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フ࢕ードバック冷却を用いたマ࢖クロ片持ち梁の熱振動の制御 
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近ᖺ，MEMS 技術ࡢ発達ࡾࡼ࡟，微小࡞機械振動子ࡀ，原子間顕微鏡やຍ㏿度計ࡢ࡝࡞精

密計測機器࡟用いࡼࡿࢀࡽう࡞࡟った．し࠿し，熱雑音や微小機械構造ࡢ熱振動を抑制すࡿ

ためࡢ研究ࡣあまࡾ行わ࡚ࢀい࡞い．熱振動ࡣ，超高感度計測࠾࡟い࡚計測精度を制限すࡿ．

本研究࡛ࡣ，冷凍機を用い࡞いマ࢖クロ片持ち梁ࡢ熱振動ࡢフ࢕ードバック制御を行った．

ᡃ々ࡣ，熱振動ࡢ振幅を，4.4pmま࡛制御す࡟࡜ࡇࡿᡂຌした．ࡣࢀࡇ，実効温度を 2.8Kま

࡛下ࡆた࡟࡜ࡇ相当すࡿ． 
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Control of the thermal vibration  

of microcantilevers using feedback cooling 

 

Intelligent Mechanical Engineering  

 

Riki Kanegae 

 

 
Recently, due to the advance in the MEMS (microelectronics mechanical systems), various types of 

micro oscillator have been used for various types of a precision measuring instruments, such as micro 

accelerometer, and various types of probe microscope. However, there have been few studies to 

suppress the thermal noise and of the micro mechanical structures down to the limitation of the thermal 

vibration. Control of the thermal vibration has been interesting in engineering and physical fields. 

Control of the thermal vibration had been achieved by active control and passive control. In the field 

of physics, mechanical resonators are used for study of various quantum phenomena using 

microscopic structures. In this report, we describe about feedback control of the thermal noise of 

microcantilevers for the improvement in the resolution of various types of probe microscopes. We 

controlled the thermal vibration by feedback control using the inertial force without a refrigerator. The 

application of cooling of a microcantilever without a refrigerator will lead to improvement of the 

measurement limit, and it does not affect the measuring object. In this study, the thermal vibration 

amplitude of the cantilever was suppressed to 4.4pm using feedback control at room temperature, 

which is equivalent to 2.8K. 
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付録 



1 

 

第 1章 

序論 

 

1.1 研究背景 

現ᅾ機械振動ࡣ，原子間顕微鏡や加㏿ᗘ計ࡢ࡝࡞計測機器࡟用い࡚ࢀࡽいࡿ．し࠿し，物

体ࡣ，熱ࡾࡼ࡟常࡟振動し࡚いࡿ．計測機器ࡢ小型化や高感ᗘ化ࡀ進࡛ࢇいࡿ中࡛，ࡢࡇ熱

ࡇ．ࡿ࡞࡟要因ࡿࡵ決ࢆ限界ࡢい，計測精ᗘࡲし࡚ࡗし࡚残࡜ࢬ࢖ࣀ࡞最終的ࡀ振動ࡿࡼ࡟

振動ࡢ限界ࡢ物体．ࡿあࡀ必要ࡍ冷や࡛ࡲ絶対零ᗘࢆ振動子，ࡣ࡟ࡵࡓࡃ除ࡾྲྀࢆ熱振動ࡢ

࡛あࡿ零点振動࡛ࡲ熱振動ࢆ除去࡛࡜ࡇࡿࡍ，計測精ᗘࡢ限界ࡢ引ࡀࡆୖࡁ期待࡛ࡲ．ࡿࡁ

物ࡿࡁ࡛ࡢ࡜ࡇࡿ肉眼࡛見，ࡣ微小機械振動子ࡢ࡝࡞片持ち梁ࣀࢼ片持ち梁やࣟࢡ࢖マ，ࡓ

体ࢆ用いࡓ，種々ࡢ量子現象ࡢ直接的࡞観測ࡢ研究ࡶ࡟用い࡚ࢀࡽい[3-1]ࡿ．巨視的࡞物体

ࢆ振動子，ࡶい࡚࠾࡟物理的検証࡞うࡼࡢࡇ，ࡾ࠾࡚ࡵ集ࢆ注目，ࡣ解明ࡢ量子現象ࡿࡼ࡟

量子限界࡛ࡲ冷༷ࡿࡍ必要ࡀあࡿ． 

 熱振動ࢆ抑えࡿ方法ࡣ，大ࡃࡁ分࡚ࡅ 方ࡿࡍ冷༷࡟実際ࡾࡼ࡟冷凍機，ࡣࡘ1．ࡿあࡘ2

法[2,4]．ࡶう 1 -方法[5ࡿࡆୗࢆ実行温ᗘ࡛࡜ࡇࡿࡏ減衰さࢆ制振し振動ࡾࡼ࡟外力，ࡣࡘ

15]࡛あࡿ．微小振動子ࡢ熱振動ࣈ，ࡣラウン運動࡛あࡢࡇ，ࡾ揺ࡢࡂࡽ大ࡁさࡣ温ᗘࡼ࡟

ࡶ࠿ࡓあ，࡛࡜ࡇࡿࡏ減衰さࢆ変位(振幅)ࡢ熱振動ࡢ振動子，ࡾࡲࡘ．[16]ࡿࢀ決定さ࡚ࡗ

冷༷さࡼࡢ࠿ࡓࢀう࡟振ࡿ舞う．冷凍機ࡿࡼ࡟微小機械振動子ࡢ量子振動ࡢ計測࡟࡛ࡍ，ࡣ

行わ࡚ࢀい[2]ࡿ．し࠿し，希釈冷凍機ࡢ࡝࡞装置ࡣ大型࡛あࡘ࠿，ࡾ冷༷࡟時間ࡿ࠿࠿ࡀ．

一方，外力ࡿࡼ࡟制振ࡣ，制御開始ࡽ࠿༶ᗙ࡟振動ࢆ抑えࡁ࡛ࡀ࡜ࡇࡿ，冷凍機ࡼࡢう࡟時

間ࢆ要し࡞い࡜いう特徴ࡀあࡓࡲ．ࡿ，室温ࡢ状態࡛計測ࢆ行えࡵࡓࡿ，計測対象や計測系

，駆動しࢆ変換し࡚電歪素子࡟電気信号ࢆ熱振動，ࡣ࡟制振ࡿࡼ࡟い．外力ࡃ࡟୚えࢆ影響࡟

ࣞ，や[5,6]ࡢࡶࡓ用いࢆ慣性力ࡿࡍ発生ࡾࡼ࡟ࢀࡑ ーザー照射ࡿࡼ࡟光ࡢ放射ᅽ力ࢆ用いࡓ

能ࡢ熱振動，࡛࡜ࡇࡿࡍࢡバッࢻー࢕ࣇࢆ振動ࡢ梁自身，ࡣࡽࢀࡇ．ࡿあࡀ࡝࡞[12-7]ࡢࡶ

動的制御ࢆ行࡚ࡗいࡿ(࢕ࣇーࢻバッࢡ冷༷)．࢕ࣇ，ࡓࡲーࢻバッࢡ制御ࢆ用い࡞い，熱振

動ཷࡢ動的࡞制振ࢆ行う研究ࡶ報告さ࡚ࢀい[15-13]ࡿ. 

 し࠿し，実際ࡢ冷༷࢕ࣇ࡜ーࢻバッࢡ冷༷ࡣ，本質的࡟異ࡎࡲ．ࡿ࡞，Q値ࡢ࡬影響࡛あ

，昇[5]しୖࡣ場合，Q値ࡓ抑えࢆ冷༷し熱振動ࢆ梁࡟実際，࡚ࡗࡓあ࡟ࡿ抑えࢆ熱振動．ࡿ

各振動，࡟次．ࡿい࡚ࢀ報告さࡀ࡜ࡇࡿࡍ減少[5-15]ࡀQ値，ࡣ場合ࡢ冷༷ࢡバッࢻー࢕ࣇ

モーࡢ࡬ࢻ影響࡛あࡿ．片持ち梁ࡢ࡝࡞振動子ࡣ，無数ࡢ振動モーࢆࢻ持࡚ࡗいࡿ．冷凍機

選択，ࡣ冷༷ࢡバッࢻー࢕ࣇ，一方．ࡿࢀ抑制さࡀࢻ振動モーࡢ全࡚ࡘ持ࡢ梁，ࡤࢀ用いࢆ

しࡓ振動モーࡳࡢࢻ減衰さ࡜ࡿࢀいう特徴ࡀあࡿ． 

 



2 

 

1.2 フィードバック冷却とは 

ࢆ実効温ᗘ，࡛࡜ࡇࡿ抑えࢆ熱振動࡟ࡎ使わࢆ࡝࡞希釈冷凍機，ࡣ࡜冷༷ࢡバッࢻー࢕ࣇ

ୗࡿࡆ手法࡛あࡢࡇ．[15-5]ࡿ方法ࡣ，図 ࡑ，計測しࢆ熱振動ࡢ振動子，࡟うࡼࡍ示࡟1-2-1

ࡍ制振ࢆ熱振動，࡛࡜ࡇࡿࡍࢡバッࢻー࢕ࣇ࡟し࡚振動子࡜外力ࢆ信号ࡓしࡽࡎࢆ位相ࡢ

放射ᅽ力[7-12]や，電歪素子ࡿࡍ発生ࡾࡼ࡟࡜ࡇࡿࡍ照射ࢆし࡚，ࣞーザー࡜外力ࡢࡇ．ࡿ

駆動ࡿࡼ࡟慣性力[5,6]ࡀ࡝࡞用いࡿࢀࡽ． 

 

 

 

 

図  概略ࡢ冷༷ࢡバッࢻー࢕ࣇ 1-2-1

 

1.3 Q値とは 

Q値ࡣ࡜，図 大ࡀQ値，ࡾあ࡛ࡢࡶࡍ示ࢆ尖鋭ᗘࡢࣝࢺࢡペࢫ共振，࡟うࡼࡍ示࡟1-3-1

力学的エࡽ࠿୙完全性ࡢࡑ，ࡣ࡟機械振動子．ࡿ࡞ࡃ小さࡣ減衰ࡘ持ࡢ機械振動子࡝いほࡁ

ࡢ固有ࢀࡒࢀࡑ，ࡾࡼ࡟ࢀࡇ，ࡾあࡀ散逸ࡢーࢠࣝࢿ Q値ࢆ持ࡘ． 

Q値ࡣ， 

 � = �0∆� (1-1) 

 

࡛求࡛ࡇࡇ．ࡿࡁ࡛ࡀ࡜ࡇࡿࡵ，f0ࡣ固有振動数，Δfࡣ機械振動子ࡢ熱振動ࢫࡢペࡢࣝࢺࢡ

半値幅࡛あࡿ． 
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図 1-3-1 Q値ࡢ算出 

 

1.4 研究目的 

 本研究࡛ࡣ，熱振動制御技術ࡢ実際ࡢ応用ࢆ模索ࡶ࡟ࡵࡓࡿࡍ，機械工学的手法ࢆ用い࡚

熱振動ࡢ制振ࢆ行ࡓࡗ．本論文࡛࢕ࣇ，ࡣーࢻバッࢡ冷༷ࢆ用いࡓ様々࡞マࣟࢡ࢖片持ち梁

 ．ࡿ࡭ࡢい࡚ࡘ࡟熱振動制振ࡢ
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第 2章 

使用した装置の設定と原理 

 

