16)-式(8-20)を用いΖ͞ͳͲ式(8-2)を整理ͤΖͳ， 
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� sinሺ��ሻ = � ଶ�ݔ−} sinሺ��ሻ + ݃�ଶݔ cosሺ��ሻ+ ݃�ଶݔn cosሺ��ሻ + �ݔ�0� cosሺ��ሻ + �0ଶݔ sinሺ��ሻ} 
 

�� sinሺ��ሻ = ݔ {ሺ�0ଶ − �ଶሻ sinሺ��ሻ + (݃�ଶ + �0�� ) cosሺ��ሻ} + ݃�ଶݔn cosሺ��ሻ  

 

ͳ͵Ζ．͞ ͞Ͳ，三角関数͹合成(ܽ sinሺ�ሻ + ܾ sinሺ�ሻ = √ܽଶ + ܾଶ sinሺ� + �ሻ)を用いΖͳ， 
 �� sinሺ��ሻ = ሺ�0ଶ√ݔ − �ଶሻଶ + (݃�ଶ + �0�� )ଶ sinሺ�� + �ሻ + ݃�ଶݔn cosሺ��ሻ  

 

ͳ͵Ζ．͞͞Ͳ，α = Ͳͳ͢，cosሺ��ሻ / sinሺ��ሻを無視ͤΖͳ， 

 �� = ሺ�0ଶ√ݔ − �ଶሻଶ+ (݃�ଶ + �0�� )ଶ + ݃�ଶݔn (8-21) 

 

ͳ͵Ζ．式(8-21)をマ΢έϫ片持ͬ梁͹微小振動振幅ݔͶͯいͱ解͚ͳ， 

 

ݔ = �� + ݃�ଶݔn√ሺ�0ଶ − �ଶሻଶ+ ቀ݃�ଶ + �0�� ቁଶ (8-22) 

 

ͳ͵Ζ．ͪ͗ͮ͢ͱ，マ΢έϫ片持ͬ梁͹微小振動͹ϏワーηϘέφϩ密度ͺ， 

 

ଶݔ = �ଶ�ଶ + ݃ଶ�ସݔnଶ − ʹ�� ݃�ଶݔnሺ�0ଶ − �ଶሻଶ+ ቀ݃�ଶ + �0�� ቁଶ (8-23) 

 

ͳ求ΌΔΗΖ．式(14)ͳ式(8-23)ͺΆ·等͚͢，複素振幅を用いͥͶ理論解析͗可能Ͳ
あΖ͞ͳ͗示さΗͪ． 

 

8.2.3 位相遅ΗͶよΖ振動減衰 

図 8.2Ͷ示ͤΓう͵系͹振動を減衰ͤΖ場合，振動を打ͬ消ͤΓうͶͺͪΔ͚力ͶΓ
Ε，仕事率を考え，仕事率を一周期ͶわͪΕ積分ͤΖͳ，仕事�ͺ， 
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� = 0ݔ� 0݂ sinሺ�ሻ (8-24) 

 

ͳ求ΌΖ͞ͳ͗Ͳ͘Ζ．͞͞Ͳ，0ݔͺ振動振幅͹初期値， 0݂ͺ振動を打ͬ消ͤΓうͶͺ
ͪΔ͚力͹初期値，�ͺ振動ͳ打ͬ消ͤ力͹位相差ͲあΖ．式(8-24)͹計算結果を図 8.3

Ͷ示ͤ．位相͗負ͶͥΗΖ場合，系Ͷ負͹仕事͗ͺͪΔ͚ͪΌ，系͹振動ͺ減衰ͤΖ．
位相͗正ͶͥΗΖ場合，系Ͷ正͹仕事͗ͺͪΔ͚ͪΌ，系͹振動ͺ増加ͤΖ．ͨ ΗͩΗ，
位相͗�/ʹͥΗͪ場合Ͷϒーέを示ͤ．͢ ͪ͗ͮͱ本研究Ͳͺ，位相を−�/ʹͥΔͤ͞ͳ
ͶΓͮͱϓΡーχώッέ冷却を行う． 

 

8.3 機械的フィードバック冷却の実験結果 

条件ᶙ͹ϓΡーχώッέ冷却実験結果を図 8.4，条件ᶚ͹ϓΡーχώッέ冷却実験結
果を図 8.5，条件ᶛϓΡーχώッέ冷却実験結果を図 8.6 Ͷ示ͤ．͵͕全ͱ͹実験Ͷ͕
いͱ，FFTΠψϧ΢δ͹分解能ͳ.ͷ͸ Hz，平均回数͵ͲͲ回Ͳ計測を行ͮͪ．図 8.4Ͷ示ͤ
条件ᶙ͹下Ͳͺ，ϓΡーχώッέゲ΢ン͗Ͳ͹状態Ͳ，マ΢έϫ片持ͬ梁͹振動͗理論
的計算値ΓΕ΍約ͳ/ͳͲ低い振幅ͳ͵ΖϓΡーχώッέ冷却を確認Ͳ͘Ζ．ͷ.͵ × ͳͲ−ଷ͹
ゲ΢ンͲϓΡーχώッέ冷却を行ͮͱ΍振動͹減衰ͺ確認さΗ͵͖ͮͪ．ͳ.ͳ × ͳͲ−ଶͶ
͕いͱ，振動͗僅͖Ͷ増加͢，ʹ.ͳ × ͳͲ−ଶ͹ゲ΢ンͲϓΡーχώッέ冷却を行うͳ発振
ͪ͢．Ήͪ，計測器͹ό΢θϪϗϩを実線Ͳ示ͤ．図 8.5Ͷ示ͤ条件ᶚ͹下Ͳͺ，ϓΡ
ーχώッέゲ΢ン͗Ͳ͹状態Ͳ，マ΢έϫ片持ͬ梁͗発振ͤΖϓΡーχώッέ加熱を確
認Ͳ͘Ζ．ͷ.͵ × ͳͲ−ଷ͹ゲ΢ンͲϓΡーχώッέ冷却を行うͳ，ϓΡーχώッέ加熱Ͷ
ΓΖ発振͗抑えΔΗͪ．ゲ΢ンを増加さͦΖͳマ΢έϫ片持ͬ梁͹微小振動͗減衰さΗ，
実効温度͹低下͗確認さΗͪ．振動͹減衰ͳͳ΍Ͷ固有振動数͹εϓφ͗ΊΔΗͪ．図
8.6Ͷ示ͤ条件ᶛ͹下Ͳͺ，ϓΡーχώッέゲ΢ン͗Ͳ͹状態Ͳ，熱振動振幅͹理論計算
値Ͷ近い結果ͳ͵Ε，キϡϑτΡ冷却・加熱ͳ΍Ͷ作用͢ͱい͵い͞ͳ͗確認さΗͪ．
ゲ΢ンを増加さͦΖͳマ΢έϫ片持ͬ梁͹微小振動͗減衰さΗ，実効温度͹低下͗確認
さΗͪ．͢ ͖͢͵͗Δ，本実験ͺ FP干渉計͹光量を落ͳͪͪ͢Ό，干渉感度͗低下͢，
ό΢θϪϗϩ͹大幅͵増加͗引͘起͞さΗͪ．͞ ͹ͪΌ，ϓΡーχώッέ冷却͹限界͗
条件ᶚΓΕ΍高い．Ήͪ，振動͹減衰ͳͳ΍Ͷ固有振動数͹εϓφ͗ΊΔΗͪ． 

図 8.7Ͷ，条件ᶙͳ条件ᶚ͹機械的ϓΡーχώッέ冷却実験結果ΓΕ，ゲ΢ンͳマ΢
έϫ片持ͬ梁͹微小振動振幅͹関係を整理ͪ͢ήϧϓを示ͤ．キϡϑτΡ冷却͹範囲内
Ͳͺ，ϓΡーχώッέ冷却͗効͖ͥ，ゲ΢ンを増加ͤΖͳ発振ͤΖ．ϓΡーχώッέ冷
却ͳキϡϑτΡ冷却͹併用ͺͲ͘͵い͞ͳ͗判明ͪ͢．͞ ͹理由ͳ͢ͱ，キϡϑτΡ冷
却͹不安定性͗挙͝ΔΗΖ．キϡϑτΡ冷却ͺ図 7.7Ͷ示ͤΓうͶ，熱伝導͹遅ΗͶΓ
ΖボϫϟφϨッέ力ͳマ΢έϫ片持ͬ梁͹振動͹微妙͵均衡͹上Ͷ成Ε立ͮͱいΖͳ
考えΔΗΖ．͞͹ͪΌ，ϓΡーχώッέ冷却ͶΓΕ外乱を与えΖͳ均衡͗崩Η，発振ͤ
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Ζͳ考えΔΗΖ．Ήͪ，キϡϑτΡ加熱͹範囲内ͲͺϓΡーχώッέ冷却͗有効ͲあΕ，
ゲ΢ンͳͳ΍Ͷマ΢έϫ片持ͬ梁͹熱振動振幅͹減衰を確認Ͳ͘Ζ．ϓΡーχώッέ冷
却ͶΓΕ，振幅を最大Ͳ約ͳ.ͷ pmΉͲ減衰ͤΖ͞ͳ͗Ͳͪ͘．͞͹振幅ͺ式(4-1)を用
いͱ実効温度Ͷ換算ͤΖͳ，約͵͵Ͳ mKͲあΖ． 

 

 
図 8.1 マ΢έϫ片持ͬ梁͹微小振動ϓΡーχώッέ冷却εητϞ͹概略．BPFͺ

ώンχϏηϓΡϩν，FFTͺ高速ϓーϨΦ変換͹略ͲあΖ． 

 

 
図 8.2 マ΢έϫ片持ͬ梁͹運動Ϡυϩ． 
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図 8.3 位相͹ͥΗͶΓΕ作用ͤΖ振動系΃͹仕事 

 

 

 
 

図 8.4 条件ᶙ(キϡϑτΡ冷却͗作用ͤΖ範囲内)Ͷ͕͜ΖϓΡーχώッέ冷却実
験結果． 
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図 8.5 条件ᶚ(キϡϑτΡ加熱͗作用ͤΖ範囲内)Ͷ͕͜ΖϓΡーχώッέ冷却実
験結果． 

 

 

 
 

図 8.6 条件ᶛ(キϡϑτΡ冷却・加熱ͳ΍Ͷ作用͢͵い範囲内)Ͷ͕͜ΖϓΡーχ
ώッέ冷却実験． 
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図 8.7 条件ᶙ(キϡϑτΡ冷却͗作用ͤΖ範囲内)ͳ条件ᶚ(キϡϑτΡ加熱͗作
用ͤΖ範囲内)Ͷ͕͜ΖϓΡーχώッέゲ΢ンͳマ΢έϫ片持ͬ梁͹振動
振幅͹関係． 
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第９章 

機械的フィードバック冷却と回復の応答 

 

第８章Ͳ述΄た機械的ϓΡーχώρέ冷却͹応答時間を計測し，Ϝ΢έϫ片持ち梁͹
微小振動͗ʹΗほʹ͹時間を͖けͱ減衰さΗΖ͹͖を解析した．Ήた，理論値ͳ͹比較
を行ͮた． 

 