2.1 マイクロ片持ち梁 

本研究࡛使用しࡓ単結晶ࣜࢩコン片持ࡕ梁(OLYMPUS 社製 OMCL-AC240TN-C3，以降，

梁 A)ࢆ図 2-1-1(a)࡟，ప周波数窒化ࣜࢩコン片持ࡕ梁(OLYMPUS社製 BL-RC150VB-C1，以

降，梁B)ࢆ図 2-1-1(b)࡟，高周波数窒化ࣜࢩコン片持ࡕ梁(OLYMPUS社製 BL-AC10DS-A2，

以降，梁 C)ࢆ図 2-1-1(c)示す．ࡑし࡚，ࡢࢀࡒࢀࡑ片持ࡕ梁ࡢ仕様ࢆ表 示す．本論࡟2-1-1

文࡛使用しࡓ梁 Aࡣ，固有振動数 86.8kHzࡢ梁ࢆ使用し࡚いࡿ．こࡢ時，ࡡࡤ定数ࢆ 2N/m

ࡣ等価質量，࡜ࡿす࡜ 6.7×10-12kgࡿ࡞࡜．Q値3-10×5，ࡣPaࡢ高真空中࠾࡟い࡚約 105࡛

あࡿ．梁 Bࡣ，固有振動数 14.7kHzࡢもࢆࡢ使用し࡚いࡿ．こࡢ時，ࡡࡤ定数ࢆ 0.006N/m

ࡣ等価質量，࡜ࡿす࡜ 7.2×10-13kgࡿ࡞࡜．Q値ࡣ，高真空中࠾࡟い࡚約 500࡛あࡿ．梁 C

固有振動数，ࡣ 1.3MHzࡢもࢆࡢ使用し࡚いࡿ．こࡢ時，ࡡࡤ定数ࢆ 0.1N/m࡜す࡜ࡿ，等

価質量14-10×5.9，ࡣkgࡿ࡞࡜．Q値ࡣ，高真空中࡛約 600࡛あࡿ． 

 

 

図 2-1-1 実験࡟使用しࣟࢡ࢖࣐ࡓ片持ࡕ梁 (a) 単結晶ࣜࢩコン片持ࡕ梁(梁 A)ࡢ光学顕

微鏡像 (b) ప周波数窒化ࣜࢩコン片持ࡕ梁(梁 B)ࡢ光学顕微鏡像 (c) 高周波数窒化ࣜࢩ
コン片持ࡕ梁(梁 C)ࡢ FE—SEM像 

 

表 2-1-1 実験࡟使用しࡓ片持ࡕ梁ࡢカタࣟࢢ値 

梁 
長さ×幅×厚さ 

[µm] 
 定数ࡡࡤ

[N/m] 
固有振動数

[kHz] 材質 コーテ࢕ンࢢ 

A 240×40×2.3 1.56～3.47 68.0～89.6 単結晶ࣜࢩコン ࡞し 

B 100×30×0.18 0.002～0.016 7～21 窒化ࣜࢩコン 金(両面) 

C 9×2×0.13 0.02～0.2 1000～2000 窒化ࣜࢩコン 金(裏面) 

a b c 
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2.2 マイケルソン干渉計 

2.2.1 原理 

 ᅗ ᅗ，ࢆ外観ࡢソン干渉計ࣝࢣ࢖࣐࡟2-2-1 ࢆ移動ࡢ干渉縞ࡿࡼ࡟変化ࡢ光路差࡟2-2-2

示ࡍ．࣐ ．ࡿ光学干渉計࡛あࡿࡍ計測ࢆ変఩ࡢ用い࡚物体ࢆ干渉ࡢ光，ࡣソン干渉計ࣝࢣ࢖

構造ࡣ，ࣞ ーࢨ発振機，半透࣑ࣛー，参照࣑ࣛー，測定࣑ࣛー，光検出器࡛構成さ࡚ࢀいࡿ．

ࣞーࢨ発振機ࡢࡽ࠿光ࡀ，半透࣑ࣛー࡛二࡟ࡘศࢀ࠿，参照࣑ࣛー࡜測定࣑ࣛー࡟向࠿い，

参，ࡣ干渉縞．ࡿࡁ࡛ࡀ縞ࡋ干渉࡛࡜ࡇࡿ࡞再び㔜࡚ࡋ介ࢆ半透࣑ࣛーࡀ反射光ࡢࢀࡒࢀࡑ

照࣑ࣛー࡜計測࣑ࣛーࡢࡽ࠿反射光ࡢ光路ࡢ差ࡁ࡛࡚ࡗࡼ࡟，光路差ࡀ変動࡛࡜ࡇࡿࡍ縞

光，ࡣ縞．ࡿࡍ移動ࡣ縞ࡅࡔศࡢ変఩ࡢࡑ，࡛࡜ࡇࡃ動ࡀ計測࣑ࣛー，ࡾࡲࡘ．ࡿࡍ移動ࡀ

源࡚ࡋ࡜使用࡚ࡋいࣞࡿーࢨ波長ࡢ 1/4光路差ࡀ変化࡛࡜ࡇࡿࡍ，明ࡽ࠿暗(暗ࡽ࠿明)࡟移

動ࡢࡇ．ࡿࡍ縞ࡢ移動ࢆ光検出器࡛読ࡳ取࡛࡜ࡇࡿ，計測物ࡢ変఩ࢆ電気的࡟計測࡜ࡇࡿࡍ

 ．ࡿࡁ࡛ࡀ

 

2.2.2 計測感度 

 ᅗ ࡋ干渉，ࡣ計測感度ࡢソン干渉計ࣝࢣ࢖࣐．ࡍ示ࢆ関係ࡢ電ᅽ࡜変఩ࡢ光路差࡟2-2-3

࡚いࣞࡿーࢨ光ࡢ光㔞࡜，縞ࡢ明࡜暗ࡢ光㔞差࡛決ࡿࡲ．例࡚ࡋ࡜，計測物ࡀ動ࡁ計測物࠿

ࡀ明暗ࡢ干渉縞ࡅࡔศࡢ時，変఩ΔXࡢࡇ．ࡿࡍ࡜ࡓ動いࡅࡔΔX，ࡀ光路長ࡢ反射光ࡢࡽ

移動ࡋ，光検出器࡛読ࡳ取࡚ࡗいࡿ信号電ᅽࡶΔV変化ࡿࡍ．ᅗ 光検出器，࡟うࡼࡍ示࡟-2

，ࡣ干渉縞，ࡓࡲ．ࡿ࡞ࡃ小さࡣ電ᅽ࡜い࡞少，ࡾ࡞ࡃࡁ大ࡣ電ᅽ࡜多いࡀ光㔞ࡿࡃ࡚ࡗ入࡟

ࣞーࢨ波長ࡢ 1/4変఩ࡀ変化࡜ࡿࡍ，明࡜暗ࡢ場所ࡀ入ࢀ変わࡿ．波長 632.8nmࡢ赤色 He-

Neࣞーࢆࢨ，光源࡚ࡋ࡜使用ࡓࡋ場合，158.2nm光路差ࡀ変化࡜ࡿࡍ明暗ࡀ入ࢀ変わࡿ． 

動作Ⅼ࡟ࢁࡇ࡜いࡁ大ࡶ最ࡀࡁ傾．ࡿࡍ変化ࡾࡼ࡟動作Ⅼ，ࡣ感度ࡢソン干渉計ࣝࢣ࢖࣐ 

ᅗ．ࡿ࡞࡟最大ࡣ計測感度，࡛࡜ࡇࡘ保ࢆ ࡁ傾ࡢ曲線ࡢࡇ，ࡾࡼ2-2-3 dV/dXࡣ， 

 ���� = 4π�0� cos (4π�� ) (2-1) 

 

࡜V0，࡛ࡇࡇ．ࡿ࡞࡜ λࢀࡒࢀࡑ，ࡣ感度曲線ࡢ振幅࡜光源ࣞࡢーࢨ波長࡛あࡿ．明࡜暗ࡢ

境目ࡀ最ࡶ傾ࡀࡁ大ࡾ࡞ࡃࡁ，cosሺ4π�/�ሻ =  ，ࡣࡁ傾ࡢ時ࡢࡇ．ࡿ࡞࡜1

 ���� = 4π�0�  (2-2) 

 

࡛あࡿ．干渉計ࡢ感度ࡣ，式(2-2)ࡢ逆数࡛ࡢ࡞， 

 



6 

 

���� = �4π�0 (2-3) 

 

対࡟変఩ࡾ࡞ࡃࡁ大ࡀV0，࡜ࡿ࡞ࡃࡁ大ࡀ差ࡢ電ᅽࡿࡅ࠾࡟暗࡜明ࡢ干渉，ࡾࡲࡘ．ࡿ࡞࡜

 ．ࡿ࡞ࡃࡁ大ࡀ電ᅽࡿࢀ出力さ࡚ࡋ

 

 

 

 

ᅗ  ソン干渉計外観ࣝࢣ࢖2-2-1࣐

 

 

 

ᅗ 2-2-2 光路差ࡢ変化ࡿࡼ࡟干渉縞ࡢ移動 
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ᅗ  関係ࡢ信号電ᅽ࡜変఩ࡢソン干渉計ࣝࢣ࢖࣐ 2-2-3

 

2.3 マイケルソン干渉計の干渉感度の安定化と多段除振 

ᅗ 2-3-1 ᅗ．ࡍ外観示ࡢ安定化回路࡟ 2-3-2 ᅗ࡜ 2-3-3 安࡜概略ࡢ安定化制御ࢀࡒࢀࡑ࡟

定化回路ࢆ示ࣝࢣ࢖࣐．ࡍ干渉計ࡢ感度ࡣ，動作Ⅼࡢ఩置࡚ࡗࡼ࡟変化ࡵࡓࡢࡑ．ࡿࡍ，計

測ࢆ行う場合，最ࡶ傾ࡀࡁ大ࡁい఩置(干渉縞ࡢ明暗ࡢ境)࡛動作Ⅼࢆ保ࡘ必要ࡀあࡿ．制御

方法ࡣ࡚ࡋ࡜，干渉計ࡢ参照࣑ࣛーࢆ積層型電歪素子ࡅࡘࡾ࡜࡟，光検出器ࡢࡽ࠿信号࡜基

準電ᅽࡢ࡜差ࡀ無ࡼࡿ࡞ࡃう࡟電歪素子ࢆ駆動ࡋ，光路ࢆ調節ࡾࡼ࡟ࢀࡇ．ࡿࡍ，最ࡶ計測

感度ࡢ高い場所࡟干渉縞ࢆ留ࡓࡲ．ࡿࡵ，発振ࡀ起ࢆࡢࡿࡇ防ࡄⅭ࡟ 6Hz ࢕ࣇࢫࣃーࣟࡢ

ࣝタ࢕ࣇࢆーࣂࢻッࢡ制御回路࡟入࡚ࢀ高周波成ศࢆ遮断࡚ࡋいࡿ． 

ᅗ ࣝ࢔ࡢ二枚，ࡣソン干渉計ࣝࢣ࢖࣐．ࡍ示ࢆ多段除振ྎࡢソン干渉計ࣝࢣ࢖࣐࡟2-3-4

行ࢆ多段除振࡛ࢇ挟ࢆーࣂ࣒ࣛࢦ࡟間ࡢྎ࣑ࣝ࢔ࡢࡑ．ࡿい࡚ࢀ設置さ࡟ୖࡢྎ࣒࢘ࢽ࣑

 ．ࡿい࡚ࡗ

 

 

ᅗ 2-3-1 安定化回路ࡢ外観 
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ᅗ 2-3-2 干渉感度ࡢ安定化制御ࡢ概略 

 

 

 

ᅗ 2-3-3 安定化回路 

 

 

 

ᅗ   多段除振ྎࡢソン干渉計ࣝࢣ࢖࣐ 2-3-4
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2.4 真空排気装置 

 ᅗ ࡿࡍ࡟高真空ࢆ容器内，ࡾあ࡛ࣉ真空࣏ン࡞一般的．ࡍ示ࢆࣉータࣜー࣏ンࣟ࡟2-4-1

最大࡛．ࡿࢀࡽ用い࡟排ᅽࡢࣉ油拡散࣏ンࡢや，後述ࡁ粗引ࡢࡵࡓ 1.3ェ10-1Pa 真空度࡛ࡲ

 ．ࡿࡁ࡛ࡀ࡜ࡇࡿࡆୖࢆ

 ᅗ 能性ྍࡿࡏ発生さࢆࢬ࢖ࣀ振動ࡢ高周波数，ࡣ本研究࡛．ࡍ示ࢆࣉ油拡散࣏ン࡟2-4-2

ࢆ容器内，ࡣࣉン࣏ࡢࡇ．ࡓࡋ使用ࢆࣉ油拡散࣏ンࡃ࡞ࡣ࡛ࣉター࣎ศ子࣏ン，ࡵࡓࡿあࡀ

高真空࡛ࡲ真空ࢆ引ࡁ࡛ࡀ࡜ࡇࡃ，最大࡛ 1ェ10-5Pa࡛ࡲ真空度ࡿࡁ࡛ࡀ࡜ࡇࡿࡆୖࢆ．本

実験࠾࡟い࡚ࡣ，真空容器ࡢ不完全性ࡽ࠿，最大真空度ࡣ 2ェ10-3Pa࡛あࡓࡗ 

 

 

 

ᅗ 2-4-1 ࣟータࣜー࣏ンࣉ 

 

 

ᅗ 2-4-2 油拡散࣏ンࣉ  
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2.5 真空計 

ラニ真空計をᅗࣆ  2-5-1に示す．こࡢ真空計ࡣ，低い真空度を計測すࡁ࡜ࡿに用いࡿ．

計測࡛ࡿࡁ真空度ࡢ範ᅖࡣ，約 2000Pa࠿ら 1.33Paま࡛࡛あࡿ． 

 電離真空計をᅗ 2-5-2に示す．こࡢ真空系ࡣ，最大࡛ 1.0×10-7Paま࡛ࡢ高い真空度を測

定すࡿこࡔࡓ ．ࡿࡁ࡛ࡀ࡜し，低真空ࡁ࡜ࡢに電離真空計ࡢゲーࢪ部࢖ࢫࡢッチを入ࢀ

 ．ࡿ必要࡛あࡀ注意࡛ࡢしまう࡚ࢀ切ࡁ焼ࡀラメント࢕ࣇࡢ内ࢪゲー，࡜ࡿ

 

 

 

ᅗ  ラニ真空計ࣆ 2-5-1

 

 

ᅗ 2-5-2 電離真空計
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2.6 Fast Fourier transformer アナライザ 

 Fast Fourier transformer ࢨ࢖ࣛࢼ࢔(FFTࢨ࢖ࣛࢼ࢔，㈱小㔝測器社製 CF-9400)ࡢ外観ࢆ

ᅗ ᅗࢆ計測画面，࡟2-6-1 ࡍー࢚ࣜ変換ࣇࢆ信号ࡓࡗࡶࢆ周期，ࡣ装置ࡢࡇ．ࡍ示࡟2-6-2

．ࡿ100kHz࡛あ～0，ࡣ範ᅖ࡞計測ྍ能．ࡿࡁ࡛ࡀ࡜ࡇࡿࡍ表示࡚ࡋ࡜ࣝࢺࢡペࢫ，࡛࡜ࡇࡿ

横軸ࡣ周波数࡛表示さࢀ，縦軸ࡣ電ᅽ V，電ᅽࡢ実効値 Vr，ࣃワーV2，ࣃワー密度 V2Hz-

1(PSD)࡛࡝࡞表示ࡿࡁ࡛ࡀ࡜ࡇࡿࡍ．横軸ࡢ周波数ศ解能Δf 数ࣝࣉンࢧータࢹࡢ横軸，ࡣ

や，計測ࡿࡍ周波数範ᅖࢆ変更࡛࡜ࡇࡿࡍ決定さࡢࡇ．ࡿࢀ周波数ศ解能Δf100，ࡣHz࠿

ࡽ 1.56ェ10-5Hzࡢ範ᅖ࡛設定࡛ࡿࡁ．縦軸ศ解能ࡣ，最大࡛約 60nV࡛あࡿ．周波数ศ解能

，ࡋ࠿ࡋ．ࡿ࠿࠿ࡀ時間࡟計測，ࡾ࡞ࡃ長ࡀ時間ࡳ込ࡾ取ࡢータࢹ࡜ࡿࡂࡍࡋࡃ高ࡾࡲあ，ࡣ

計測ࡿࡍ信号࡟対࡚ࡋ不十ศ࡞ศ解能࡛計測ࢆ行う࡜，間違ࡓࡗ計測結果ࢆ得࡚ࡲࡋうࡇ

  ．ࡿあࡀ࡜

ࡋ設定，ࡣ際ࡿࡍ計測ࢆ(࡝࡞ࢬ࢖ࣀ)信号ࡿあࡢࡾࡀ広࡟周波数的࡟うࡼࡢ熱振動，ࡓࡲ

ࡢࢬ࢖ࣀ࢔ࣟࣇࡘ持ࡢࢨ࢖ࣛࢼ࢔FFT，ࡤう．例えࡲࡋ࡚ࡗ変わࡀ結果࡟毎ࡢ周波数ศ解ࡓ

ࡃ小さ࡚ࡋ比例࡟Δfࡀワーࣃ従い࡟ࡿࡍࡃ高ࢆ場合，ศ解能ࡿࡍ計測ࢆࣝࢺࢡペࢫワーࣃ

ࡢࡾࡓ1Hzあ，ࡋศ解能࡛正規化ࢆ信号．ࡿあࡀ必要ࡿࡍศ解能࡛正規化，ࡵࡓࡢࡑ．ࡿ࡞

V2Hz-1，ࡣ単఩．ࡿ密度(PSD)࡛あࣝࢺࢡペࢫワーࣃ，ࡀࣝࢺࢡペࢫࡓ変え࡟密度ࡢワーࣃ

࡛あࡇ，ࡾう࡛࡜ࡇࡿࡍศ解能ࡋ࠿ࡋ．ࡿࡁ࡛ࡀ࡜ࡇࡍࡃ࡞ࢆࡁࡘࡽࡤࡿࡼ࡟，周波数的࡟

広࡞ࡢࡾࡀい信号ࡢࡇ࡟方法ࢆ用い࡜ࡿ，正ࡋい計測ࡿ࡞ࡃ࡞ࡁ࡛ࡀ． 

 片持ࡕ梁ࡢ熱振動ࢆ計測ࡿࡍ際ࢫ，ࡣ࡟ペࡢࣝࢺࢡ半値幅ࡶࡾࡼ周波数ศ解能ࡀ小さ

 ，ࡣศ解能ࡿࡍ設定࡟際ࡢ計測．ࡓࡋう設定ࡼࡿ࡞ࡃ

 ∆� < �0�  (2-4) 

 

ࡣ固有角周波数，Qࡢ梁ࡕ片持ࡣω0，࡛ࡇࡇ．ࡓࡋ設定࡟うࡼࡿ࡞࡜ Q値࡛あࡾࡲࡘ．ࡿ，

Q値ࡀ大ࡿ࡞ࡃࡁほ࡝高いศ解能࡛計測ࡿࡍ必要ࡀあࡓࡲ．ࡿ，ศ解能ࡣ足࡚ࡾい࡚ࢫ，ࡶ

ペࣆࡢࣝࢺࢡーࡀࢡ存ᅾࡿࡍ周波数ࡢ値ࢹࡢータࡀ取࡚ࢀい࡞い場合，ࣆーࢡ値ࢹࡢータ

 ．ࡿ࡞ࡃ小さࡶࡾࡼ値ࡢ本来ࡀ

 



12 

 

 

ᅗ 2-6-1 FFTࢨ࢖ࣛࢼ࢔外観 

 

 

 

ᅗ 2-6-2 FFT ࡢࢨ࢖ࣛࢼ࢔計測画面  
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2.7 スペクトラルアナライザ 

 ᅗ 数，ࡣࢨ࢖ࣛࢼ࢔ࣝࢺࢡペࢫ．ࡍ示ࢆࢨ࢖ࣛࢼ࢔ࣝࣛࢺࢡペࢫ࡟2-7-1 10kHzࡽ࠿ 5GHz

最大࡛，ࡣ周波数ศ解能ࡢ横軸．ࡿࡁ計測࡛ࢆࣝࢺࢡペࢫࡢ高い周波数ࡢ࡛ࡲ 10Hz࡛あࡿ

ࡀ入力抵抗࡟ࡵࡓ行うࢆ計測ࡢ高周波数࡛，ࡣ装置ࡢࡇ 50Ω࡛あࡿ． 

 

 

 

ᅗ  外観ࢨ࢖ࣛࢼ࢔ࣝࣛࢺࢡペࢫ 2-7-1

 

2.8 ロックインアンプ 

2.8.1 概要 

ᅗ 周波ࡌ同࡜周波数ࡢ参照信号，ࡣࣉン࢔ン࢖ࢡッࣟ．ࡍ示ࢆࣉン࢔ン࢖ࢡッࣟ࡟2-8-1

数ࡢ成ศࢆ入力信号ࡽ࠿検出ࡋ DC 成ศ࡚ࡋ࡜出力ࡿࡍ．出力さࡿࢀ信号ࡣ，入力信号ェ

(10V/測定ࣞンࢪ(SENS)V)࡛表示さࢀ，出力信号ࡣ，実効値࡛表示さࡓࡲ．ࡿࢀ，積ศ時間

τc(時定数)ࢆ設定ࡿࡍ必要ࡀあࡣࢀࡇ．ࡿ，入力ࢹࡓࡋータࢆ何秒間࡛積ศࢆ࠿ࡿࡍ設定ࡍ

ࡤࢀࡅ短，ࡾࡀୖࡣศ解能，ࡤࢀࡅ長ࡀ時定数，ࢀ決定さࡀ時定数࡛ศ解能ࡢࡇ，࡛ࡢࡶࡿ

ศ解能ࡣୗࡢࡇࡓࡲ．ࡿࡀ時定数ࡣ，入力信号ࡢ周期 T 設定࡟うࡼࡿ࡞ࡃ長࡟十ศࡶࡾࡼ

  ．ࡿあࡀ必要ࡿࡍ

 

2.8.2 ロックインアンプを用いて自作した FFTアナライザ 

既存ࡢ FFT100，ࡣࢨ࢖ࣛࢼ࢔kHzࡾࡼ高い周波数ࡢ信号ࢆ計測ࡓࡗ࠿࡞ࡁ࡛ࡀ࡜ࡇࡿࡍ

用い࡚ࢆࣉン࢔ン࢖ࢡッࣟࡵࡓ 100kHz 以ୖࡢ高い周波数ࡢ信号ࢆ計測࡛ࡿࡁ機構ࢆ考え

2.8.1．ࡓ ࠿ࡋ信号ࡿࡅ࠾࡟周波数ࡌ同࡜参照信号ࡣࣉン࢔ン࢖ࢡッࣟ，࡟うࡼࡓ述べࡶ࡛
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検波࡞ࡋい．ࡋ࠿ࡋ，参照信号ࡢ周波数ࢆ一定ࡢ㏿度࡛変化さ࡛࡜ࡇࡿࡏ FFT ࢨ࢖ࣛࢼ࢔