9.1 機械的フィードバック冷却の応答計測システム 

Ϝ΢έϫ片持ち梁͹微小振動ϓΡーχώρέ冷却͹応答計測εητϞ͹概略を図 9.1

Ͷ示す．真空οャンώ外部Ͷ設置さΗた定電圧電源を用いͱ，微小 FP干渉計͹感度͗
最大ͳ͵ΖΓうͶ，ΫャϑτΡ長を調整した．最大感度͹ FP干渉光をΠώϧンεェϓ
Χφξ΢ΨーχͲ検出し，信号をϫρέ΢ンΠンϕͳώンχϏηϓΡϩν(BPF)΃送信
した．干渉光信号ͺ BPF ͶΓΕ，選択的ͶϜ΢έϫ片持ち梁͹固有振動数付近͹信号
͹Ί通過すΖ．通過した信号ͺ増幅器ͶΓΕ，任意͹倍率Ͷ増幅さΗΖ．͵ ͕，BPFͳ
増幅器ͺυュΠϩοャンネϩϕϫήϧϜϔϩϓΡϩνー(DCPF)Ͷ内蔵さΗͱいΖ．信
号ͺさΔͶ，位相εϓνー(ϫーϏηϓΡϩνー)ͶΓΕ，Ϝ΢έϫ片持ち梁͹固有振動
数ΓΕ換算すΖ信号͹位相͖ΔͻͲ deg遅ΗΖΓうͶ調整さΗた．こ͹信号を，Ϝ΢έϫ
片持ち梁を支持すΖ単層圧電素子΃印加した．単層圧電素子ͺϜ΢έϫ片持ち梁͹熱振
動͹位相͖ΔͻͲ deg遅Ηͱ振動すΖ．こ͹振動ͺϜ΢έϫ片持ち梁΃伝わΕ，熱振動を
打ち消す．本実験Ͳͺ，位相εϓνーͳ単層圧電素子間ͶϨϪー回路を設置した．ϨϪ
ー回路ͺͻ͸ͳ電磁石ͶΓΕ，信号͹η΢ροンήを行う．ϨϪー回路͹電磁石Ͷ定格
電圧(今回͹ϨϪー回路ͺ+ͻ V)を印加すΖこͳͲ接点͗繋͗Ε，信号͗流ΗΖ．ϓΟン
έεョンζェネϪーνͶΓͮͱ，ϒーέ-ϒーέ振幅ͻ V，ʹ.ͳ Hz͹方形波を発生し，Ϩ
Ϫー回路を制御した．ϨϪー回路Ͷ+ͻ V͹電圧͗印加さΗΖ間͹Ί，信号͗単層圧電
素子΃送ΔΗΖ．ʹ.ͳ HzͲϓΡーχώρέ冷却͹ON/OFFを行ͮた．干渉信号をϫρ
έ΢ンΠンϕͲ取Ε込Ί，解析した信号を，ΨεϫηαーϕͶΓΕϨϪー回路制御用͹
方形波ͳ同期すΖこͳͲ冷却͹応答を計測した．ϫρέ΢ンΠンϕͺ，SENS ͳͲͲ mV，
ξ΢ψϝρέϨδーϔ  LOW，時定数  ͳͲͲ µs，SLOPE ͸ dB/oct.，参照周波数 ͷͷ.ͷ͸ͺ kHz͹設定Ͳ解析を行ͮた．参照周波数ͺ，Ϝ΢έϫ片持ち梁͹固有振動数Ͳあ
Ζ．Ήたϫρέ΢ンΠンϕͲ解析した信号ͺ，Ψεϫηαーϕ(ηαーϕαーξー)ͶΓ
ͮͱ，ϓΟンέεョンζェネϪーνͲ発生した方形波ͲφϨΪすΖこͳͲ，ʹ ͲͶͺ回͹平
均処理を行ͮͱいΖ．͵͕，微小 FP干渉計͹光源ͺ，ΫャϑτΡ冷却・加熱͹影響͗
͵い出力約Ͳ.ͳ mW͹Ϫーδー光を用いた．ΰ΢ン�Ͷ対すΖ，ϓΡーχώρέ冷却応答
͵ΔびͶ常温΃͹回復応答͹関係を調΄た．  
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9.2 機械的フィードバック冷却の理論応答 

式(8-14)を用いΖこͳͲ，以下͹ΓうͶ理論的͵ϓΡーχώρέ冷却時間を算出すΖ．
今回͹実験ͺ、ΰ΢ン͗ 1ΓΕ΍小さい条件下Ͳ行ͮͱいΖたΌ，右辺第̐項ͺ十分小
さく͵Ε，無視すΖこͳ͗Ͳ͘Ζ．右辺第̏項͹分母͖Δ，振動振幅͹Ϗワーηペέφ
ϩ密度͹半値幅∆ωを求ΌΖこͳͲ，冷却時間を導く．�0をϜ΢έϫ片持ち梁͹固有角
振動数ͳすΖ．Ϝ΢έϫ片持ち梁͹Ϗワーηペέφϩ͹半値幅を与えΖ�を�+，�−ͳ
すΖ(�+ > �−，微小振動ϫーϪンς分布半値͹高周波側ͳ低周波側)．�+Ͷͯいͱͺ、
式(8-14)ΓΕ， 

 ሺ�02 − �+2ሻ = (��+2 + �0�+� )  

≃ ቆ��02 + �02� ቇ ሺ∵ �0 ≃ �+ሻ (9-1) 

 

ͳ͵Ε，�+ͺ， 

 �+ = �Ͳ√ͳ + � + ͳ�  

≃ �0 {ͳ + ͳʹ (� + ͳ�)} (∵ g, ͳ� ≪ ͳ) (9-2) 

 

ͳ͵Ζ．同様Ͷ，�−Ͷͯいͱ考えΖͳ， 

 ሺ�−2−�02ሻ = − (��−2 + �0�−� )  

≃ − ቆ��02 + �02� ቇ ሺ∵ �0 ≃ �−ሻ (9-3) 

 

ͳ͵Ε，�−ͺ， 

 �− = �0√ͳ − (� + ͳ�)  

≃ �0 {ͳ − ͳʹ (� + ͳ�)} (∵ g, ͳ� ≪ ͳ) (9-4) 
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ͳ͵Ζ．した͗ͮͱ半値全幅∆�ͺ， 

 ∆ω = �+ − �−  = ͳ�0 ሺ�� + ͳሻ (9-5) 

 

ͳ͵Ζ．ここͲ，�0ͺ励振したϜ΢έϫ片持ち梁͹振幅͗ͳ/�ΉͲ減衰すΖ͹Ͷ͖͖Ζ
時間ͲあΕ，式(8-8)ΓΕʹπ�/�0Ͳ求ΌΔΗΖ．以上ΓΕ，理論的͵Ϝ΢έϫ片持ち梁
͹ϓΡーχώρέ冷却時間�ͺ， 

 � = ͳ∆� = �0�� + ͳ = ʹπ��0ሺ�� + ͳሻ (9-6) 

 

Ͳ表さΗΖ． 

 

9.3 機械的フィードバック冷却と回復の応答計測実験結果 

ϓΡーχώρέϩーϕΰ΢ン�をͺ.ͻ × ͳͲ−2ͳした場合͹冷却͵ΔびͶ回復応答計測
実験͹結果を図 9.2Ͷ示す．図中͹朱色͹実線ͺϫρέ΢ンΠンϕͶΓΕ解析さΗたϜ
΢έϫ片持ち梁͹振幅͹信号ͲあΕ，水色͹実線ͺϨϪー回路を制御すΖϓΟンέεョ
ンζェネϪーν͹ TTL信号ͲあΖ．詳細͵ϓΡーχώρέ冷却応答特性を図 9.3 Ͷ示
す．図中͹灰色͹実線ͺ，�を時間，�Cを応答時定数ͳした場合，��/�CͲ求ΌΔΗΖ計
算値ͲあΖ．計算値を実験値ͶϓΡρτΡンήすΖこͳͲ，ϓΡーχώρέ冷却応答時
定数�Cを算出した．ΰ΢ンͺ.ͻ × ͳͲ−2͹場合͹ϓΡーχώρέ冷却応答時定数ͺͳͷͲ µs
ͳ͵ͮた．詳細͵，冷却状態͖Δ常温状態ΉͲ͹回復応答特性を図 9.4Ͷ示す．図中͹
実線ͺ，�を時間，�Rを回復応答時定数ͳした場合，(ͳ − ��/�R)Ͳ求ΌΔΗΖ計算値Ͳあ
Ζ．計算値を実験値ͶϓΡρτΡンήすΖこͳͲ，回復時定数�Rを算出した．ΰ΢ンͺ.ͻ × ͳͲ−2͹場合͹回復応答時定数ͺ͸.ʹ msͳ͵ͮた． 

ϓΡーχώρέϩーϕΰ΢ン�を͹.ͳ × ͳͲ−5ͳした場合͹冷却͵ΔびͶ回復応答計測
実験͹結果を図 9.5Ͷ示す．図中͹朱色͹実線ͺϫρέ΢ンΠンϕͶΓΕ解析さΗたϜ
΢έϫ片持ち梁͹振幅͹信号ͲあΕ，水色͹実線ͺϨϪー回路を制御すΖϓΟンέεョ
ンζェネϪーν͹ TTL信号ͲあΖ．詳細͵ϓΡーχώρέ冷却応答特性を図 9.6 Ͷ示
す．図中͹灰色͹実線ͺ��/�CͶΓΖ計算値ͲあΖ．計算値を実験値ͶϓΡρτΡンήす
ΖこͳͲ，時定数�を算出した．ΰ΢ン͹.ͳ × ͳͲ−5͹場合͹ϓΡーχώρέ冷却応答時定
数ͺͶͷ msͳ͵ͮた．詳細͵，冷却状態͖Δ常温状態ΉͲ͹回復応答特性を図 9.7Ͷ示
す．図中͹灰色͹実線ͺ(ͳ − ��/�R)ͶΓΖ計算値ͲあΖ．計算値を実験値ͶϓΡρτΡ
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ンήすΖこͳͲ，時定数�Rを算出した．ΰ΢ン͹.ͳ × ͳͲ−5͹場合͹回復応答時定数ͺ
50 msͳ͵ͮた． 

ϓΡーχώρέΰ΢ンͳ，冷却応答時定数͹関係を図 9.8Ͷ示す．Ήた，図 9.8中Ͷ
式(9-6)͹冷却応答͹理論式ΓΕ求Όた複数͹Q値Ͷ対すΖ計算値を示す．実験値ͳ理
論計算値ͺ良好͵一致を示した．ΰ΢ンͳ冷却応答時定数͹関係ͺ直線Ͷ並び，ΰ΢ン
ͺ大͘いほʹ冷却時間͗短いこͳ͗判明した． 

ϓΡーχώρέΰ΢ンͳ，回復応答時定数͹関係を図 9.9Ͷ示す．回復時間΍ΰ΢ン
Ͷ依存すΖこͳ͗判明した． 

 

 

 
 

図 9.1 Ϝ΢έϫ片持ち梁͹ϓΡーχώρέ冷却͹応答時間計測εητϞ͹概略．
BPFͺώンχϏηϓΡϩν͹略ͲあΖ． 
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図 9.2 ΰ΢ンͺ.ͻ × ͳͲ−2Ͷ͕けΖϓΡーχώρέ冷却͵ΔびͶ回復応答特性． 

 

 

 
 

図 9.3 ΰ΢ンͺ.ͻ × ͳͲ−2Ͷ͕けΖϓΡーχώρέ冷却応答特性． 
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図 9.4 ΰ΢ンͺ.ͻ × ͳͲ−2Ͷ͕けΖ回復応答特性． 

 

 

 
 

図 9.5 ΰ΢ン͹.ͳ × ͳͲ−5Ͷ͕けΖϓΡーχώρέ冷却͵ΔびͶ回復応答特性． 
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図 9.6 ΰ΢ン͹.ͳ × ͳͲ−5Ͷ͕けΖϓΡーχώρέ冷却応答特性． 

 

 

 
 

図 9.7 ΰ΢ン͹.ͳ × ͳͲ−5Ͷ͕けΖ回復応答特性． 
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図 9.8 ΰ΢ンͳ冷却応答時定数͹関係． 

 

 

 
 

図 9.9 ΰ΢ンͳ回復応答時定数͹関係． 
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第̏̎章 

結論 

 

Ϝ΢クϫ片持ち梁ͳ誘電体多層膜ϝϧーͲ構成ͤΖ，微小ϓァϔϨ・Ϙϫー干渉計͹
開発Ͷ成功した．本干渉計ͺ集光系͹Ϫ΢Ϩー範囲を利用しͱ͕Ε，キャビテΡ͹平行
度ͳ，ϝϧー͹面精度Ͷ関しͱ，高い精度を要求し͵いͳいう特徴͗あΖ．他͹MEMS

計測等͹超精密光学計測へ͹応用͗期待Ͳ͘Ζ． 

今回開発した微小ϓァϔϨ・Ϙϫー干渉計を用いた振動計測シηテϞ͹感度ͺͲ.ͳ8 V/nmͳ͵Ε，従来ΓΕも約ͳͲ倍高感度͵Ϝ΢クϫ片持ち梁͹熱振動計測を実現し
た．計測感度͹高感度化ͶΓΕ，ϏワーηϘクφϩノ΢θϪϗϩを約ͳ/ͳͲͲͶ低減ͤΖ
こͳ͗Ͳ͘た． 

微小ϓァϔϨ・Ϙϫー干渉計ͺ，Ϝ΢クϫ片持ち梁を受動的Ͷ冷却，加熱(キャビテ
Ρ冷却，キャビテΡ加熱)ͤΖこͳ͗判明した．こ͹現象ͺϓァϔϨ・Ϙϫー干渉計͹
特定͹キャビテΡ長Ͷ͕いͱ確認さΗた．キャビテΡ冷却ͶΓΕ，機械的ϓΡーχώッ
ク冷却を行わͥͶ，熱振動を理論上͹約ͳ/ͳͲͲあΖ5 pmまͲ減衰した．し͖し͵͗Δ，
キャビテΡ冷却ͳϓΡーχώック冷却͹併用ͺ困難ͲあΖこͳ͗判明した． 

Ϝ΢クϫ片持ち梁͹持ͯ熱振動͹，機械的ϓΡーχώック冷却͹限界向上を実現した．
Ϝ΢クϫ片持ち梁͹微小振動振幅を約ͳ.5 pmまͲ低減Ͳ͘た．こΗͺ実効温度Ͷ換算
ͤΖͳ約33Ͳ mKͲあΕ，従来͹シηテϞ͹ͳ/5まͲ冷却ͤΖこͳͶ成功した． 

機械的ϓΡーχώック冷却͹応答特性ͳ，冷却状態͖Δ常温状態へ͹回復͹応答特性
を計測し，解析を行ͮた．冷却ͳ回復͹ʹちΔも，ϓΡーχώックゲ΢ンͶ依存しͱい
Ζこͳ͗判明した．ゲ΢ン͗大͘いほʹ冷却，回復ͳもͶ時定数͗短い傾向を示した．
高いゲ΢ンͲͺ，Ϝ΢クϫ片持ち梁͹熱振動ͺ数百μsͲ冷却さΗた． 
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現在，微小࡞機械振動子ࡣ加㏿度計や振動ࢪ

ャࣟ࢖，原子間力顕微鏡ࡢ࡝࡞超精密計測器࡟

用い࡚ࢀࡽいࡿ．一方࡛，機械振動子ࡢ熱振動

࡜因子࡞重要ࡿ計測限界を決定すࡢ計測器ࡣ

࡟原子間力顕微鏡，ࡣ本研究室࡛．ࡿい࡚ࡗ࡞

用い࢖࣐ࡿࢀࡽクࣟ片持ち梁ࡢ熱振動ࡢ温度

冷却࡞ࡽࡼ࡟いࢻ࣮࢕ࣇバック制振࡟関すࡿ

研究を行࡚ࡗいࡿ．こࡣ࡛ࡲࢀ，熱振動࣮࢕ࣇ

ケࣝソン࢖࣐࡟精密振動計測ࡢバック制振ࢻ

ᖸ渉計を用い࡚ࡁた．一方࡛，近ᖺࡢ研究ࡼ࡟

ࡢ熱振動制振ࡀࢬ࢖ࣀ࢔ࣟࣇࡘ持ࡢ計測系ࡾ

限界を決定すࡿ主たࡿ要因ࡿ࡞࡜こࡀ࡜明ࡽ

，ためࡿ制振を実現す࡞高性能ࡾࡼ．たࡗ࡞࡜࠿

計測器ࡢ感度を向ୖさせ，ࡘ࠿信号ࣀ࢔ࣟࣇ࡜

 ．ࡿあࡀ必要ࡿ比(S/N)をୖ昇させࡢࢬ࢖

௒回新た࡟，計測器ࡢ感度向ୖࡢため，࢖࣐

ケࣝソンᖸ渉計ࡾࡼ高࣭ࣜࣈ࢓ࣇࡢࢫࢿ࢕ࣇ ペ

࣮ࣟ(以ୗ FP)ᖸ渉計を用い࡚࢖࣐クࣟ片持ち

梁ࡢ熱振動ࡢ計測を行う．本研究࡛ࡣ，計測系

を高感度化すࡿこ࡛࡜，熱振動ࡢ計測限界を向

ୖすࡿこ࡜を目的࡜すࡿ． 

実験装置ࡢ概略を Fig. 1 示す．FP࡟ ᖸ渉計

クࣟ片持ち࢖࣐を施したࢺ金コ࣮࡜࣮࣑ࣛ，ࡣ

梁࡛構成さࡿࢀ．௒回計測す࢖࣐ࡿクࣟ片持ち

梁ࡣ，長さ 240[μm]，幅 40[μm]，厚さ約 2.3[μ

m]，ࡡࡤ定数約 2.5[N/m]࡛あࡾ，ᮦ料ࡣ単結晶

࣮ࢨ࣮ࣞ࡟局所的࡟ඛ端ࡢ梁．ࡿコン࡛あࣜࢩ

ගを当࡚ࡿため，ࣞ ンࢬを用い࡚集ගした．集

ගࡿࡼ࡟ FPᖸ渉へࡢ影響を抑えࡿため，本研

究࡛ࡣ球面波ࡀᖹ面波࣮ࣜ࢖ࣞࡿ࡞࡜範囲内

࡛キャビテ࢕を構成した．変位࡟対すࡿᖸ渉ග

量ࡢ変化ࡀ最大ࡼࡿ࡞࡜う࡟キャビテ࢕長を

離調し，測定したᖸ渉ග量変化を FFT ࣛࢼ࢔

熱振動ࡢ梁，ࡾࡼ࡟࡜こࡿ周波数解析す࡛ࢨ࢖

ࡿけ࠾࡟実験ࡢ௒回．ࡿࡳ計測を試ࡢ FPᖸ渉

特性を Fig. 2࡟示す．詳細࡞実験結果ࡢ紹௓࡜

解析ࡣ発表࡟譲ࡿ． 
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Fig. 1 Measurement system for the thermal 
vibration of micro cantilever 

Fig. 2 Transmission characteristic 
of the FP interferometer 
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微小ϓァϔϨ・ペロー干渉計の開発 
DeǀelopŵeŶt of MiĐro Faďry-Pérot IŶterferoŵeter 

辻家 祐介 1，鐘ヶ江 力 1，今井 秀和 2，河村 良行 1.2 (1.福岡工大院，2.福岡工大) 
Yusuke Tsujiieϭ, Riki KaŶegaeϭ, Hidekazu IŵaiϮ, Yoshiyuki Kaǁaŵuraϭ.Ϯ 

;ϭ. Grad. SĐh. of Fukuoka IŶstitute of TeĐhŶology, Ϯ. Fukuoka IŶstitute of TeĐhŶologyͿ 
E-ŵail: ŵĐŵϭϲϭϬ8@ďeŶe.fit.aĐ.jp 

1. 研究概要 
現在，微小͵機械振動子ͺ加速度計や振動ζャ΢ϫ，原子間力顕微鏡͵ʹ͹超精密計測器Ͷ用いΔ

ΗͱいΖ．一方Ͳ，機械振動子͹熱振動ͺ計測器͹高精度化を妨͝Ζ．本研究室Ͳͺ，原子間力顕微鏡
Ͷ用いΔΗΖ微小片持ち梁͹熱振動͹温度冷却ͶΓΔ͵い制振Ͷ関ͤΖ研究を行ͮͱいΖ．͞ΗΉͲ
ͺ，熱振動ϓΡーχώック制振͹振動計測ͶϜ΢ケϩソン干渉計を用いた．͢ ͖͢，計測系͹持ͯϓϫ
Πό΢θ͗熱振動制振͹限界を決定ͤΖ主たΖ要因ͳ͵Ζ͞ͳ͗明Δ͖ͳ͵ͮた．ΓΕ高性能͵制振
を実現ͤΖため，計測器͹感度を向上させ，͖ ͯ信号ͳϓϫΠό΢θ͹比を上昇させΖ必要͗あΖ．計
測器͹感度向上͹ためͶ，Ϝ΢ケϩソン干渉計ΓΕ高ϓΡϋη͹ϓΟϔϨ・ペϫー(以降 FP)干渉計を
用いΖ．本研究Ͳͺ FP 干渉計を用いͱ高感度͹熱振動͹計測さΔͶͺ，制振ͤΖ͞ͳを目的ͳͤΖ． 

本研究Ͳ使用ͤΖ微小片持ち梁ͺ，⾧さ 240[μm]，幅 40[μm]，厚Ί約 2.3[μm]ͲあΕ，材料ͺ単
結晶εϨコンͲあΖ．Ήた干渉計͹光源Ͷͺ波⾧ 623.8[nm]，出力約 1[mW]͹ He-Ne Ϫーδーを用
いた．梁͹微小振動を計測ͤΖ手法ͳ͢ͱ以下を考案͢た．集光͢たϪーδー光を用いͱ，΢オンηϏ
ッタͶΓΖ金コーφ͗施さΗたϝϧー基板ͳ片持ち梁Ͳ FP 干渉計を構成͢た．͞͹設計構想を実現
ͤΖため，集光͕Γび΢オンηϏッタͶΓΖ FP 干渉΃͹影響を調査ͤΖ以下͹予備実験を行ͮた． 
2.1 集光ビーϞによる FP 干渉特性 

実験͹概略図を図 1 Ͷ示ͤ． 今回͹実験Ͳͺ，焦点距離 150[mm]͹Ϫンθ及び，一対͹誘電体多
層膜ϝϧー(反射率：約 60[%]，厚Ί：10[mm]，基板材料：合成石英)ͶΓΕ構成さΗた FP 干渉計を
用いた．͞ ͹ FP 干渉計͹キャビテΡ部Ͳ，Ϫーδー光͗集光さΗΖΓうͶϪンθ位置を調整ͤΖ．FP
干渉計を回転させΖ͞ͳͲキャビテΡ⾧を変え，透過ͶΓΖ FP 干渉を観測͢た．図 2 Ͷ，͞͹結果
(Focuかing)ͳ比較͹為Ͷ平行ビーϞを用いた場合͹結果(Unfocuかing)を示ͤ．実験結果ΓΕ，集光͢た
場合ͺ集光͢͵い場合ͳ比΄ϓΡϋη͗極端Ͷ低下ͤΖ͞ͳ͗判明͢た．͞ΗͺϪンθͳ焦点ͳ͹間
Ͷϝϧー基板͗在Ζ͞ͳͶΓΕ，入射方向Ͷ͕͜Ζ光路⾧͹変化͗生ͣΖ͞ͳ͗原因ͲあΖ．͞͹影
響を抑えΖため，極力薄いϝϧー基板ͳ，焦点距離͹⾧いϪンθを用いΖ͞ͳͶ͢た． 
2.2 金コートϝϧーによる FP 干渉特性 