ࣟ．ࡿࢀࡽ得ࡀࣝࢺࢡペࢫࡢ入力信号࡟うࡼࡢ ッ࢖ࢡン࢔ンࡢࣉ参照信号࢓ࣇ，ࢆンࢩࢡョ

ンࣞࢿ࢙ࢪータࢆ用い࡚࢖ࢫーࡋࣉ，出力信号ࢥࢫࣟࢩ࢜ࢆー࡛ࣉ観測࡛࡜ࡇࡿࡍ入力信

号ࢫࡢペࡀࣝࢺࢡ計測࡛ࡿࡁ． 

 ᅗ 2-8-2 ࡓࡋ用い࡚自作ࢆࣉン࢔ン࢖ࢡッࣟ࡟ FFT ࡟実際．ࡍ示ࢆ概略ࢨ࢖ࣛࢼ࢔ FFT

ࡢータࣞࢿ࢙ࢪョンࢩࢡン࢓ࣇ，ࢆ参照信号．ࡓࡗ行ࢆ実験࠿ࡢࡿࡍ機能࡚ࡋ࡜ࢨ࢖ࣛࢼ࢔

ch2ࡢࡽ࠿信号ࢆ用い࡚࢖ࢫーࡋࣉ，ch1ࡢࡽ࠿信号ࢆ入力ࡢࡑ，ࡋ出力信号ࢥࢫࣟࢩ࢜ࢆ

ー࡛ࣉ観測ࡢࡇ．ࡓࡋ時，入力信号ࡣ 1.25MHz ࡛あࡿ．参照信号ࡢ周波数移動㏿度ࡣ，周

波数ศ解能ࡶࡾࡼ遅࡞ࡽ࡞ࡣ࡚ࡃ࡞ࡃい．࢖ࢫࡵࡓࡢࡑーࣉ時間ࡣ， 

 ��s > ∆�s∆�L2 (2-5) 

 

ศ解ࡢࣉン࢔ン࢖ࢡッࣟࡣ周波数範ᅖ，∆�L2ࡿࡍࣉー࢖ࢫࡣ倍率，ΔfsࡣK，࡛ࡇࡇ．ࡿ࡞࡜
能࡛あࡿ． 

 ᅗ ࡣ時定数ࡢࣉン࢔ン࢖ࢡッࣟ．ࡍ示ࢆࣝࢺࢡペࢫࡿࡅ࠾࡟違う倍率࡟2-8-3 2ms࡛，

入力信号ࡣ 1.25MHz出あࡿ．ᅗ 2-8-3中ࡢⅬ線ࡣ，中心周波数 fc = 1.25MHzࢆ示࡚ࡋい

ࢀࡒࢀࡑ，ࡣ実線ࡢ黒࡜赤࡜青．ࡿ K＝1，K＝3，K＝6ࡢ時ࡢ値࡛あࡾ，倍率ࡀ大࡞ࡃࡁ

ッࣟ，ࡣ半値幅ࡢࣝࢺࢡペࢫࡢࡇࡓࡲ．ࡿい࡚ࡗ࡞ࡃ࡞少ࡀࢀࡎࡢࡽ࠿中心周波数࡝ほࡿ

 ．ࡍ表ࢆ周波数ศ解能ࡢࣉン࢔ン࢖ࢡ

 

 

 

 

ᅗ 2-8-3 ࣟッ࢖ࢡン࢔ンࣉ 
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ᅗ 2-8-2 ࣟッ࢖ࢡン࢔ンࢆࣉ用い࡚自作ࡓࡋ FFTࡢࢨ࢖ࣛࢼ࢔概略 

 

 

 

 

 

ᅗ 2-8-3 違う倍率ࢫࡿࡅ࠾࡟ペࣝࢺࢡ  
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2.9 Dual channel programmable filter (DCPF) 
 ᅗ ࡟2-9-1 Dual channel programmable filter (DCPF)ࢆ示ࣝ࢕ࣇࢫࣃ࢖ࣁ．ࡍタ(HPF)，ࣟー

，ࡓࡲ．ࡿࡁ設定࡛ࢆタࣝ࢕ࣇタࣝࢪࢹࡢ࡝࡞タ(BPF)ࣝ࢕ࣇࢫࣃࢻンࣂ，タ(LPF)ࣝ࢕ࣇࢫࣃ

CH-A࡜ CH-Bࡢࡘ２ࡢチࣕンࡀࣝࢿあ࢝ࢀࡒࢀࡑ，ࡾッࣇ࢜ࢺ周波数や中心周波数ࢆ調整

࡜CH-A．ࡿࡁ࡛ࡀ࡜ࡇࡿࡍ CH-Bࢆ内部࡛接続ࡿࡍ CASCADEࣔーࢀࡒࢀࡑ，࡜ࢻ別ࡍ࡟

ࡿ SEPARATEࣔーࡀࢻあࡓࡲ．ࡿ，CH-A࡜ CH-Bࡢ周波数ࢆ調節࡛࡜ࡇࡿࡍ，入力信号࡜

出力信号ࡢ఩相ࡿࡁ࡛ࡀ࡜ࡇࡍࡽࡎࢆ．  

 

 

 

 

ᅗ  タࣝ࢕ࣇࣝࣈ࣐ࣛࢢࣟࣉࣝࢿチࣕンࣝ࢔ュࢹ 2-9-1
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第 3章 

熱振動制御の手法 

 

3.1 熱振動制御装置 

 熱振動制御ࢸࢫࢩムࢆ図 単層圧電素子࡟うࡼࡿࡏ࠿動࡟精密，ࡣ梁ࡕ片持．ࡍ示࡟3-1-1

㸦以降 PZT㸧࡟取ࡾ付け࡚ࢀࡽいࡿ．フ࢕ーࣝࢡࢵࣂࢻープ࢖ࢤン gࢆ変化さ࡟ࡵࡓࡿࡏ，

PZTへࡢ印加電圧ྍࢆ変ࢥンࢹン࡛ࢧศ圧࡚ࡋいࡿ．ศ圧ࢥ࡟ンࢹンࢆࢧ使用ࡓࡋ理由ࡣ，

抵抗ࢆ使用࡚ࡋศ圧ࡓࡋ場合，位相遅ࡀࢀ生ྍࡿࡌ能性ࡀあ࡜ࡿ考え࡛ࡵࡓࡓあࡿ．片持ࡕ

梁ࡢ熱振動計測ࡣ࡟，マࣝࢣ࢖ソンᖸ渉計ࢆ用い࡚いࡓ．ᖸ渉計ࡢග源࡚ࡋ࡜，出力約 1mW，

波長 632.8nmࡢ He-Neࣞーࢆࢨ使用࡚ࡋいࡿ．まࡓ，片持ࡕ梁ࡢ Q値ࡾࡼࢆ高くࡵࡓࡿࡍ

5Pa-10×5，ࢀ入࡟真空容器ࢆソンᖸ渉計全体ࣝࢣ࢖マ，࡟ ．ࡿい࡚ࡗ行ࢆ真空中࡛実験ࡢ

本実験ࡣ全࡚室温࡛࠾こࡓࡗ࡞． 

ග検出器ࡢࡽ࠿熱振動ࡢ信号(x+xn)ࡣ，周波数幅ࡀ約 10kHzࣂࡢンࢫࣃࢻフࢱࣝ࢕( BPF )

ࡿい࡚ࢀࡽࡏ乗ࡀ梁ࡕ片持，ࡾ通ࢆ PZTへ࡜送ࡿࢀࡽ．ここ࡛，xࡣ片持ࡕ梁ࡢ熱振動ࡢ振

幅，xnࡣ計測系ࡀ持࡚ࡗいࡿフ࡛ࣟࢬ࢖ࣀ࢔あࣂ．ࡿンࢫࣃࢻフࡣࢱࣝ࢕，片持ࡕ梁ࡢ共振

周波数࡛位相ࡀΔφ＝90°遅ࡼࡿࢀう࡟設定ࡓࡋ．こࡢ位相ࢆ 90°遅ࡓࡏࡽ熱振動ࡢ信号࡟，

ࣝープ࢖ࢤン g ࡢࡵࡓࡍ࠿動ࢆ梁ࡕ片持，ࢆࡢࡶࡓ掛けࢆ PZT࡟印加ࡿࡍ．こࡾࡼ࡟ࢀ，

PZTࡀ動くこ࡛࡜，梁࡟対࡚ࡋ慣性力ࡀ生ࡿࡌ．こࡢ慣性力ࢆ利用࡚ࡋ，片持ࡕ梁ࡢ熱振動

制御ࢆ行ࡓࡗ．ここ࡛ࡢ g ࡜熱振動ࡢ梁ࡕ片持，ࡣ PZT ࡼ࡟ග検出器．ࡿ比࡛あࡢ振幅ࡢ

 ．ࡓࡗ行ࢆ用い࡚解析ࢆࢨ࢖ラࢼ࢔FFT ，ࡣ信号ࡓࢀ検出さ࡚ࡗ
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図 3-1-1 熱振動制御ࢸࢫࢩム 

 

 

3.2 圧電素子の校正 

 図 図，ࢆ概略ࡢ実験方法࡟3-2-1 単層型ࡓࡋ使用࡟3-2-2 PZTࡢ特性ࢆ，図 変ྍ࡟3-2-3

単層型ࡢ場合ࡓࡋศ圧࡛ࢧンࢹンࢥ PZT ࣞ࡟土ྎ部ศࡢ梁ࡕ片持，ࡣ実験．ࡍ示ࢆ特性ࡢ

ーࢆࢨ集ගࡋ，PZT自体ࡢ振動ࢆ計測ࡓࡋ．こࡢ特性ࡣ，正弦波ࡢ電圧ࢆ PZT へ印加ࡓࡋ

際ࡢ，PZTࡢ振幅ࢆ示࡛ࡢࡶࡓࡋあࡿ．図 近似直線࡛ࡣ実測値，点線ࡣい࡚，点࠾࡟3-2-2

あࡿ．PZTࡢ振幅ࡣ，FFTࢼ࢔ラࢆࢨ࢖用い࡚観測ࡓࡋ．実験値ࡣ，全࡚ 1,000回ᖹ均ࢆ行

近い࡟固有振動数ࡢ梁ࡕ片持，ࡣ周波数ࡢ正弦波ࡓࡋ印加．ࡿい࡚ࡗ 80kHz࡛あࡿ．まࡓ，

実験値ࡣ，ษ片ࡀ  ．ࡿい࡚ࡋ補正࡟うࡼࡿ࡞࡟0

図 標準ࡢࡽ࠿近似直線．ࡓࡗ࡞࡜390pm/V，࡜ࡿࡵ求ࢆ感度ࡽ࠿ࡁ傾ࡢ近似直線ࡢ3-2-2

偏差0.2，ࡣpm࡛あࡿ．図 用い࡚ศࢆࢧンࢹンࢥ変ྍ，ࡣ電圧ࡿࢀい࡚，印加さ࠾࡟3-2-3

圧ࡾ࠾࡚ࡋ，PZT࡟実際࡟印ྍさࡿࢀ電圧ࡣ，約 高い直，ࡣ実験結果．ࡿい࡚ࡗ࡞࡟1/260
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線性ࢆ示ࡾ࠾࡚ࡋ，近似直線ࡢࡽ࠿標準偏差ࡣ，約 0.05pm ࡛あࡿ．図 3-2-3 ࡢ近似直線ࡢ

傾ࡾࡼࡁ感度ࢆ求࡜ࡿࡵ，PZT ࡣ感度ࡢ 1.47pm/V こࡿࡍศ圧࡛ࢧンࢹンࢥ変ྍ .ࡓࡗ࡞࡜

約ࡣ感度࡛࡜   ．ࡓࡗ࡞࡜1/30

 

 

 

 

 

図 3-2-1 校正ࡢ実験方法ࡢ概略 
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図 3-2-2 単層型 PZTࡢ特性 

 

 

 

図 3-2-3 ྍ変ࢥンࢹン࡛ࢧศ圧ࡓࡋ場合ࡢ単層型 PZTࡢ特性  
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3.3 熱振動の制御方法 

 マࣟࢡ࢖片持ࡕ梁ࡢ熱振動ࡢᖹ均振幅ࡢ理論値ࡣ，熱ᖹ衡状態ࡁ࡜ࡢ熱統計力学ࡢエࢿ

 ，ࡾࡼ法則ࡢー等ศ配ࢠࣝ

 

kBT√=ۄtݔۃ
k

  (3-1) 

 