実験͹概略図を図 3 Ͷ示ͤ．反射率約 80[%]，透過率約 10[%]ͳ͵ΖΓうͶ金コーφを施͢た厚Ί
5[mm]͹ϝϧー基板を用いͱ FP 干渉計を構成͢た．金ͶΓΖϪーδー光吸収率 10[%]͹場合͹理論
値を図 4-(A)Ͷ示ͤ．Ήた，実験結果を図 4-(B)Ͷ示ͤ．実験結果ΓΕ，図 2(Unfocuかing)͹誘電体多
層膜ϝϧー͹結果ͳ比΄，金ͶΓΖϪーδー光吸収ͶΓΕ４割程度透過率͹低下͗ΊΔΗた͗，͞͹
吸収ͺϓΡϋη΃影響͢͵い͞ͳ͗判明͢た．Ήた，理論値ͳ比較͢た場合，7 割程度透過率͹低下͗
ΊΔΗΖ͗，͞Ηͺ金コーφ表面Ͷ͕͜Ζ散乱やϝϧー基板表面Ͳ͹反射Ͷ原因͗あΖͳ考えΔΗΖ． 
 
 

図 4 金コーφϝϧーFP 干渉特性 
(A)理論値 (B)実験値 
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図 3 金コーφϝϧーͶΓΖ実験概略図 

図 1 集光ͶΓΖ実験概略図 

図 2 集光ͶΓΖ FP 干渉特性 
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ϓァϔリ・ペロー干渉計によるマイクロ片持ち梁熱振動の計測 

Thermal vibration measurement of a micro cantilever using Fabry-Pérot Interferometer 
福岡工大院工 1，福岡工大工 2 ○辻家 祐介 1，日野 史也 2，丸林 真也 2，河村 良行 1,2 
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○Yusuke Tsujiie1, Fumiya Hino2, Shinya Marubayashi2, Yoshiyuki Kawamura1,2 

E-mail: mcm16108@bene.fit.ac.jp 

 

現在，微小͵機械振動子ͺ加速度計や振動ζ
ャ΢ϫ，原子間力顕微鏡͵ʹ͹超精密計測器Ͷ
用いΔΗͱいΖ．一方Ͳ，機械振動子͹熱振動
ͺ計測器͹計測限界を決定すΖ重要͵因子ͳ
͵ͮͱいΖ．本研究室Ͳͺ，原子間力顕微鏡Ͷ
用いΔΗΖϜ΢クϫ片持ち梁͹温度冷却ͶΓ
Δ͵い熱振動ϓΡーχώック制振Ͷ関すΖ研
究を行ͮͱいΖ．こΗまͲͺ，熱振動ϓΡーχ
ώック制振͹精密振動計測ͶϜ΢ケϩソン干
渉計を用いͱ͘た．一方Ͳ，近年͹研究ͶΓΕ
計測系͹持ͯό΢θ͗熱振動制振͹限界を決
定すΖ主たΖ要因ͳ͵Ζこͳ͗明Δ͖ͳ͵ͮ
た．ΓΕ高性能͵制振を実現すΖため，計測器
͹感度，S/Nを上昇させΖ必要͗あΖ． 

今回，計測器͹感度向上͹ため，Ϝ΢ケϩソ
ン干渉計ΓΕ高ϓΡϋη͹ϓァϔϨ・ペϫー
(以下 FP)干渉計を用いͱϜ΢クϫ片持ち梁͹
熱振動͹計測を行ͮた．実験装置͹概略を Fig. 
1Ͷ示す．FP干渉計ͺ，ϝϧーͳ金コーφを施
したϜ΢クϫ片持ち梁Ͳ構成さΗΖ．今回計測
すΖϜ΢クϫ片持ち梁ͺ，長さ 240[μm]，幅
40[μm]，厚さ約 2.3[μm]，ͻ͸定数約 2.5[N/m]
ͲあΕ，材料ͺ単結晶εϨコンͲあΖ．集光Ͷ
ΓΖ FP干渉へ͹影響を抑えΖため，球面波͗
平面波ͳ͵ΖϪ΢Ϩー範囲内ͲキャビテΡを
構成した．変位Ͷ対すΖ干渉光量͹変化͗最大
ͳ͵ΖΓうͶキャビテΡ長を調整し，測定した
干渉光量変化を周波数解析すΖこͳͲ，梁͹熱
振動͹Ϗワーηペクφϩ密度(PSD)を計測した．
本実験͹ FP干渉特性を Fig. 2Ͷ，熱振動計測
結果 Fig. 3Ͷ示す．詳細͵実験結果ͳ解析ͺ発
表Ͷ譲Ζ． 

Fig. 1 Measurement system of the thermal vibration. 

Fig. 2 Interferometric characteristics of 
Fabry-Pérot interferometer. The gray 

solid line is the calculated value. 
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Fig. 3 Power spectrum density of thermal vibration 
of the microcantilever. 
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現在，微小͵機械振動子ͺ加速度計や振動ζ

ャ΢ϫ，原子間力顕微鏡͵ʹ͹超精密計測器Ͷ
用いΔΗͱいΖ．一方Ͳ，機械振動子͹熱振動
ͺ計測器͹計測限界を決定すΖ重要͵因子ͳ
͵ͮͱいΖ．本研究室Ͳͺ，原子間力顕微鏡Ͷ
用いΔΗΖϜ΢クϫ片持ち梁͹温度冷却ͶΓ
Δ͵い熱振動ϓΡーχώック制振Ͷ関すΖ研
究を行ͮͱいΖ．こΗまͲͺ，熱振動ϓΡーχ
ώック制振͹精密振動計測ͶϜ΢ケϩソン干
渉計を用いͱ͘た．一方Ͳ，近年͹研究ͶΓΕ
計測系͹持ͯό΢θ͗熱振動制振͹限界を決
定すΖ主たΖ要因ͳ͵Ζこͳ͗明Δ͖ͳ͵ͮ
た．ΓΕ高性能͵制振を実現すΖため，計測器
͹感度，S/N を上昇させΖ必要͗あΖ． 

今回，計測器͹感度向上͹ため，Ϝ΢ケϩソ
ン干渉計ΓΕ高ϓΡϋη͹ϓァϔϨ・ペϫー
(以下 FP)干渉計を用いͱϜ΢クϫ片持ち梁͹
熱振動͹計測を行ͮた．実験装置͹概略を
Fig.1 Ͷ示す．FP 干渉計ͺ，ϝϧーͳ金コーφ
を施したϜ΢クϫ片持ち梁Ͳ構成さΗΖ．今回
計測すΖϜ΢クϫ片持ち梁ͺ，⾧さ 240[μm]，
幅 40[μm]，厚さ約 2.3[μm]，ͻ͸定数約
2.5[N/m]ͲあΕ，材料ͺ単結晶εϨコンͲあΖ．
集光ͶΓΖ FP 干渉へ͹影響を抑えΖため，球
面波͗平面波ͳ͵ΖϪ΢Ϩー範囲内Ͳキャビ
テΡを構成した．変位Ͷ対すΖ干渉光量͹変化
͗最大ͳ͵ΖΓうͶキャビテΡ⾧を調整し，測
定した干渉光量変化を周波数解析すΖこͳͲ，
梁͹熱振動͹Ϗワーηペクφϩ密度(PSD)͹計
測Ͷ成功した．本実験͹ FP 干渉特性を Fig.2
Ͷ，熱振動計測結果 Fig.3 Ͷ示す．詳細͵実験
結果ͳ解析ͺ発表Ͷ譲Ζ． 

Fig. 1 Measurement system of the thermal vibration. 

Fig. 2 Interferometric characteristics of 
Fabry-Pérot interferometer. The gray 

solid line is the calculated value. 

0

20

40

60

80

100

0 0.1 0.2 0.3 0.4 0.5 0.6

Tr
an

sm
itt

an
ce

 [%
]

Displacement [μm]

0

1

2

3

4

5

6

60 62 64 66 68 70

PS
D 

[p
m

2 /
Hz

] 

Frequency [kHz]
Fig. 3 Power spectrum density of thermal vibration 

of the microcantilever. 
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 イクロ片持ち梁熱振動の計測࣐リ࣭ペロ࣮干渉計によるࣈァࣇ
 

Thermal vibration measurement of a micro cantilever using Fabry-Pérot Interferometer 
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The ultimate target of our research is to measure the zero-point motion of microcantilever as a macroscopic object. 
In order to achieve the target, it is necessary to remove the thermal vibration which is the limit of measurement. Up to 
now, we have been using the Michelson interferometer for the feedback cooling of the thermal vibration of 
microcantilever. We decided to use Fabry-Pérot (FP) interferometer which has higher finesse to improve S/N, because 
the noise level of the detection system determines the limit of suppression of thermal vibration. We construct an FP 
interferometer with a mirror and a microcantilever which will be used for the measurement of the thermal vibration. 
We have succeeded in the measurement the thermal vibration of microcantilever and reducing the noise level about 
hundredfold using FP interferometer. 

Key Words: Fabry-Pérot Interferometer, Micro cantilever, Thermal vibration, Zero-point motion, Feedback cooling 
 

㸯．緒 言 

 巨視的࡞物体࠾࡟けࡿ量子基底状態ࡢ零点振動ࡣ，熱振動

い．本࡞い࡚ࢀ実現さࡀま࡛計測ࢀこ，ࡵࡓࡿい࡚ࢀࡶ埋࡟

研究ࡣ，原子間力顕微鏡࡟用いࣟࢡ࢖࣐ࡿࢀࡽ片持ち梁ࡢ熱

振動を，温度冷却࡞ࡽࡼ࡟いࢡࢵࣂࢻ࣮࢕ࣇ制振を行うこ࡜

࡛取ࡾ除ࡁ，零点振動計測を実現ࡿࡍこ࡜を最終的࡞目的࡜

ࢩ計測ࡢ微小振動ࡢ制振ࢡࢵࣂࢻ࣮࢕ࣇ従来，熱振動．ࡿࡍ

ࡢ一方࡛，近ᖺ．ࡓࡁソンᖸ渉計を用い࡚ࣝࢣ࢖࣐࡟࣒ࢸࢫ

研究ࡾࡼ࡟計測系ࡢ持ࡀࣝ࣋ࣞࢬ࢖ࣀࡘ熱振動制振ࡢ限界

を決定ࡿࡍ主ࡿࡓ要因ࡿ࡞࡜こࡀ࡜明(1)ࡓࡗ࡞࡜࠿ࡽ． 

感度を向ୖさࡢ計測器，ࡵࡓࡿࡍ制振を実現࡞高性能ࡾࡼ 

あࡀ必要ࡿࡏ比(S/N)をୖ昇さࡢࢬ࢖ࣀ࢔ࣟࣇ࡜信号ࡘ࠿，ࡏ
ソンᖸ渉ࣝࢣ࢖࣐ࡣ本研究࡛，ࡵࡓࡢ感度向ୖࡢ計測器．ࡿ

計ࡾࡼ高࣮࣭ࣟ࣌ࣜࣈ࢓ࣇ࡞ࢫࢿ࢕ࣇ(以ୗ FP)ᖸ渉計を用い
FP．ࡿ ᖸ渉計を用いࡓ微小振動ࡢ計測࡜し࡚こࢀま࡛，ග
ࢡ࢖࣐を࣮࣑ࣛࡢ手法(2)(3)や超高反射率ࡓを用い࣮ࣂ࢖࢓ࣇ

ࣟ片持ち梁࡟貼ࡾ付け࡚計測ࡿࡍ手法(4)ࡀ報告さ࡚ࢀいࡿ．

一方࡛こࡢࡽࢀ手法ࡣ࡟，回折࣮ࢨ࣮ࣞࡿࡼ࡟ගࡢ広ࡀࡾࡀ

あࡢ࣮࣑ࣛ，ࡿ質量ࡾࡼ࡟梁ࡢQ値࡟影響を及ぼࡍ等ࡢ問題
構造࡛࡞ࣝࣉンࢩࡾࡼࡣ本研究．ࡿあࡀ FPᖸ渉計を構成し，
高感度࡞熱振動ࡢ計測さࡣ࡟ࡽ制振ࡿࡍこ࡜を目的ࡿࡍ࡜． 
 

㸰．ࣇァࣈリ࣭ペロ࣮干渉計 

 FP ᖸ渉計ࡣ，ᖹ行࡞一対ࡢ半透࡚ࡗࡼ࡟࣮࣑ࣛ構成さࢀ
多ࡣග࣮ࢨ࣮ࣞࡓ入射し࡟(࢕ࢸビࣕ࢟)間࣮࣑ࣛࡢ一対．ࡿ
重反射し，反射ࡢ度࡟一部ࡢගࡽ࠿࣮࣑ࣛࡀ透過ࡿࡍ．こࢀ

ࡘ二．ࡿࡍ変化࡟ඛ鋭ࡀ明暗ࡢᖸ渉し，ග࡟多重ࡀ透過ගࡽ

ࡍ࡜長をδ࢕ࢸビࣕ࢟，ଵ，�ଶ�ࢀࡒࢀࡑ反射率をࡢ࣮࣑ࣛࡢ
 ，ࡣᖸ渉特性࣮࣭ࣟ࣌ࣜࣈ࢓ࣇ࡞理論的，࡜ࡿ

 �i = �ଵ + �ଶ − ʹ√�ଵ�ଶ + 4√�ଵ�ଶ sinଶሺ�/ʹሻͳ + �ଵ�ଶ − ʹ√�ଶ�ଶ + 4√�ଵ�ଶ sinଶሺ�/ʹሻ (1) 

 

計算結果をࡢ式(1)．ࡿ࡞࡜ Fig. 1࡟示ࡍ．後述ࡢ通ࡾ，今回
反，ࡾࡼFig. 1．ࡿ࡞異ࡀ反射率ࡢ࣮࣑ࣛࡢ一対ࡣ実験࡛ࡢ

射率ࡀ異ࡿ࡞場合，ᖸ渉特性ࡣ浅くࡀࡿ࡞，ᖸ渉計ࡢ構成ࡣ

可能࡛あࡿこࡀ࡜確認さࡓࢀ． 

 

㸱．࣐イクロ片持ち梁の小型化に伴う零点振動振幅の増加 

 梁ࡢ理論的࡞熱振動ᖹ均振幅�̅t，零点振動ᖹ均振幅�̅qࡣ， 
 �̅t = √�B�� ， (2) 

 �̅q = √ʹ�଴ℏ�  (3) 

 

定数ࢡࢵࣛ࢕ࢹࡣ固有角周波数，ℏࡢ梁ࡣ温度，�଴ࡢ熱浴ࡣ�，ン定数࣐ࢶボࣝࡣ定数，�Bࡡࡤࡢ梁ࡣ�，ここ࡛．ࡿ࡞࡜
࡛あࡿ．市販ࣟࢡ࢖࣐ࡢ片持ち梁ࡢ幅࡜長さを半分࡟小型化

ᖹ࡞伴い，理論的࡟ࢀこ．ࡓ固有振動数を高くし࡛࡜こࡿࡍ

均振幅ࡢ計算結果ࡣ Fig. 2ࡼࡢうࡿ࡞࡟．同時࡟，従来࣐ࡢ
ࡶࣝ࣋ࣞࢬ࢖ࣀࡢ࣒ࢸࢫࢩ計測ࡓソンᖸ渉計を用いࣝࢣ࢖

示ࡍ．小型化࡟伴い，熱振動，零点振動࡟ࡶ࡜増ຍࡀࡿࡍ，

零点振動ࡀ大࡞ࡁ傾ࡁを持ࡘこࡀ࡜確認࡛ࡿࡁ．制振限界࡛

あࣝ࣋ࣞࢬ࢖ࣀࡿを，高感度࡞ FPᖸ渉計を用いࡿこ࡛࡜低 

 
Fig. 1 Theoretical FP interferometric characteristics 
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減し，熱振動を取ࡾ除ࡁ，さ࡟ࡽ零点振動振幅を増ຍさࡿࡏ

こ࡛࡜，零点振動ࡢ計測を目指ࡍ． 

 

㸲．実験方法 

 FP ᖸ渉計を用いࣟࢡ࢖࣐，ࡓ片持ち梁ࡢ微小振動計測ࢩ
概要をࡢ࣒ࢸࢫ Fig. 3 (A)࡟示ࡍ．まࡓ，今回ࡢ実験ࡢ計測対
象࡛あࣟࢡ࢖࣐ࡿ片持ち梁ࡢ SEM像を Fig. 3 (B)࡟示࣐．ࡍ
長さ，ࡣ片持ち梁ࣟࢡ࢖ 140μm，幅 24μm，厚さ約 2.3μm࡛
あࡾ，材質ࡣ単結晶ࣜࢩコン࡛あࡿ．反射率 誘電体多ࡢ85%
層膜࡜࣮࣑ࣛ，反射率約 ඛ端࡛ࡢ片持ち梁ࣟࢡ࢖࣐ࡢ90% FP
ᖸ渉計を構成ࡿࡍこ࡛࡜，梁ࡢ熱振動を計測しࡓ．こࡢ際，

梁ࡢඛ端࡟局所的࣮ࢨ࣮ࣞ࡟ගを当࡚ࡵࡓࡿ集ගし，ࣞ࢖

࣮ࣜ範囲内࡛ࣕ࢟ビ࢕ࢸを構成しࡓ．ᖸ渉計ࡢග源ࡣ，波長

632.8nm，出力約 1mWࡢ直線偏ගࢩンࢻ࣮ࣔࣝࢢ He-Ne࣮ࣞ
࡟タ࣮ࢡࢸ࢕ࢹࢺ࢛ࣇ࢙ࢩンࣛࣂ࢔ࡣᖸ渉ග．ࡓを用い࣮ࢨ

微分回路ࢡࢵࣂࢻ࣮࢕ࣇ，信号をࡓ検出し．ࡓ検出し࡚ࡗࡼ

長さを，ᖸ渉ࡢ電歪素子ࡿࡍ片持ち梁を支持，࡛࡜こࡍ通࡟

ග量ࡢ変化，ࡘまࡾ感度ࡀ最大ࡼࡿ࡞࡜う࡟制御しࡓ．まࡓ，

感度ࡀ最大࡛あࡿ信号を࡛ࢨ࢖ࣛࢼ࢔ࣝࢺࢡ࣌ࢫ周波数解

析ࡿࡍこ࡛࡜片持ち梁ࡢ熱振動を計測しࡓ．ここ࡛，ࣞンࢬ

約ࡣᚄ࣮ࢨ࣮ࣞࡿࡍ入射࡟ 5mm，ࣞンࡢࢬ焦点距離ࡣ
120mm，最小集ගᚄࡣ約 32μm，࣮ࣞࣜ࢖範囲ࡣ約 0.4mm࡛
あࡿ．まࡢࢨ࢖ࣛࢼ࢔ࣝࢺࢡ࣌ࢫࡓ周波数分解能ࡣ 100Hz，
ᖹ均回数ࡣ 15 回࡛計測を行ࡓࡗ．まࡓ，熱統計力学ࡿࡼ࡟
熱振動ᖹ均振，ࡾࡼ式(2)ࡓࡵ求ࡾࡼ法則ࡢ等分配࣮ࢠࣝࢿ࢚
幅ࡣ約 40pm࡛あ࡜ࡿ予想さࡿࢀ．まࡓ，今回ࡢ実験ࡣ大気
中࡛行ࡓࡗ． 

㸳．実験結果 

 本実験ࡢ FPᖸ渉特性を Fig. 4 ඛ鋭さを表ࡢᖸ渉．ࡍ示࡟
ࡣࢫࢿ࢕ࣇࡍ 10.9 ࡛あࡓࡗ．最大感度ࡣ 0.12V/pm ，ࡾ࡞࡜
従来ࣝࢣ࢖࣐ࡢソンᖸ渉計ࡢ約 10 倍ࡢ感度を実現しࡓ．し
ࡀୗࡣᖸ渉特性ࡢし，今回࠿ ࡞不完全，ࡎࡽ࠾い࡚ࡘ࡟0%
ᖸ渉࡛あࡿ．こࡢ原因࡜し࡚，梁ࡢ幅࡟対し࡚࣮ࣞࡢ࣮ࢨ最

小集ගᚄࡀ大ࡁいࡵࡓ，完全࣮ࢨ࣮ࣞ࡟ගを利用࡛ࡗ࠿࡞ࡁ

ࡀ反射率�ଶࡢ梁࡞実質的，ࡵࡓࡢࡑ．ࡿࢀࡽ考えࡀ࡜こࡓ
．ࡓ一致しࡶ最ࡀ実験値，࡜理論計算値ࡢ式(1)，ࡁ࡜ࡢ60%
こࡢ問題を解決ࡿࡍこ࡛࡜，さࡿ࡞ࡽ感度向ୖࡀ期ᚅ࡛ࡿࡁ． 

 ୖ記 FP ᖸ渉計を用い࡚計測しࣟࢡ࢖࣐ࡓ片持ち梁ࡢ熱振
動ࣃࡢワ࣮ࣝࢺࢡ࣌ࢫ密度(PSD)を Fig. 5 実ࡢ今回．ࡍ示࡟
験ࡣ大気中࡛行ࡵࡓࡓࡗ，Q値ࡣ約 200 ࡛あࡓࡗ．梁ࡢ小型
化前ࡢ中心周波数ࡣ約 70kHz࡛あࡾ，長さを約半分࡟ຍ工し
約ࡣ中心周波数ࡢ今回ࡓ 4倍ࡢ 276kHzࡓࡗ࡞࡜．まࡓ，今
回ࡢ計測感度ࡣ従来ࡢ約 10倍࡛あࡵࡓࡿ，PSD ࡓ換算し࡟
約ࡀࣝ࣋ࣞࢬ࢖ࣀ 100倍低減࡛ࡓࡁこࡀ࡜確認さࡓࢀ． 

 

㸴．結 言 

 FP ᖸ渉計を用いࡿこ࡛࡜高感度ࣟࢡ࢖࣐，࡞片持ち梁ࡢ
微小振動ࡢ計測࡟成ຌしࡓ．高感度化࡟伴いࡀࣝ࣋ࣞࢬ࢖ࣀ

低減し，零点振動計測へ近࡙くこࡓࡁ࡛ࡀ࡜． 
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Fig. 2 Calculated mean amplitude as a function of length of 

microcantilever 
 

 
Fig. 3 (A) Schematic diagram of pico-vibration measurement 

system using FP interferometor (B) SEM image of 
microcantilever 

 

 
Fig. 4 FP interferometric reflectance 

 

 
Fig. 5 Power spectral density of thermal vibration of 

microcantilever 
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本研究ࡣ，原子間力顕微鏡࡟用いࢡ࢖࣐ࡿࢀࡽ

ࣟ片持ち梁ࡢ熱振動を，冷却を࡟ࡎࡏ，機械的ࣇ

量子的，ࡁ除ࡾ取࡛࡜制振を行うこࢡッࣂࢻ࣮࢕

零点振動計測を実現ࡿࡍこ࡜を最終的࡞目的࡜

࣋ࣞࢬ࢖ࣀࡘ持ࡢ計測系ࡾࡼ࡟研究ࡢ近年．ࡿࡍ

࡜要因ࡿ主たࡿࡍ限界を決定ࡢ熱振動制振ࡀࣝ

たࡗ࡞࡜࠿ࡽ明ࡀ࡜こࡿ࡞ 制࡞高性能ࡾࡼ．(2 ,(1

振を実現ࡿࡍため，計測器ࡢ感度を向ୖさࡏ，信

号ࡢࢬ࢖ࣀ࡜比(S/N)をୖ昇さࡿࡏ必要ࡀあࡿ本
研究࡛ࡣ従来用い࡚ࡁたࣝࢣ࢖࣐ソン干渉計ࡼ

࣭ࣜࣈァࣇࡘを持ࢫࢿ࢕ࣇ高いࡾ 以ୗ)࣮ࣟ࣌ FP)
干渉計を用いࡿ．FP 干渉計を用いた微小振動ࡢ
計測࡜し࡚こࢀま࡛，ගࣇァ࣮ࣂ࢖を用いた手法
3)や超高反射率࣮࣑ࣛࡢを梁࡟貼ࡾ付け࡚計測ࡍ