࡛求ࡿࡵこ[16]ࡿࡁ࡛ࡀ࡜．ここ࡛，ݔۃtࡣۄ熱振動ࡢᖹ均ࡢ振幅，kBࡣボࣝࢶマン定数，Tࡣ

温度，kࢿࣂࡣ定数࡛あࡿ． 

 図 ࡍ仮定࡜ࡿ質点࡛あࡀඛ端ࡢ梁ࡕ片持．ࡍ示ࢆࣝࢹ運動モࡢ梁ࡕ片持ࡢ制御時࡟3-3-1

．ࡿࡁ࡛ࡀ࡜こࡿࡍ仮定࡜系ࣃンࢲࢿࣂࢫマ࡞単純，ࡣ運動方程式ࡢ熱振動ࡢࡕ片持，࡜ࡿ

 ，ࡣ運動方程式ࡢࡁ࡜ࡿい࡚ࡋ制御ࢆ振幅ࡢ熱振動ࡢ梁ࡕ片持，࡚ࡗࡼ

 ݂ሺ�ሻ = ሷሺ�ሻݔ� + ሷݕ� ሺ�ሻ + ሶሺ�ሻݔ� +  ሺ�ሻ (3-2)ݔ�

 

計測さࡣx(t)，(ン力ࣂュࢪラン)力ࡍ起こࡁ引ࢆ熱振動ࡣf(t)，ࡋࡔࡓ．ࡿࡁ࡛ࡀ࡜こࡍ表࡜

ࡣ 変位，y(t) = g [xΔφ(t) + xnΔφ(t)]ࡢ梁ࡕ片持ࡿࢀ PZTࡢ変位，xΔφ(t)ࡣ PZT࡟印加さࡿࢀ位相

ࢆ 90°遅ࡓࡏࡽ片持ࡕ梁ࡢ変位，xnΔφ(t)ࡣ PZT ࢆ位相ࡿࢀ印加さ࡟ 90°遅ࡓࡏࡽ計測系ࡢフ

，(࡝࡞ࢬ࢖ࣀࢺࢵョࢩࡘ持ࡀや，ග検出器ࢬ࢖ࣀョンソンࢪࡘ持ࡀ抵抗ࡢ増幅器)ࢬ࢖ࣀ࢔ࣟ

g ン，m࢖ࢤープࣝࢡࢵࣂࢻー࢕フࡣ 等価質量，μࡣ 減衰係数，kࡣ こ．ࡿ定数࡛あࡡࡤࡣ

࡟時，常ࡢ x(t)࡜ y(t)ࡢ間࡟ x(t) ≫ y(t) ࡀ成ࡾ立࡚ࡗいࡵࡓࡿ，計測さࡿࢀ PZT ࡣ変位ࡢ

無視࡛ࡿࡍ࡜ࡢࡶࡿࡁ．さ࡟ࡽ， 

 

f ሺtሻ = f̂ሺ�ሻe jωt (3-3) ݔሺ�ሻ = ��� ሺ�ሻ݁ݔ̂
 (3-4) 

xnሺtሻ = ̂ݔnሺωሻe jቀωt - π2ቁ
 (3-5) 

x∆φሺtሻ = x̂ሺωሻe jቀωt - π2ቁ
 (3-6) 

xn∆φሺtሻ = ̂ݔnሺωሻe jቀωt - π2ቁ
 (3-7) 

μ = mω0

Q
 (3-8) 

k = m�02 (3-9) 

 



22 

 

ࡣ共振周波数，Qࡢ梁ࡕ片持ࡣく．ここ࡛，ω0࠾࡜ Q値࡛あࡾ，x̂(ω) や f̂ ሺωሻࡣ，位相ࢆ
含ࡔࢇ複素振幅࡛あࡿ．まࡓ，熱振動ࢆ引ࡁ起こ࡚ࡋいࡿ力 f̂ ሺωሻ࡜，ランࢲム࡞計測系ࡢ
，࡜ࡿ換えࡁ置ࢆ式(3-2)࡟うࡼࡢ上記．ࡿࡍ࡜ࡢࡶい࡞ࡣ相関性࡟間ࡢx̂nሺωሻࡿあ࡛ࢬ࢖ࣀ

実際ࡢ熱振動ࡢ複素振幅x̂(ω) ࡣ， 

 

x̂ሺωሻ=
f̂ ሺωሻ
m − jgω2x̂nሺωሻ(ω0

2 −  ω2) + j ቀgω2+ω0ω
Q ቁ (3-10) 

 

ࡢ計測系࡟複素振幅ࡢ熱振動ࡢ際，実際ࡓࡋ計測，ࡣ複素振幅ࡢ熱振動ࡿࢀ計測さ．ࡿ࡞࡜

x̂ሺωሻ，ࡾ࡞࡜ࡢࡶࡓ加えࢆx̂nሺωሻ࡟x̂ሺωሻࡢこ，࡛ࡢ[5]ࡿ加わ࡟ࡽさࡀࢬ࢖ࣀ + x̂nሺωሻࢆ考えࡿ
 ，࡜

 

x̂ሺωሻ+ x̂nሺωሻ=

f̂ ሺωሻ
m − [(ω0

2+ ω2)+ j ω0ω
Q ] x̂nሺωሻ(ω0

2 − ω2)+ j ቀgω2+ω0ω
Q ቁ  (3-11) 

 

 ，ࡣ理論値ࡢ密度ࣝࢺࢡペࢫワーࣃࡢ熱振動ࡢ実際，ࡾࡼ以上．ࡿ࡞࡜

 

|x̂ሺωሻ|2= [ 1
m2(ω0

2 − ω2)2+ ቀgω2+ω0ω
Q ቁ2 ] |f̂ ሺωሻ|2

 

      + [ g2ω4(ω0
2 − ω2)2+ ቀgω2+ω0ω

Q ቁ2] |x̂nሺ�ሻ|2
 

(3-12) 

 

 ，ࡣ理論値ࡢ密度ࣝࢺࢡペࢫワーࣃࡢ熱振動ࡿࢀ計測さ，࡟次．ࡿ࡞࡜

 

 |x̂ሺωሻ +x̂nሺωሻ|2= [ 1
m2(ω0

2 − ω2)2+ ቀgω2+ω0ω
Q ቁ2 ] |f̂ ሺωሻ|2

 

                             + [ (ω0
2 −ω2)2+ ቀω0ω

Q ቁ2

(ω0
2 − ω2)2+ ቀgω2+ω0ω

Q ቁ2] |x̂nሺ�ሻ|2
 

(3-13) 

 

 ，ࡾࡼ式(3-12)，(3-13)，ࡣ振幅密度ࡢ熱振動ࡿけ࠾࡟固有振動数(ω = ω0)，ࡓま．[5]ࡿ࡞࡜
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|x̂ሺω0ሻ|= 1

1+ 1
gQ

√ 1
m2ω0

4g2 |f̂ሺω0ሻ|2+|x̂nሺω0ሻ|2 (3-14) 

 

|x̂ሺω0ሻ+x̂nሺω0ሻ|= 1
1+gQ

√ Q2

m2ω0
4 |f̂ሺω0ሻ|2+|x̂nሺω0ሻ|2 (3-15) 

 

式(3-14)，(3-15) .ࡿ振幅密度࡛あࡢ熱振動ࡿࢀ計測さࡿけ࠾࡟固有振動数，ࡣ|振幅密度，|x̂ሺω0ሻ+ x̂nሺω0ሻࡢ熱振動ࡢ実際ࡿけ࠾࡟固有振動数，ࡣ|し，|x̂ሺω0ሻࡔࡓ．ࡿࡁ࡛ࡀ࡜こࡍ表࡜

|x̂ሺω0ሻ|࡜ࡿ࡞くࡁ大ࡀg，ࡣ熱振動ࡿࢀ計測さ，࡟うࡼࡿ࠿分ࡽ࠿ > |x̂ሺω0ሻ+ x̂nሺω0ሻ|ࡾ࡞࡜，
実際ࡢ熱振動ࡶࡾࡼ小さく見え࡚しまう࡜いうこࡀ࡜分࡚ࡗ࠿い[5,16]ࡿ．こࡼࡢう࡟，実

際ࡢ熱振動࡟計測系ࡢノイズを加えࡓ信号ࡢほうࡀ，実際ࡢ熱振動ࡢ信号ࡶࡾࡼ小さく࡞

位相を，ࡣx̂nሺω0ሻ࡜x̂ሺω0ሻ．ࡿࢀࡽ考え࡜ࡵࡓࡿあࡀ相関性࡟間ࡢx̂nሺω0ሻ࡜x̂ሺω0ሻ，ࡣ原因ࡿ
含ࡴ振幅(複素振幅)࡛あࡵࡓࡿ，こࡢ二ࡢࡘ位相࡟相関性ࡀあࡘ࠿，ࡾそࡢ位相ࡀ ࢀࡎ180°

࡚い࡟ࡵࡓࡿ，互い࡟打ࡕ消しあい実際ࡢ信号ࡶࡾࡼ小さく見え࡚しまう࡜考えࡿ． 

 

 

図 3-3-1 熱振動制御時ࡢ片持ࡕ梁ࡢ運動モデル 



24 

 

第 4章 

熱振動制御実験 

 

4.1 単結晶シリコン片持ち梁(梁 A)の熱振動制御 

4.1.1 Q値の真空度依存性 

 ᡃ々ࡣ，マࣟࢡ࢖片持ࡕ梁ࡢ Q値ࡢ真空度依存性ࢆ測定ࡓࡋ．Q 値ࡣ，熱振動ࡢ制御࡟

 ．[18,19]ࡿい࡚ࢀ行わࡀ検証࡞様々ࡶい࡚࠾࡟ඛ行研究，ࡾ要素࡛あ࡞い࡚重要࠾

 図 ࡟4-1-1 Q値ࡢ真空度依存性ࢆ示ࡍ．垂直点線ࡣ，真空容器内ࡢ残留空気ࡢᖹ均自由行

程ࡀ片持ࡕ梁ࡢ代表長(40µm)࡟等ࡋくࡿ࡞時ࡢ真空度ࢆ示ࡍ．こࡢ点線ࡣ，分子流࡜粘性࡜

ン数ࢭーࢾࢡࡢ時ࡢこ，ࡋ示ࢆ境界ࡢ Knࡣ 1࡛あࡿ．こࡢ時ࡢ真空度ࡣ，約 160Pa࡛あࡿ．

ン数ࢭーࢾࢡ Knࡣ，ᖹ均自由行程࡜代表長ࡢ比࡛あࡿ．ᖹ均自由行程ࡣ，真空度࡜比例ࡋ

࡚ࢀࡘ࡟ࡿ࡞高くࡀ真空度，ࡵࡓࡢࡑ．ࡿ࡞くࡁ大࡚ࢀࡘ࡟ࡿࡀୖࡀ真空度，ࡾ࠾࡚ Knࡶ

大ࡁくࡿ࡞． 

 図 4-1-1 Kn，࡟うࡼࡿ࠿分ࡽ࠿ ࡀ 1 Q，ࡣい࡚࠾࡟真空度ࡿ࡞小さくࡾࡼ 値࡜真空度ࡢ

依存性ࡣపい．一方，Knࡀ ࡋ反比例࡜真空度ࡣQ値，ࡣい࡚࠾࡟真空度ࡿ࡞くࡁ大ࡾࡼ1

飽ࡢQ値．ࡍ実線࡛示ࡢ水ᖹ，ࢆ値ࡓࡋ飽和ࡢこ．ࡿ࡞࡟値ࡢ一定ࡋ飽和࡟最終的，ࡵࡌࡣ

和ࡣ，片持ࡕ梁固有ࡢ振動࢚ࢠࣝࢿー分散࡛ࡢࡶࡿࡼ࡟あ࡜ࡿ考えࡿ．本研究5，ࡣェ10-3Pa

࡛実験ࢆ行い，こࡢ時ࡢ Q値ࡣ 1.2ェ105࡛あࡿ． 

 

 

図 4-1-1 Q値ࡢ真空度依存性 
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4.1.2 熱振動制御 

 図 4-1-2(a) ࡟，ࣝ ー࢖ࢤࣉンࢆ増ຍさࡓࡏ際ࡢ，計測さࡓࢀ熱振動ࣃࡢワーࣝࢺࢡ࣌ࢫ密

度( |x̂ሺωሻ +x̂nሺωሻ|2)ࡢ変化ࢆ示ࡍ．図 4-1-2(a)࠾࡟い࡚，点ࡣ実験値࡛あࢀࡒࢀࡑ，ࡾ 1,000

回ᖹ均ࢆ行࡚ࡗいࡿ．FFTࡢࢨ࢖ࣛࢼ࢔周波数分解能0.3，ࡣHz࡛計測࠾ࢆこࡓࡗ࡞．実線

，ࡣ実験値．ࡿい࡚ࡋく一致ࡼ，ࡣ計算値࡜実験値．ࡿ計算値࡛あࡓࢀࡽ得ࡽ࠿式(3-13)，ࡣ

最ࣆࡶーࡢࢡ大ࡁいࡣࣝࢺࢡ࣌ࢫ，制振ࢆ行࡚ࡗい࡞い時ࡢ熱振動ࣃࡢワーࣝࢺࢡ࣌ࢫ密

度࡛あࡿ(g = 0)．こࡢ時ࡢ熱振動ࡢ固有振動数࠾࡟けࣆࡿーࢡ値40，ࡣpmHz-1/2࡛あࣃ．ࡿ

ワーࣝࢺࢡ࣌ࢫ密度ࣆࡢーࢡ値ࡣ，ࣝ ー࢖ࢤࣉンࡀ大ࡁく࡚ࡘ࡟ࡿ࡞ୗ࢔ࣟࣇ，ࡾ࠾࡚ࡗࡀ

値ࢡーࣆࡢ密度ࣝࢺࢡ࣌ࢫワーࣃࡢࡁ࡜ࡿい࡚ࡋ減衰ࡶ最．ࡿい࡚ࡋ減衰࡛ࡲ以ୗࢬ࢖ࣀ

ࡀ従い広࡟ࡿࡍ減衰，ࡣ半値幅ࡢ密度ࣝࢺࢡ࣌ࢫワーࣃࡢ熱振動．ࡿ0.04pmHz-1/2࡛あ，ࡣ

PZT，ࡣࢀこ．ࡿい࡚ࡗ 減衰係数ࡀ慣性力ࡿࢀࡽ与え࡟梁ࡕ片持ࡾࡼ࡟ μ 働࡞うࡼࡌ同࡜

ࡢけୖ࠿見，ࡵࡓࡿࡏ増ຍさࢆ減衰ࡢ本来ࡘ持ࡢ梁，࡛࡜こࡿࡍࢆࡁ Q 値ࡀ減少ࡲࡋ࡚ࡋ

う࡛ࡵࡓあ࡜ࡿ考えࡓࡲ．ࡿ，計測さࡓࢀ熱振動ࣃࡢワーࣝࢺࢡ࣌ࢫ密度ࣆࡢーࢡ値ࣇ，ࡀ

ࡢ原因ࡀ࡜こࡿあࡀ相関性࡟間ࡢ|x̂nሺωሻ|࡜|x̂ሺωሻ|，ࡣ理由ࡿࢀ減衰さ࡛ࡲ以ୗࢬ࢖ࣀ࢔ࣟ 1

ࢬ࢖ࣀࡣ振幅ࡢ実際，ࡀࡿい࡚ࡋ減衰࡛ࡲ以ୗࢬ࢖ࣀけୖ࠿見，ࡋ࠿ࡋ．ࡿ考え࡜ࡿあ࡛ࡘ

以ୗࡣ࡟減衰さ࡞ࢀい． 

 図 4-1-2(b) ࡟，ࣝー࢖ࢤࣉンࢆ増ຍさࡓࡏ際ࡢ，計測さࡓࢀ熱振動ࣃࡢワーࣝࢺࢡ࣌ࢫ

( |x̂ሺωሻ|2)ࡢ変化ࢆ示ࡍ．図 4-1-2(b)࠾࡟い࡚，薄い灰色ࡣ実験値，実線ࡣ式(3-12)ࡽ࠿得ࡽ

ࡣ点線．ࡿ計算値࡛あࡓࢀ gࢆ増ຍさࡓࡏ際ࡢ最終的࡞値ࢆ示ࡍ．こࡢ実際ࡢ熱振動ࡢ理論

曲線ࡣ，熱振動ࡢ振幅ࢬ࢖ࣀ࢔ࣟࣇࢆ近く࡛ࡲ減衰さ࡜ࡿࡏ実験値ࡾ࠾࡚ࢀࡎࡽ࠿，最終的

制ࡀ減衰࡛ࣝ࣋ࣞࢬ࢖ࣀࡘ持ࡢ計測器，ࡎࡽ࠾࡚ࢀ減衰さࡣ࡟以ୗࣝ࣋ࣞࢬ࢖ࣀ࢔ࣟࣇ࡟

限さ࡚ࢀいࡿ．こࡢ時ࡢ値0.12，ࡣpmHz-1/2࡛あࡿ． 

 図 実験値，点ࡣ黒丸．ࡍ示ࢆ減衰ࡢ密度ࣝࢺࢡ࣌ࢫワーࣃࡿけ࠾࡟固有振動数，࡟4-1-3

線ࡣ式(3-15)ࡾࡼ得ࡓࢀࡽ計測さࣃࡓࢀワーࣝࢺࢡ࣌ࢫ密度ࡢ計算値，赤ࡢ実線ࡣ式(3-14)

ࣟࣇࡿい࡚ࡗ持ࡢ計測器ࡣ実線ࡢ計算値，黒ࡢ密度ࣝࢺࢡ࣌ࢫワーࣃࡢ実際ࡓࢀࡽ得ࡾࡼ

ࢡ࣌ࢫワーࣃࡓࢀ計測さ．ࡿい࡚ࡋく一致ࡼ࡜理論曲線，ࡣ実験値．ࡿあ࡛ࣝ࣋ࣞࢬ࢖ࣀ࢔

最大࡛約，ࡣ値ࢡーࣆࡢ密度ࣝࢺ 0.04pmHz-1/2࡛ࡲ減衰࡚ࡋいࡀࡿ，実際ࣃࡢワーࢺࢡ࣌ࢫ

ࣝ密度ࣆࡢーࢡ値ࡣ，計測器ࡢ持ࡾࡼ࡟ࢬ࢖ࣀࡘ制限さ࡚ࢀい0.12，ࡵࡓࡿpmHz-1/2ࡋ࡛ࡲ

 ．ࡿ࠿分ࡀ࡜いこ࡞い࡚ࢀ減衰さ࠿

 図 4-1-4(a)࡟，実際ࡢ熱振動ࡢ振幅ࢆ示ࡍ．実際ࡢ熱振動ࡢ振幅ࣃ，ࡣワーࣝࢺࢡ࣌ࢫ密

度ࡢ面積ࡽ࠿求ࡿࡵこࡿࡁ࡛ࡀ࡜．こࡢ面積ࡣ， 

 

ۄ�ۃ = √ ͳʹߨ ∫|x̂ሺωሻ|2�� (4-1) 
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࡛求ࡿࡵこ[5,17]ࡿࡁ࡛ࡀ࡜．ࣝ ー࢖ࢤࣉンࡀ ࡗ55pm࡛あ，ࡣ振幅ࡢ熱振動ࡢ実際ࡢ時ࡢ0

梁．ࡓ Aࡢ熱振動ࡢ振幅ࡢ理論値ࡣ，式(3-1)ࡾࡼ 45pm࡛あࡾ，実験結果ࢆ理論値ࡣ近い値

ࡣ振幅ࡢ時ࡢこ，ࡾ࡞࡜時最小ࡢg＝1.9ェ10-3，ࡣ振幅ࡢ熱振動ࡢ制御時．ࡓࡋ示ࢆ 4.4pm

࡛あࡓࡲ．ࡿ，さࣝ࡟ࡽー࢖ࢤࣉンࢆ大ࡁく࡜ࡿࡍ，実際ࣃࡢワーࣝࢺࢡ࣌ࢫ密度ࡢ面積ࡀ

大ࡁくࡵࡓࡿ࡞，振幅ࡢ増ຍࡓࢀࡽࡳࡀ． 

  図 4-1-4(b)࡟実行温度ࢆ示ࡍ．片持ࡕ梁ࡢ実効温度ࡣ，式(3-1)ࡾࡼ熱振動ࡢ振幅ࡽ࠿求ࡵ

 ，ࡣ値ࡢこ．ࡋ示ࢆ理論的冷却限界ࡢ実効温度，ࡣ点線．ࡿࡁ࡛ࡀ࡜こࡿ

 �ୣ ୤୤,୫i୬ = ʹ�0|�̂ሺ�0ሻ| |�̂୬ሺ�0ሻ|⁄  (4-2) 

 

理論的ࡿけ࠾࡟実験装置ࡢᡃ々．ࡿ室温࡛あ，ࡣここ࡛，T0．[17]ࡿࡁ࡛ࡀ࡜こࡿࡵ求ࡽ࠿

限界1.8，ࡣK ࡛あࡓࡗ．実験結果ࡽ࠿得ࡓࢀࡽ最小ࡢ実効温度ࡣ，熱振動ࡢ振幅 4.4pm ࠿

ࡽ 2.8K࡜計算さࡓࢀ．こࡣࢀ，理論的冷却限界࡜近い値ࢆ示࡚ࡋいࡿ． 

 こࡢ実験࠾࡟い࡚，ᡃ々ࡢ実験装置࡛制振ྍ能࡞限界࡛ࡲ熱振動ࡢ振幅ࢆ減衰さࡿࡏこ

 ．ࡓࡋᡂຌ࡟࡜

 

(a) 
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(b) 

 

 

図 4-1-2 ࣝー࢖ࢤࣉンࢆ増ຍさࡓࡏ際ࡢ熱振動ࣃࡢワーࣝࢺࢡ࣌ࢫ密度ࡢ変化．(a) 計測さ

 ．密度 |x̂ሺωሻ|2ࣝࢺࢡ࣌ࢫワーࣃࡢ密度 |x̂ሺωሻ +x̂nሺωሻ|2．(b) 実際ࣝࢺࢡ࣌ࢫワーࣃࡿࢀ

 

 

図 4-1-3 共振周波数࠾࡟けࣃࡿワーࣝࢺࢡ࣌ࢫ密度ࡢ減衰 



28 

 

(a) 

 

 

 

(b) 

 

図 4-1-4 (a) ࣝࡢࢀࡒࢀࡑー࢖ࢤࣉン࠾࡟けࡿ実際ࡢ熱振動ࡢ振幅．(b) ࣝࡢࢀࡒࢀࡑーࣉ

 実行温度ࡿけ࠾࡟ン࢖ࢤ
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4.1.3 熱振動制御の時間応答 

 図 4-1-5 ，ࡣ実験．ࡍ示ࢆ概略ࡢ時間応答計測実験ࡢ熱振動制御ࡿけ࠾࡟共振周波数，࡟

ࢿ࢙ࢪョンࢩࢡン࢓ࣇࡣー回路ࣞࣜࡢࡑ，ࡳ込ࡳ組ࢆー回路ࣞࣜ࡟ࣉーࣝࢡッࣂࢻー࢕ࣇ

ࣞーࢆࢱ用い࡚操作ࡿࡍこ࡛࡜，熱振動制御ࡢ ON ࡜ OFFࢆ繰ࡾ返ࡓࡋ．繰ࡾ返ࡋ周波数

ࣟ，ࡋ用い࡚解析ࢆࣉン࢔ン࢖ࢡッࣟ，ࢆ信号ࡢࡽ࠿ග検出器，࡚ࡋࡑ．ࡿ0.5Hz࡛あ，ࡣ

ッ࢖ࢡン࢔ンࡽ࠿ࣉ出力さࡓࢀ信号ࢆ，࢜ ࢜．ࡓࡋ用い࡚計測ࢆࣉーࢥࢫࣟࢩ ࣉーࢥࢫࣟࢩ

過渡応ࡢ熱振動制振，࡛࡜こࡿࡍ࢞ࣜࢺ信号࡛ࡢࢱーࣞࢿ࢙ࢪョンࢩࢡン࢓ࣇ，ࢆ信号ࡢୖ

答ࢆ計測ࡓࡋ．実験値100，ࡣ回ᖹ均ࢆ行࡚ࡗいࡿ． 

 図 ࡢ図中．ࡍ示ࢆ減衰ࡢ振幅ࡿࡍ対࡟ン࢖ࢤࣉーࣝࡿ࡞異ࡿけ࠾࡟共振周波数，࡟4-1-6

緑࡜青ࡢ実線ࡣ実験値，黒い点線ࡣ，理論曲線࡛あࡿ．冷却時間ࡢ理論値ࡣ，式(3-13)ࡾࡼ， 

 