手法ࡿ 手法ࡢࡽࢀ一方࡛こ．ࡿい࡚ࢀ報告さࡀ(4

，࡜こࡿあࡀࡾࡀ広ࡢග࣮ࢨ࣮ࣞࡿࡼ࡟回折，ࡣ࡟

ࡢ梁ࡾࡼ࡟質量ࡢ࣮࣑ࣛ Q 値࡟影響を及ぼࡍこ
構造࡞ࣝࣉンࢩࡾࡼࡣ本研究．ࡿあࡀ問題ࡢ等࡜

ࣟࢡ࢖࣐࡛ FP干渉計を構成し，高感度࡞熱振動
．ࡿࡍ࡜を目的࡜こࡿࡍ制振ࡣ࡟ࡽ計測さࡢ

FP 干渉計を用いた，ࣟࢡ࢖࣐片持ち梁ࡢ微小
振動計測ࢫࢩテࡢ࣒概要を Fig. 1࡟示ࡍ．計測対
象࡛あࣟࢡ࢖࣐ࡿ片持ち梁ࡣ，長さ 140μm，幅
24μm，厚さ約 2.3μm ࡛あࡾ，材質ࡣ単結晶ࣜࢩ
コン࡛あࡿ．梁࡜誘電体多層膜࡛࣮࣑ࣛ FP干渉
計を構成し，梁ࡢ微小振動を計測した．干渉計ࡢ

ග源࡜し࡚，波長 632.8nm，出力約 1mWࡢ直線
偏ගࢩンࢻ࣮ࣔࣝࢢ He-Ne ࣮࣮ࣞࢨを用いた．
梁ࡢඛ端࡟局所的࣮ࢨ࣮ࣞ࡟ගを当࡚ࡿため，ࣞ

ンࢬを用い࡚集ගし，キࣕビテ࣮ࣜ࢖ࣞࡀ࢕範囲

内࡟入ࡼࡿう࡟調整した．感度ࡀ最大ࡼࡿ࡞࡜う

ࡍ長を制御し，干渉ගを周波数解析࢕キࣕビテ࡟

．検出を実現したࡢ微小振動ࡢ梁，࡛࡜こࡿ

本実験࠾࡟けࡿ FP干渉特性を Fig. 2࡟示ࡍ．
干渉ࡢඛ鋭さを表ࡣࢫࢿ࢕ࣇࡍ約 11 ࡛あࡗた．
また，感度ࡣ 0.12V/pmࡾ࡞࡜，従来ࣝࢣ࢖࣐ࡢ
ソン干渉計ࡢ約 10 倍ࡢ感度向ୖを達成ࡿࡍこ࡜
ࣟࢡ࢖࣐た．また，本ࡁ࡛ࡀ FP干渉計を用い࡚
計測した，ࣟࢡ࢖࣐片持ち梁ࡢ熱振動ࣃࡢワ࣮ࢫ

密度をࣝࢺࢡ࣌ Fig. 3 ，ࡾࡼ࡟感度向ୖ．ࡍ示࡟
約ࡀࣝ࣋ࣞࢬ࢖ࣀ ．たࢀ低減さ࡟1/100

Fig. 1 Schematic diagram of pico-vibration 
measurement system using FP interferometer 

Fig. 2 FP interferometric reflectance 

Fig. 3 Power spectral density of thermal vibration 
of microcantilever 
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本研究ࡣ，原子間力顕微鏡࡟用い࢖࣐ࡿࢀࡽ

機械，࡟ࡎࡏ熱振動を，冷却をࡢ片持ち梁ࣟࢡ

的ࣂࢻ࣮࢕ࣇッࢡ制振を行うこ࡛࡜取ࡾ除ࡁ，

量子的零点振動計測を実現ࡿࡍこ࡜を最終的

ࡘ持ࡢ計測系ࡾࡼ࡟研究ࡢ近ᖺ．ࡿࡍ࡜目的࡞

ࡿࡍ限界を決定ࡢ熱振動制振ࡀࣝ࣋ࣞࢬ࢖ࣀ

主たࡿ要因ࡿ࡞࡜こࡀ࡜明ࡗ࡞࡜࠿ࡽた ࡼ．(1

感度ࡢため，計測器ࡿࡍ制振を実現࡞高性能ࡾ

を向ୖさࡏ，S/Nをୖ昇さࡿࡏ必要ࡀあࡿ．本

研究࡛ࡣ従来用い࡚ࡁたࣝࢣ࢖࣐ソンᖸ渉計

࣭ࣜࣈァࣇࡘ高い感度を持ࡾࡼ 以ୗ)࣮ࣟ࣌ FP)

ᖸ渉計を用いࡿ．FP ᖸ渉計を用いた微小振動

を用いた࣮ࣂ࢖ァࣇま࡛，ගࢀし࡚こ࡜計測ࡢ

手法 3)や超高反射率࣮࣑ࣛࡢを梁࡟貼ࡾ付け

࡚計測ࡿࡍ手法 一方࡛こ．ࡿい࡚ࢀ報告さࡀ(4

ࡀ広ࡢග࣮ࢨ࣮ࣞࡿࡼ࡟回折，ࡣ࡟手法ࡢࡽࢀ

ࡢ等࡜こࡿ複雑࡛あࡀග学設計，࡜こࡿあࡀࡾ

問題ࡀあࡿ．本研究ࢩࡾࡼࡣン࡞ࣝࣉ構造࡛࣐

ࣟࢡ࢖ FPᖸ渉計を構成し，高感度࡞熱振動ࡢ

計測さࡣ࡟ࡽ制振ࡿࡍこ࡜を目的ࡿࡍ࡜． 

FP ᖸ渉計を用いた，ࣟࢡ࢖࣐片持ち梁ࡢ微

小振動計測ࢫࢩテࡢ࣒概要を Fig. 1࡟示࣐．ࡍ

長さ，ࡣ片持ち梁ࣟࢡ࢖ 140μm，幅 24μm，厚
さ約 2.3μm࡛あࡾ，材質ࡣ単結晶ࣜࢩコン࡛あ
焦点付近࡛ᖹ面波ࡀග࣮ࢨた࣮ࣞࢀ集ගさ．ࡿ

࣑誘電体多層膜࡜範囲内࡛，梁࣮ࣜ࢖ࣞࡿ࡞࡜

࣮࡛ࣛ FPᖸ渉計を構成し，梁ࡢ微小振動を計

測した．本ᖸ渉計ࡣキࣕビテࡢ࢕ᖹ面度や࣑ࣛ

．ࡿあࡀいう特徴࡜い࡞少ࡀ影響ࡢ面精度ࡢ࣮

ᖸ渉計ࡢග源࡜し࡚，波長 632.8nm，出力約

1mW ࢻ࣮ࣔࣝࢢンࢩ直線偏ගࡢ He-Ne ࣮ࣞ

キࣕビ࡟うࡼࡿ࡞࡜最大ࡀを用いた感度࣮ࢨ

テ࢕長を制御し，ᖸ渉ගを周波数解析ࡿࡍこ࡜

࡛，梁ࡢ微小振動ࡢ検出を実現した． 

本実験࠾࡟けࡿFPᖸ渉特性をFig. 2࡟示ࡍ．

ᖸ渉ࡢඛ鋭さを表ࡣࢫࢿ࢕ࣇࡍ約 ，ࡾ࡞࡜26

最大感度ࡣ約 0.2V/nmࡗ࡞࡜た．また，計測し

たࣟࢡ࢖࣐片持ち梁ࡢ熱振動ࣃࡢワ࣮ࢡ࣌ࢫ

密度をࣝࢺ Fig. 3࡟示ࡍ．ᖸ渉計ࡢ高感度化࡟

期待した，ࡾࡼ S/Nࡢ向ୖを実現し，ࣞࢬ࢖ࣀ

約ࡢを従来ࣝ࣋ 1/100ま࡛低減࡛ࡁた． 

詳細࡞実験結果࡜解析ࡣ発表࡟譲ࡿ． 

 
Fig. 1 Micro Fabry-Pérot Interferometer for the 

vibration measurement system. 

 

 
Fig. 2 FP interferometric characteristics 

 

 
Fig. 3 Power spectral density of thermal vibration 

of a microcantilever. 
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The Fabry-Pérot interferometer is used in a variety of 
high-precision optical interferometry applications, such 

as gravitational wave detection. It is also used in various 

types of laser resonators to act as a narrow band filter. In 

addition, ultra-compact Fabry-Pérot interferometers are 

used in the optical resonators of semiconductor lasers and 
fiber-optic systems. In this work, we developed a micro-

scale Fabry-Pérot interferometer that was constructed 

within the Rayleigh range of the optical focusing system. 

The high precision that is conventionally required for the 

optical parallelism and the surface accuracy of the mirrors 
was found to become unnecessary for this type of Fabry-

Pérot interferometer when the beam cross-section was 

reduced. The interferometer was constructed using a 

gold-coated silicon microcantilever with reflectivity of 

92% and a dielectric multilayer flat mirror with 

reflectivity of 85%. The focal spot size of the laser beam is 
20 μm and the cavity length is approximately 20 μm. The 
finesse was measured to be approximately 26. The 

interferometric characteristics of the device were 

consistent with the theoretically calculated performance. 

The developed micro Fabry-Pérot interferometer has the 
potential to make a marked contribution to advances in 

optical measurements in various micro sensing system.

 © 2018 Optical Society of America 

OCIS codes: (120.2230) Fabry-Perot, (120.3180) Interferometry.  

http://dx.doi.org/10.1364/OL.99.099999 

In this work, we have developed a micro Fabry-Pérot (FP) 

interferometer with high sensitivity to realize high-performance 

feedback damping of the thermal vibration of a silicon 

microcantilever that is intended for use in an atomic force 

microscope (AFM). FP interferometers have been used in various 

high-precision optical interferometry applications, such as 

gravitational wave detection [1]. To date, there have been many 

studies of normal-sized FP interferometers, [2, 3] but only a few 

studies have addressed smaller types of FP interferometers [4, 5]. 

There have been several studies of feedback cooling of the 

thermal vibration of microcantilevers [6-13]. Recent studies found 

that the measured signal-to-noise ratio determines the limits of the 

feedback cooling performance [6, 7, 12]. We used an FP 

interferometer rather than a Michelson interferometer to improve 

the measurement sensitivity and thus increase the signal-to-noise 

ratio. In conventional FP interferometers, the polished end faces of 

optical fibers [10, 11] and micromirrors from the surface of a 

multilayer dielectric mirror [12, 13] formed by focused ion beam 

microfabrication have been used as cavity mirrors. However, use of 

these methods for the mirror has led to issues such as low finesse 

due to optical diffraction from the fiber output aperture and 

problems with the parallelism of the optical alignment and the 

interferometer, along with difficulties in the microfabrication 

process. In addition, these methods do not use the merits of the 

Rayleigh range. In this work, we have developed a micro FP 

interferometer that uses the optical merits of the Rayleigh range of 

the focal system to simplify the optical system and improve the 

interferometric performance. The interferometric characteristics of 

this FP interferometer show good agreement with the theoretically 

calculated performance. 