τeff = τ0
gQ+ 1 (4-3) 

 

࡛求ࡿࡵこࡿࡁ࡛ࡀ࡜．ここ࡛，τ0ࡣ片持ࡕ梁ࡢ振動࢚ࢠࣝࢿーࡢ散逸ࡾࡼ࡟決定さࡿࢀ，

梁本来ࡢ減衰時間࡛あࡿ．こࡢࢀ時間ࡣ，Q 値࡚ࡗࡼ࡟決ࡾࡲ，τ0 = Qω0-1࡜表ࡍこ࡛ࡀ࡜

 ．ࡿࡁ

 図 4-1-6(a)࡟，g = 1.5ェ10-4ࡢ時ࡢ冷却ࢆ示ࡍ．こࡢ時ࡢ冷却時間16，ࡣms࡛あࡿ．こࢀ

理論値ࡿࢀࡽ得ࡾࡼ式(4-3)，ࡣ 13ms 図.ࡓࡋ示ࢆ近い値࡜ 4-1-6(b)࡟，g = 3.6ェ10-4ࡢ時ࡢ

冷却ࢆ示ࡍ．こࡢ時ࡢ冷却時間6，ࡣms࡛あࡾ，こࡣࢀ，式(4-3)ࡾࡼ得ࡿࢀࡽ理論値 5ms࡜

近い値ࢆ示ࡓࡋ.実験結果ࡶࡽ࠿分ࡼࡿ࠿う࡟，ࣝー࢖ࢤࣉンࡀ大ࡁい࡝࡯冷却時間ࡣ短く

 ．ࡿ࡞

 図 4-1-7 ，ࡾ実験結果࡛あ，ࡣ実線．ࡍ示ࢆ回復ࡢ振幅࡞典型的ࡢࡽ࠿状態ࡓࡋ制御，࡟

回復時間ࡣ 120ms ࡛あࡓࡗ．冷却時間࡟࠿ࡿࡣࡾࡼ長い時定数࡛あࡿこࡀ࡜分ࡿ࠿．参考

時定数ࡢ本来ࡿい࡚ࡗ持ࡀ梁ࡕ片持，࡟࡛ࡲ τ0＝240ms࡛振幅ࡀ回復࡜ࡿࡍ仮定ࡓࡋ場合ࡢ

回復曲線ࢆ点線࡛示ࡍ． 
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 図  ࣒ࢸࢫࢩ時間応答計測ࡢ熱振動制御ࡿけ࠾࡟共振周波数，࡟4-1-5

 

(a) 
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(b) 

 

図 4-1-6 共振周波数࠾࡟けࡿ異ࣝࡿ࡞ー࢖ࢤࣉン g࡟対ࡿࡍ振幅ࡢ減衰．(a) g = 1.5ェ10-4

 ．冷却ࡢ時ࡢ冷却．(b) g = 3.6ェ10-4ࡢ時ࡢ

 

 

図 4-1-7 制御ࡓࡋ状態ࡢࡽ࠿典型的࡞振幅ࡢ回復  
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4.2 ప周波数窒化シリコン片持ち梁(梁 B)の 2モード同時制振 

4.2.1 片持ち梁の振動モード 

 図 ࡢ無数，ࡣ熱振動ࡢ梁ࡕ片持．ࡍ示ࢆࣝࢹࣔࡢࢻ振動ࣔー࡞様々ࡢ梁ࡕ片持，࡟4-2-1

振動ࣔーࢆࢻ持ࡾ࠾࡚ࡗ，一次振動ࣔーࢻ(基本振動ࣔーࢻ)ࡀ最ࡶ周波数ࡀపく振幅ࡶ大ࡁ

い．二次振動ࣔーࢻ，୕ 次振動ࣔー࡜ࢻ高次ࣔࡢー࡚ࢀࡘ࡟ࡿ࡞࡟ࢻ周波数ࡀ高くࡾ࡞，振

幅ࡣ小さくࡿ࡞．各振動ࣔー࠾࡟ࢻけࡿ片持ࡕ梁ࡢ周波数ࡣ，連続体ࡢ振動ࡢ式， 

 

�� = ͳʹπ (��� )2  (4-4) �ߩ��√

 

断ࡣ率，Iࢢヤンࡣ長さ，Eࡢ梁ࡣ境界条件，Lࡣ��，ここ࡛．[20]ࡿࡁ࡛ࡀ࡜こࡿࡵ求ࡾࡼ
面二次ࣔー࣓ンࢺ，ρࡣ密度，Aࡣ断面積࡛あࡿ．式(4-4)ࡽ࠿，片持ࡕ梁ࡢ二次振動ࣔーࢻ

ࡢ周波数ࡢࢻ一次振動ࣔー，ࡣ周波数ࡢ 6.3倍ࡿ࡞࡟こࡀ࡜分ࡓࡗ࠿． 

 

 

 

 

図 4-2-1 片持ࡕ梁ࡢ様々࡞振動ࣔーࣝࢹࣔࡢࢻ 
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4.2.2 熱振動の 2モード同時計測 

 図 い࡚ࡋ振動ࡣඛ端部分ࡶい࡚࠾࡟ࢻ振動ࣔー࡟度ࡣ梁ࡕ片持，࡟うࡼࡿ࠿分ࡽ࠿4-2-1

計測ࡋ集ගࢆࢨーࣞ࡟ඛ端ࡢ梁，࡟際ࡿࡍ計測ࢆソンᖸ渉計࡛振動ࣝࢣ࢖マ，ࡵࡓࡢࡑ．ࡿ

梁．ࡓࡗ行ࢆ同時計測ࡢࢻ二次振動ࣔー࡜ࢻ一次振動ࣔー，࡛࡜こࡿࡍ B 一次振動ࣔーࡢ

ࡀ固有振動数ࡢࢻ二次振動ࣔー，ࡵࡓపいࡣ固有振動数ࡢࢻ 100kHz以ୗࡾ࡞࡜，二ࡢࡘ振

動ࣔーࢆࢻ FFT࡛ࢨ࢖ࣛࢼ࢔同時࡟解析ࡿࡍこࡿࡁ࡛ࡀ࡜． 

図 赤ࡢ図中．ࡍ示ࢆ結果ࡢ同時計測ࡢ周波数ࡢࢻ二次振動ࣔー࡜ࢻ一次振動ࣔー࡟4-2-2

い矢印ࡣ一次振動ࣔーࢆࢻ，青い矢印ࡣ二次振動ࣔーࢆࢻ指ࡋ示ࡍ．梁 B 一次振動ࣔーࡢ

約ࡣ周波数ࡢࢻ 15kHz ࡛あࢢࣟࢱ࢝，ࡾ値࡜近い値ࢆ示ࡓࡋ．二次振動ࣔーࡢࢻ周波数ࡣ

約 95kHz࡛あࡾ，こࡣࢀ，式(4-4)ࡽ࠿予想さࡼࡓࢀう࡟一次振動ࣔーࡢࢻ約 6.3倍ࡢ周波数

࡛あࡓࡗ． 

 

 

 

 

図 4-2-2 梁 Bࡢ一次振動ࣔー࡜ࢻ二次振動ࣔーࡢࢻ熱振動ࡢ同時計測結果 
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4.2.3 振動モードの個別制振 

図 振動ࣔࡢ無数ࡣ梁ࡕ片持．ࡍ示ࢆ࣒ࢸࢫࢩࡿࡍ制振ࢆࡳࡢࢻ振動ࣔーࡓࡋ選択࡟4-2-3

ー࡛ࢻ振動࡚ࡋいࡀࡿ，冷凍機ࢆ用い࡚熱振動ࢆ抑えࡓ場合，全࡚ࡢ振動ࣔーࡘ࡟ࢻい࡚熱

振動ࡣ減衰さ࡜ࡿࢀ考えࡑ．ࡿࢀࡽこ࡛，࢕ࣇーࣂࢻッࢡ冷却ࢆ用い࡚，一ࡢࡘ振動ࣔーࢻ

ࣂࢻー࢕ࣇ．ࡓࡵ࠿確ࢆ࠿ࡍࡰ及ࢆ影響࡟ࢻ振動ࣔーࡢ場合，他ࡓࡋ制振࡚ࡋ選択ࢆࡳࡢࡢ

ッࡿࡍࢡ振動ࣔーࣂ，ࡣࢻンࢆࢱࣝ࢕ࣇࢫࣃࢻ用い࡚選択ࡓࡋ． 

図 図，ࢆ実験結果ࡓࡋ制振ࢆࡳࡢࢻ一次振動ࣔー࡟4-2-4 ࢆࡳࡢࢻ二次振動ࣔー࡟4-2-5

制振ࡓࡋ実験結果ࢆ示ࡍ．図中ࡢ点ࡣ実験値，黒い実線ࡣ式(3-13)ࡽ࠿得ࡓࢀࡽ計算値࡛あ

梁．ࡿ Bࡢ熱振動ࡣ，選択ࡓࡋ振動ࣔーࡀࡳࡢࢻ制振さ࡚ࢀいࡿこࡀ࡜分ࡿ࠿．一方࡛，制

振さ࡚ࢀいࡿ振動ࣔーࢻ以外ࡓࡗࡲ，ࡣく制振さࡢࢀࡒࢀࡑ，ࡎࡽ࠾࡚ࢀ振動ࣔーࡣࢻ完全

 ．ࡓࡗ࠿分ࡀ࡜こࡿい࡚ࡋ独立࡟

 

 

 

 

図  ࣒ࢸࢫࢩ選択制振ࡢ熱振動ࡓ用いࢆࢱࣝ࢕ࣇࢫࣃࢻンࣂ 4-2-3
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(a)                                        (b) 

 

 

図 4-2-5 一次振動ࣔーࡳࡢࢻ制振ࡓࡋ場合ࡢ二次振動ࣔーࡢ࡬ࢻ影響．(a) 一次振動ࣔー

  ．密度ࣝࢺࢡ࣌ࢫワーࣃࡢࢻ密度．(b) 二次振動ࣔーࣝࢺࢡ࣌ࢫワーࣃࡢࢻ

 

(a)                                       (b) 

 

 

図 4-2-5 二次振動ࣔーࡳࡢࢻ制振ࡓࡋ場合ࡢ一次振動ࣔーࡢ࡬ࢻ影響．(a) 一次振動ࣔー

 ．密度ࣝࢺࢡ࣌ࢫワーࣃࡢࢻ密度．(b) 二次振動ࣔーࣝࢺࢡ࣌ࢫワーࣃࡢࢻ
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4.2.4 熱振動の 2モード同時制振 