Figure 1 shows the experimental system that was used to 

measure the interferometric characteristics of the micro FP 

interferometer. A He-Ne laser (wavelength of 632.8 nm; laser 

power of approximately 1 mW) was used as the light source for the  

 

 
Fig. 1. Micro Fabry-Pérot interferometer for vibration measure-

ment system. The PZT is a piezoelectric actuator, and the FFT 

analyzer is a fast Fourier transform analyzer. 

mailto:author_three@uni-jena.de
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Fig. 2. Scanning electron microscope image of the microcantilever. 

interferometer. The micro FP interferometer is constructed using 

the gold-coated surface of a microcantilever and a dielectric 

multilayer flat mirror. We measured the vibration of a commercially 

available silicon microcantilever (OMCL-AC240TN, Olympus 

Corporation) that is intended for use in AFMs. Figure 2 shows a 

scanning electron microscope image of this microcantilever. The microcantilever’s length, width, and thickness are ʹͶͲ Ɋm, ͶͲ Ɋm, and approximately .ʹ͵  Ɋm, respectively, and it is composed of 
single-crystal silicon. The natural oscillation frequency of the 

microcantilever is 77.6 kHz, and the catalog value of its spring 

constant is in the 1.6–3.5 N/m range. One single-side surface of the 

microcantilever was coated with gold to increase the laser 

reflectance using an ion-beam sputtering device that is commonly 

used for preprocessing before scanning electron microscope 

observation. The coating thickness was chosen to be as thin as 

possible while ensuring that sufficient reflectivity (92%) was 

obtained because reductions in both the natural oscillation 

frequency and the Q factor of the microcantilever were observed 

when a thick gold coating was used. The coating thickness was 

estimated to be approximately 25 nm based on the coating 

characteristic curve of the ion sputtering device. The other side of 

the FP interferometer is formed by the dielectric multilayer flat mirror. The optical flatness and reflectance of this mirror were ɉ/ͳͲ and 8ͷ%, respectively ȋwhere ɉ is wave lengthȌ. The diameter and 
thickness of the mirror were 30 mm and 1 mm, respectively. A laser 

beam with a diameter of 4 mm was focused using a spherical lens, 

which has a focal length of 80 mm and an F number of 20. The focal spot size was calculated to be approximately ͳ͸ Ɋm under the 
assumption of the diffraction limit. The Rayleigh range was 

estimated to be approximately ʹͷͲ Ɋm, and the cavity length was approximately ʹͲ Ɋm. The optical system was set in a vacuum 
chamber at a pressure of approximately 4×10-3 Pa. The 

interferometric signal was separated using a beam splitter and 

measured using an avalanche photodiode. The microcantilever was 

driven using a lead zirconate titanate (PZT) piezoelectric actuator. 

The signal was measured using an oscilloscope and a fast Fourier 

transform (FFT) analyzer. 

We have studied the interferometric characteristics of an FP 

interferometer composed of a multilayer dielectric flat mirror and 

the surface of a microcantilever to measure the thermal vibration of 

the microcantilever. To allow the interferometer to be constructed 

locally at the microcantilever surface, the laser beam was focused 

using a biconvex spherical lens. 

Figure 3 shows the Rayleigh range of the focusing optical 

system. In the vicinity of the focal point, the laser beam wavefronts 

are sufficiently flat to allow the FP interferometer to be constructed. 

 

Fig. 3. Rayleigh range of the focusing optical system. 

 

 

Fig. 4. Retroreflectivity comparison of the two types of optical 

reflecting system. (a) Standard FP interferometer. (b) Micro FP 

interferometer. 

The Rayleigh range �L is given by 

�L = � (��)ଶ, (1) 

where � is the wavelength of the laser, � is the focal length and � is 

laser beam spot diameter on the lens. 

Figure 4 shows a comparison of the retroreflectivity properties 

of the two types of optical reflecting systems when the mirrors of 

the FP interferometer are not located in parallel with each other; 

this behavior is caused by the retroreflective effect. In case (b), the 

optical axis of the reflected beam is oriented parallel to the optical 

axis of the incident beam by the retroreflective effect, which makes 

it possible for the two beams to interfere. Consequently, in the micro 

FP interferometer, the requirement for parallel orientation of a pair 

of mirrors is greatly reduced when compared with the normal-type 

FP interferometer. 

The demand for optical flatness in the micro FP interferometer 

is also much weaker when compared with that for the normal-type 

FP interferometer because of the reduced cross-sectional area of 

the laser beam. 

Another characteristic of the micro FP interferometer is that it 

has a large free spectral range because of its short cavity length. 
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Fig. 5. Interferometric reflectance ܴ  as a function of cavity length, 

calculated using eq. (2), for various values of ܴ ଶ. 

 

 

Fig. 6. Calculated sensitivity for optimum FP design. The open circle 

represents the calculation for R1=0.85. 

The reflectance values of the microcantilever and the dielectric 

multilayer mirror were 92% and 85%, respectively. The reflectance 

of the microcantilever differs from that of the mirror. For the FP 

interferometer that was constructed using a pair of mirrors with 

different reflectances, the theoretical interferometric reflectance ܴ  

was calculated to be ܴ = ܴଵ + ܴଶ − ʹ√ܴଵܴଶ + Ͷ√ܴଵܴଶ sinଶሺ�/ʹሻͳ + ܴଵܴଶ − ʹ√ܴଶܴଶ + Ͷ√ܴଵܴଶ sinଶሺ�/ʹሻ, (2) 

where  ܴଵ and ܴ ଶ are the reflectances of the multilayer mirror and 

of the microcantilever, respectively (14). � is the phase shift of each 

transmitted light wave due to the change in the cavity length �C and 

is given by � = Ͷπ�C/� . Figure 5 shows the interferometric 

reflectance ܴ  as a function of the cavity length, as calculated using 

eq. (2) for various values of ܴଶ . The minimum interferometric 

reflectance could not be 0% when ܴ ଵ and ܴ ଶ differ from each other. 

In the case where ܴ ଵ = ܴଶ, the minimum reflectance is 0%. In the 

case where ܴଵ > ܴଶ , the minimum reflectance increases as ܴଵ 

decreases. 

 

 

Fig. 7. FP interferometric characteristics of the micro FP 

interferometer. The gray solid line shows the curve that was calculated 

theoretically using eq. (2). ܴ ଵ and ܴ ଶ are 0.85 and 0.92, respectively. 

 

 

Fig. 8. Power spectral density of the thermal vibration of the 

microcantilever. The solid line curve was fitted using a Lorentzian 

function. 

Figure 6 shows the relative maximum sensitivity of the FP 

interferometer as a function of ܴଵ  when ܴଶ = Ͳ.ͻʹ , where the 

slope of the interferometric curve is maximized. The sensitivity 

reached a maximum value at ܴ ଵ = Ͳ.ͻ͹ (i.e., not at ܴ ଵ = Ͳ.ͻʹ).For 

the various values of ܴ ଶ, the maximum value of the sensitivity for ܴଶ differed from that for ܴ ଵ and was located between ܴ ଶ and 1. The 

open circle in Fig. 6 is related to the experimental conditions (where ܴଵ = Ͳ.ͺͷ). 

Figure 7 shows the reflectance of the micro FP interferometer 

as a function of cavity length. ܴଵ  and ܴଶ  were 0.85 and 0.92, 

respectively. The FP interferometric characteristics were measured 

by varying the length of the PZT actuator. The gray solid line 

indicates the theoretical calculation results obtained using eq. (2). 

The blue solid circles are the experimental results, which showed 

good agreement with the values on the theoretically calculated 

curve. Scale fitting was only performed for the horizontal scale. The 

finesse of the interferometer was measured to be 26. 
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Figure 8 shows the FFT signal of the thermal vibration of the 

microcantilever, which is used as one of the mirrors of the micro FP 

interferometer, at maximum sensitivity. The frequency resolution 

of the FFT analyzer is 0.5 Hz. The data are averaged over 1000 

measurements. The gray solid line is fitted to the experimental 

results using a Lorentzian curve. The quality factor ܳ  was 

measured to be approximately 2000. The thermal vibration 

amplitude was approximately 5 pm. 

We have developed a micro Fabry-Pérot interferometer that is 

constructed within the Rayleigh range of the optical focusing 

system and demonstrated that the interferometric characteristics 

of this interferometer were consistent with the theoretically 

calculated characteristics. The conventional high precision required 

for the optical parallelism and the surface accuracy of the mirrors 

was found to become unnecessary for the micro FP interferometer when the beam’s cross-section was reduced. We believe that the 

proposed micro FP interferometer has the potential to make a 

marked contribution to advances in optical measurements in 

various micro sensing system. 
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Time domain analysis of the feedback cooling process of thermal vibration of 
a silicon microcantilever 
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Thermal vibration determines the ultimate limit for measurement 
accuracy of precision measuring instruments that use various types of 
micromechanical resonators. Research on cooling by mechanical feedback 
using external force has been actively conducted in recent years. To date, 
research on microcantilever cooling by mechanical feedback control has been 
performed in the frequency domain rather than the time domain. )n this study, 
we measured cooling response characteristics and conducted detailed 
theoretical analysis of the feedback cooling of the thermal vibration of a 
microcantilever in the time domain. We performed theoretical calculations of 
cooling time constants, which agreed well with the experimental results. 
 Recent advances in microelectromechanical systems have led to various micro-oscillators, such as silicon cantilevers and quartz oscillators, being used in precision measuring instruments like vibration gyros, micro-accelerometers, and probe microscopes. The measurement resolution of these devices is limited by thermal vibration induced by Brownian motion of their mechanical resonators. (owever, there have been few studies on suppressing the thermal vibration of micromechanical structures down to the limit of the measurement system. The most common way to completely remove the thermal vibration of a resonator is to decrease its temperature to the quantum ground state ȋͲ KȌ. Another approach is to mechanically suppress its amplitude. )n previous studies, thermal vibration has been suppressed by active control [ͳ-͸] and passive control [͹-ͳͲ]. Optical cooling is a mainstream process in which radiation pressure is applied externally, which causes the temperature of the cantilever to increase and may induce a Knudsen force, making the dynamical analysis complex. )n the case of mechanical cooling using inertial force, the temperature of the cantilever does not increase and no Knudsen force is induced, which simplifies the dynamical analysis. )n these studies, cooling was performed to improve the accuracy of ultrahigh sensitivity measurements. )n previous studies [ͳͳ-ͳ͵], silicon microcantilevers were used as a typical microresonator and analyzed in the frequency domain rather than the time domain. )n this research, we develop an experimental system to measure the cooling process of thermal vibration of a microcantilever in the time domain and clarify the characteristics of the cooling process. Figure ͳȋaȌ shows a schematic of the measurement system for cooling and recovering time by feedback control of thermal vibration of a silicon microcantilever. We used a single-crystal silicon microcantilever as the resonator, as shown in Fig. ͳȋbȌ, which had a length, width, and thickness of ʹͶͲ, ͶͲ, and ʹ.͵ μm, respectively. The spring constant ݇  of the microcantilever was ʹ N/m . The measured 
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resonance frequency ଴݂  of the microcantilever was ͷͷ.͸ kHz . The calculated equivalent mass was ͸.͹ × ͳͲ−ଵଶ kg. The measured quality factor ܳ was ͵ͲͲͲ in vacuum. The microcantilever was mounted on a single-layer piezoelectric actuator. To change the feedback loop gain ݃, the applied voltage to a lead zirconate titanate ȋPZTȌ actuator was divided with a variable capacitor to be free from phase delay, which is expected when using a resistor. The thermal vibration of the microcantilever was measured by a Fabry-Pe rot interferometer. The light source for the interferometer was a (e–Ne laser ȋ Ͳ.ͳ mW , ͸͵ʹ.ͺ nm Ȍ. Fabry-Pe rot interferometer is constructed with gold-coated surface of a microcantilever and a dielectric multilayer flat mirror at Rayleigh range of focal system. Reflectance of a microcantilever and dielectric multilayer mirror is Ͳ.ͻʹ and Ͳ.ͺͷ, respectively. The measurement system was placed in a vacuum chamber held at Ͷ × ͳͲ−ଷ Pa using an oil diffusion pump, which avoided the high-frequency vibration noise expected from a molecular turbo pump. To obtain seismic isolation, the system was placed on gel pads, and the optical system in the vacuum chamber was further isolated using double-layer rubber pads. These measurements were performed at room temperature ȋ͵ͲͲ KȌ. The output signal ȋݔ +  .n  are the vibration amplitudes of the cantilever and noise signal, respectively. Because it was a single layer-type PZT actuator, the cutoff frequency was sufficiently higher than the cooling frequency of the cantilever, so there was no delay. To obtain a sinusoidal function, the band-pass filter was adjusted to delay the phase of the output signal � by ͻͲ° at the resonance frequency of the cantilever. The output signal, after being attenuated by capacity division, was applied to the PZT actuator. We defined ݃ as the ratio between the displacements of the PZT actuator and cantilever. The motion of the PZT actuator applied inertial force to the cantilever. The inertial force decreased or increased the vibration amplitude of the cantilever depending on the phase delay �. The thermal vibration signal, measured with a photodetector, was analyzed using a fast Fourier transform. The low-frequency component ȋless than ͸ HzȌ of the output signal was used to achieve feedback control of the thermal drift of the Michelson interferometer. The control signal was repeated during ON/OFF cooling cycles by using a relay circuit, through which it was fed back to the PZT actuator. The cooling response characteristics at the resonant frequency of the microcantilever and the recovery response characteristics from the cooling state were measured by a synchronized oscilloscope. The response characteristics were measured by triggering the thermal vibration signal output by a lock-in amplifier with a switching signal created by the function generator. The experimental data were averaged over ʹͲͶͺ  measurements and ON/OFF cycling was repeated at ʹ.ͳ Hzݔ and  ݔ nȌ was sent to the PZT actuator via a band-pass filter whose width was approximately ͳͲ kHz , whereݔ
 The theoretical value of the thermal vibration amplitude ݔۃtۄ of the silicon microcantilever using the equipartition theorem of energy is 
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ۄtݔۃ = √݇B�݇  , ȋͳȌ 
 where ݇B and � are the Boltzmann constant and temperature, respectively. )n this study, ݔۃtۄ was Ͷͷ pm, which was calculated using ݇ = ʹ N/m and � = ͵ͲͲ K. 
 The cantilever can be modeled using a simple spring-mass system, as shown in Fig. ʹ. The equation of motion of the cantilever is 

 ݂ሺ�ሻ = ሷሺ�ሻݔ� + ሷݕ� ሺ�ሻ + ሶሺ�ሻݔ� +  ሺ�ሻ, ȋʹȌݔ݇
 where ݂ሺ�ሻ  is the Langevin force, which induces the thermal motion of the cantilever; ݔሺ�ሻ and ݕሺ�ሻ are the vibration amplitudes of the cantilever and PZT actuator, respectively; and � , � , and ݇  are the equivalent mass, damping factor, and spring constant, respectively. As shown in Fig. ʹ, ݕሺ�ሻ = ݃ ቀݔ∆�ሺ�ሻ + ሺ�ሻݔ ሺ�ሻ was not considered, because it is much smaller thanݕ ,n∆�ሺ�ሻ are delayed by ͻͲ° at the resonance frequency of the cantilever, when they pass through the band-pass filter. (ereݔ ሺ�ሻ and�∆ݔ n∆�ሺ�ሻ is the detector noise of the measurement system. The phases ofݔ ሺ�ሻ  is the thermal vibration amplitude of the cantilever and�∆ݔ n∆�ሺ�ሻቁ , whereݔ + nሺ�ሻ in a feedback loop with such a high ܳ. Substituting ݂ሺ�ሻݔ = ݂̂ሺ�ሻ݁��� , ݔሺ�ሻ = ሺ�ሻ�∆ݔ , ���ሺ�ሻ݁ݔ̂ = n∆�ሺ�ሻݔ ሺ�ሻ݁�ቀ��−�2ቁ , andݔ̂ =  ሺ�ሻ are given byݔ̂ nሺ�ሻ݁�ቀ��−�2ቁ  into eq. ȋʹȌ, the actual complex amplitudesݔ̂

 

ሺ�ሻݔ̂ = ݂̂ሺ�ሻ� − ݆݃�ଶ̂ݔnሺ�ሻሺ�଴ଶ − �ଶሻଶ + ݆ ቀ݃�ଶ + �଴�ܳ ቁଶ , ȋ͵Ȍ 
 where �଴  is the resonance frequency. �  and ݇  are expressed as � = ��଴/ܳ and  ݇ = ��଴, respectively, and ݂̂ሺ�ሻ, ̂ݔሺ�ሻ, and ̂ݔnሺ�ሻ are complex amplitudes including the phases of the signal. )n this calculation, we assumed that there was no correlation between the force ݂̂ሺ�ሻ and random noise ̂ݔnሺ�ሻ. The measured signal inherently includes the noise signal, and it is expressed as the sum of the actual signal and noise signal [ͳ] as 

 

ሺ�ሻݔ̂ + nሺ�ሻݔ̂ = ݂̂ሺ�ሻ� + [ሺ�଴ଶ + �ଶሻ + ݆ �଴�ܳ ] nሺ�ሻሺ�଴ଶݔ̂ − �ଶሻଶ + ݆ ቀ݃�ଶ + �଴�ܳ ቁଶ  . ȋͶȌ 
 From eq. ȋ͵Ȍ and ȋͶȌ, the actual power spectral density is given by 
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ሺ�ሻ|ଶݔ̂| = [ ͳ�ଶሺ�଴ଶ − �ଶሻଶ + ቀ݃�ଶ + �଴�ܳ ቁଶ ] |݂̂ሺ�ሻ|ଶ
  

+ [ ݃ଶ�ସሺ�଴ଶ − �ଶሻଶ + ቀ݃�ଶ + �଴�ܳ ቁଶ]  nሺ�ሻ|ଶ, ȋͷȌݔ̂|
 and the measured power spectral density is given by 

 

ሺ�ሻݔ̂| + nሺ�ሻ|ଶݔ̂ = [ ͳ�ଶሺ�଴ଶ − �ଶሻଶ + ቀ݃�ଶ + �଴�ܳ ቁଶ ] |݂̂ሺ�ሻ|ଶ
  

+ [ ሺ�଴ଶ − �ଶሻଶ + ቀ�଴�ܳ ቁଶ
ሺ�଴ଶ − �ଶሻଶ + ቀ݃�ଶ + �଴�ܳ ቁଶ]  nሺ�ሻ|ଶ . ȋ͸Ȍݔ̂|

 According to eq. ȋͷȌ, the damping ȋcoolingȌ time was derived as follows. )n this experiment, the second term on the right side of eq. ȋͷȌ was sufficiently small because the gain was of the order of ͳͲ−ସ , which can be ignored. �+  and �− ȋ�+ > �−Ȍ are the ω that determine the full width at half maximum ȋFW(MȌ of the power spectrum of the cantilever. Considering �+, the second term on the right side of eq. ȋͷȌ becomes 

 ሺ�଴ଶ − �+ଶ ሻ = (݃�+ଶ + �଴�+ܳ )  

≃ ቆ݃�଴ଶ + �଴ଶܳ ቇ ሺ�଴ ≃ �+ሻ , ȋ͹Ȍ 
 and �+ is given by 

 �+ = �଴√ͳ + ݃ + ͳܳ
  

≃ �଴ {ͳ + ͳʹ (݃ + ͳܳ)} (݃, ͳܳ ≪ ͳ) . ȋͺȌ 
 Similarly, �− is given by 
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�− = �଴√ͳ − ݃ + ͳܳ
  

≃ �଴ {ͳ − ͳʹ (݃ + ͳܳ)} (݃, ͳܳ ≪ ͳ) . ȋͻȌ 
 Consequently, the FW(M ∆� is given by 

 ∆� = �+ − �−  

⋍ ͳ�଴ ሺ݃ܳ + ͳሻ (�଴ = �ܳ଴ ሺ⋍ ͵͸ msሻ) . ȋͳͲȌ 
 Therefore, the damping time � of the microcantilever is given by 

 � = ͳ∆� = �଴݃ܳ + ͳ . ȋͳͳȌ 
 Figure ͵ȋaȌ, ȋbȌ and ȋcȌ how the temporal response of the thermal vibration control. The solid lines in Fig. ͵ are the experimental results at ݃ = ͹.ͳ ×ͳͲ−ହ, ͹.ͳ × ͳͲ−ସ and ͺ.ͻ × ͳͲ−ଶ, respectively. (ere, the cooling ratio is defined as the ratio of the vibration amplitudes without and with feedback control. Figure ͵ȋaȌ displays the temporal response of cooling of the thermal vibration measured at the resonance frequency ȋ� = �଴ Ȍ at ݃ = ͹.ͳ × ͳͲ−ହ . (ere, the measured cooling response time �c  was Ͷͷ ms . Figure ͵ ȋbȌ illustrates the temporal response of cooling of the thermal vibration measured at the resonance frequency at ݃ = ͹.ͳ ×ͳͲ−ସ. (ere, �c was ͳͳ ms. Figure ͵ ȋcȌ illustrates the temporal response of cooling of the thermal vibration measured at the resonance frequency at ݃ = ͺ.ͻ × ͳͲ−ଶ. (ere, �c was ͳͷͲ μs. All cooling responses decreased exponentially over time. )n Fig. Ͷ, cooling time responses are plotted with the theoretical curve for three deferent quality factor obtained from eq. ȋͳͳȌ. The experimental results are roughly in agreement with the theoretical curve. We think that the discrepancies between the experimental results and theoretical curve are caused by the difficultly in accurately determining the loop gain. Figure ͷ shows a typical recovery response from the cooled state to the room-temperature state. The dotted exponential line is the theoretical calculation, which was determined using the natural damping constant �଴ = ܳ/�଴ ȋͷͶ ms at ܳ = ͵ͲͲͲȌ. The measured recovering response time �r was approximately ͸ ms. The measured recovery time was about ten time larger than the theoretical calculation based on the classical dynamics. )n conclusions, we measured cooling response characteristics and conducted detailed theoretical analysis of the feedback cooling of the thermal vibration of a microcantilever in the time domain. We performed theoretical calculations of cooling time constants, which agreed well with the experimental 
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results. The measured recovery time was not in agreement with the theoretical calculation based on the classical dynamics and about ten times larger than it. 
 

 

 

Figures ȋaȌ ȋbȌ 

 

 

Fig. ͳ Experimental setup. ȋaȌ Schematic of the system used to measure cooling and recovering time by feedback control of thermal vibration of a silicon microcantilever. ȋbȌ SEM image of the single-crystal silicon microcantilever. 
 

 

Fig. ʹ Simplified model of the vibration system used to control the silicon 
microcantilever motion.  
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ȋaȌ 

 

 ȋbȌ 

 

 ȋcȌ 

 

Fig. ͵ Temporal responses of the feedback control ȋcoolingȌ. ȋaȌ Cooling ratio at ݃ = ͹.ͳ × ͳͲ−ହ. ȋbȌ Cooling ratio at  ݃ = ͹.ͳ × ͳͲ−ସ. ȋcȌ Cooling ratio at  ݃ =ͺ.ͻ × ͳͲ−ଶ. 
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Fig. Ͷ Relationship between gain and cooling response. The solid line is the theoretical curve determined from eq. ȋͳͳȌ. 
 

 

Fig. ͷ Temporal response of the feedback control ȋrecoveryȌ. The dashed line is the theoretical recovery time assuming the natural time constant �଴ ȋͷͶ msȌ of the cantilever ȋܴr = ͳ − ݁−�/�0Ȍ. 
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スパッタϨング時間とミϧーの光学特性の関係 

 

Ϝイέロ片持ち梁に金コートを施すため，イΨンスϏッタϨンή時間ͳϝϧー͹光学
特性͹関係にͯいͱ予備調査した．光学顕微鏡Ͳ試料を観察する際に使用するΩώーΪ
ϧスͲ試験を行ͮた．スϏッタϨンή加工条件ͺ，放電流ʹ5 mA，加工容器内真空度5 Pa
Ͳある．試験結果を図 11.1に示す．スϏッタϨンή時間͹増加に伴い，反射率(�)ͺ向
上し，透過率(�)ͺ低下した．また，損失率(ͳ − ሺ� + �ሻ)ͺスϏッタϨンή時間͹増加
に伴い減少した． 

 

 

 

 
 

図 11.1 スϏッタϨンήͳϝϧー͹光学特性 
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