 図 ࡍ制振࡚ࡋ抽出ࢆࡳࡢࢻ振動ࣔーࡢࡘ一．ࡍ示ࢆ࣒ࢸࢫࢩ同時制振ࡢ熱振動，࡟4-2-6

振動ࡢࡘ二．ࡓࡁ࡚ࡗ行ࢆ制振ࡋ選択ࢆࢻ用い࡚振動ࣔーࢆࢱࣝ࢕ࣇࢫࣃࢻンࣂ，ࡣ場合ࡿ

ࣔーࢆࢻ同時ࡢ同時制振ࢆ行う場合ࣂ，ࡣンࣟࢆࢱࣝ࢕ࣇࢫࣃࢻー࡟ࢱࣝ࢕ࣇࢫࣃ変更ࡋ，

複数ࡢ振動ࣔーࢆࢻ同時࡟片持ࡕ梁࢕ࣇ࡬ーࣂࢻッ࡚ࡋࢡ制振ࢆ行ࡓࡲ．ࡓࡗ，二ࡢࡘ振動

ࣔーࡢࢻ఩相ࡢࢀࡒࢀࡑࢆ周波数࠾࡟い࡚ 90°遅࡟ࡵࡓࡿࡏࡽ，微分回路ࢆ用いࡓ． 

 図 ࢺࢡ࣌ࢫワーࣃࡿけ࠾࡟ン࢖ࢤࣉーࣝࡢࢀࡒࢀࡑࡢࢻ振動ࣔーࡢࡘ二ࡢ熱振動࡟4-2-7

ࣝ密度ࢆ示ࡍ．図中ࡢ点ࡣ実験値，実線ࡣ式(3-12)ࡽ࠿得ࡓࢀࡽ理論値࡛あࡿ．実験値࡜計

算値ࡼ，ࡣく一致࡚ࡋいࡿ．図 ッࣂࢻー࢕ࣇࢆࢻ振動ࣔーࡢࡘ二，࡟うࡼࡿ࠿分ࡽ࠿4-2-7

ࡋ減衰࡟同時ࡀ密度ࣝࢺࢡ࣌ࢫワーࣃࡢࢻ二次振動ࣔー࡜ࢻ一次振動ࣔー，࡛࡜こࡿࡍࢡ

࡚いࡿ． 

図 ࢺࢡ࣌ࢫワーࣃࡿけ࠾࡟ン࢖ࢤࣉーࣝࡢࢀࡒࢀࡑࡢࢻ振動ࣔーࡢࡘ二ࡢ熱振動࡟4-2-8

ࣝ密度ࣆࡢーࢡ値ࢆ示ࡍ．図中ࡢ丸ࡣ一次振動ࣔーࢻ，୕ 角ࡀ二次振動ࣔーࣆࡢࢻーࢡ値࡛

あࡿ．二ࡢࡘ振動ࣔーࡣࢻ同時࡟制振さࡾ࠾࡚ࢀ，一次振動ࣔーࡣࢻ 390pmHz-1/2 ࡽ࠿

130pmHz-1/2࡛ࡲ，二次振動ࣔーࡣࢻ 8.7pmHz-1/2ࡽ࠿ 1.8 pmHz-1/2࡛ࡲ減衰さࡿࡏこ࡟࡜ᡂຌ

 ．ࡓࡋ

 

 

 

図 4-2-6 熱振動ࡢ 2ࣔーࢻ同時制振࣒ࢸࢫࢩ 
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            (a)                 (b) 

 

 

図 4-2-7 2  密度．(b)ࣝࢺࢡ࣌ࢫワーࣃࡢࢻ同時制振．(a) 一次振動ࣔーࡢࢻ振動ࣔーࡢࡘ

二次振動ࣔーࣃࡢࢻワーࣝࢺࢡ࣌ࢫ密度 

 

 

図 4-2-8 2 ࣆࡢ密度ࣝࢺࢡ࣌ࢫワーࣃࡿけ࠾࡟ン࢖ࢤࣉーࣝࡢࢀࡒࢀࡑࡢࢻ振動ࣔーࡢࡘ

ーࢡ値 
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4.3 高周波数窒化シリコン片持ち梁(梁 C)の制振 

4.3.1 積層型電歪素子を用いた片持ち梁の精密఩置調節機構の改良 

 図 4-3-1(a)࡟精密఩置制御装置外観ࢆ，図 4-3-1(b)࡟装置ࡢ概略ࢆ示ࡍ．梁Cࡣ，長さ 9µm，

幅 2µm࡜梁 A，B࡜比࡚࡭小さいࡵࡓ，片持ࡕ梁ࡢඛ端࡟ He-Neࣞーࡢࢨගࢆ当࡚ࡿこ࡜

ࡼࡿࡏ࠿動࡟精密࡟幅方向ࡢ長さ方向，梁ࡢ焦点方向，梁，ࢆこ࡛，梁ࡑ．ࡓࡗ困難࡛あࡀ

う࡟，架ྎ࡛あࡿ単層型電歪素子୕࡟軸ࡢ積層型電歪素子ࢆ取ࡾ付けࡓ．積層型電歪素子ࡢ

感度ࡣ，焦点方向ࡀ 40nm，梁ࡢ幅方向ࡀ 60nm，梁ࡢ長さ方向ࡀ 70nm࡛あࡿ．こࡾࡼ࡟ࢀ，

梁ࡢ఩置ࢆ 1nm以ୗࡢ精度࡛調整ࡿࡍこྍࡀ࡜能ࡓࡗ࡞࡟． 

 

(a) 

 

 

(b) 

 

図 4-3-1 片持ࡕ梁ࡢ精密఩置制御装置．(a) ఩置制御装置ࡢ外観．(b) ఩置制御装置ࡢ概略 
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4.3.2 ග検出器ࡢ改良 

 図 図，ࢆග検出器ࡓࡋ改良࡟4-3-2 使用࡛ࡲࢀこ．ࡍ示ࢆ信号ࡢ熱振動࡞典型的࡟4-3-3

約，ࡣ周波数応答ࡢග検出器ࡓࡁ࡚ࡋ 100Hz࡛あࡓࡗ．梁 Cࡣ，固有振動数ࡀ数MHz࡛あ

計測ࢆ熱振動ࡢこ࡛，MHzࡑ．ࡓࡗ࡞࡜必要ࡀග検出器ࡿࡁ検出࡛ࢆ周波数ࡢ数MHz，ࡾ

検ࡢ増幅器ࡿࡍ使用，࡚ࡗࡓあ࡟改良ࡢග検出器．ࡓࡗ行ࢆ改良ࡢග検出器，࡟うࡼࡿࡁ࡛

討ࢆ行ࡓࡗ．比較ࡓࡋ増幅器ࡣ，自作ࣛࢺࡓࡋンࡿࡼ࡟ࢱࢫࢪ増幅器，電圧増幅器(࢚࢚ࣇ

，(製 SA-604F2ࢡッࣟࣈ回路設計ࢾ࢚ࣇ࢚)製 SA-220F5)，電流増幅器ࢡッࣟࣈ回路設計ࢾ

ࡢ(ョン製 APS-1R00VFࢪࢩࣞࣉAPD，松定)ࢻー࢜࢖ࢲࢺ࢛ࣇ࢙ࢩンࣛࣂ࢔ 4種࡛あࡿ．こ

ࡢ 4種類ࡢ中ࡽ࠿，周波数応答，増幅率，ࢆ࡝࡞ࣝ࣋ࣞࢬ࢖ࣀ࢔ࣟࣇ比較ࡓࡋ結果，APDࢆ

用いࡓග検出器ࢆ作ᡂࡓࡋ． 

 図 ࡓࡋ使用．ࡍ示ࢆ周波数特性ࡢග検出器ࡓࡋ改良࡟4-3-4 APDࡣ，DCࡽ࠿検出ࡿࡍこ

約ࡣ周波数応答，ࡁ࡛ࡀ࡜ 750kHz ࡛あࡿ．こࢢࣟࢱ࢝，ࡣࢀ値ࡢ 10MHz ࢆపい値ࡶࡾࡼ

示ࡓࡋ．原因࡚ࡋ࡜，実際࡟ග検出器ࢆ組ࡔࢇ際࡟発生࡚ࡋいࡿ浮遊容量ࡀ࡝࡞考えࡿࢀࡽ．

 ．十分高いࡣ感度ࡶい࡚࠾࡟1MHz付近，ࡋ࠿ࡋ

 

 

(a)                    (b) 

  

 

図 4-3-2 改良ࡓࡋග検出器．(a) ග検出器ࡢ内観．(b) ග検出器ࡢ外観． 
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図 4-3-3 典型的࡞梁 Cࡢ熱振動ࣃࡢワーࣝࢺࢡ࣌ࢫ密度 

 

 

図 4-3-4 改良ࡓࡋග検出器ࡢ周波数特性  
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4.3.3 梁 Cの熱振動の制振 

 図 4-3-5 梁࡟ Cࡢ熱振動制振ࢆ࣒ࢸࢫࢩ示ࡍ．梁 C 約ࡀ固有振動数，ࡣ 1MHz ࢫࡵࡓࡢ

，ࡣ周波数分解能ࡢࢨ࢖ࣛࢼ࢔ࣝࣛࢺࢡ࣌ࢫ．ࡓࡗ行ࢆ用い࡚計測ࢆࢨ࢖ࣛࢼ࢔࣒ࣛࢺࢡ࣌

30Hz࡛あࡾ，実験結ࢀࡒࢀࡑࡣ 100回ᖹ均ࢆ行ࡓࡲ．ࡓࡗ，熱振動ࢆ制振࢕ࣇࡢࡵࡓࡿࡍ

ーࣂࢻッࣝࢡーࡢࣉ中࡟，࢝ッࣇ࢜ࢺ周波数 500kHz ఩࡚ࢀ入ࢆ(HPF)ࢱࣝ࢕ࣇࢫࣃ࢖ࣁࡢ

相ࢆ 90°遅࡚ࡏࡽいࡿ． 

図 ，実験値ࡣ点ࡢ図中．ࡍ示ࢆ密度ࣝࢺࢡ࣌ࢫワーࣃࡿけ࠾࡟ン࢖ࢤࣉーࣝ࡞様々࡟4-3-6

点線ࡣ式(3-12)ࡽ࠿得ࡓࢀࡽ計算値，実線࡛ࣝ࣋ࣞࢬ࢖ࣀ࢔ࣟࣇࡣあࡿ．熱振動ࡢ熱振動ࡢ

固有振動数ࡣ，約 1.3MHz࡛あࡾ，ࣝ ー࢖ࢤࣉンࡀ増ຍࣃ࡚ࢀࡘ࡟ࡿࡍワーࣝࢺࢡ࣌ࢫ密度

制振限ࡿࢀ制限さࡾࡼ࡟ࢬ࢖ࣀࡢ計測系，ࡋ࠿ࡋ．ࡿ࠿分ࡀ࡜こࡿい࡚ࡋ減衰ࡀ値ࢡーࣆࡢ

界࡟達ࡿࡍ前࡟発振ࡀ見ࡓࢀࡽ． 

図 点．ࡍ示ࢆ値ࢡーࣆࡢ密度ࣝࢺࢡ࣌ࢫワーࣃࡿけ࠾࡟ン࢖ࢤࣉーࣝࡢࢀࡒࢀࡑ࡟4-3-7

，ࡣ値ࢡーࣆࡢ密度ࣝࢺࢡ࣌ࢫワーࣃ．ࡿ計算値࡛あࡓࢀࡽ得ࡽ࠿式(3-12)ࡣ実験値，実線ࡣ

ࣝー࢖ࢤࣉンࡀ増ຍ࡚ࢀࡘ࡟ࡿࡍ減衰࡚ࡋいࡀࡿ，計測系࡛ࢬ࢖ࣀ࢔ࣟࣇࡢ制振ࡀ制限さ

ࡽ࠿3.5pmHz-1/2，ࡣ値ࢡーࣆࡢ密度ࣝࢺࢡ࣌ࢫワーࣃ．ࡿ࠿分ࡀ࡜こࡿい࡚ࡋ発振࡟前ࡿࢀ

0.85pmHz-1/2࡛ࡲ制振ࡿࡍこ࡟࡜ᡂຌࡓࡋ． 

 

 

図 4-3-5 固有振動数ࡀMHzࡢ片持ࡕ梁ࡢ熱振動制振࣒ࢸࢫࢩ 
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図  密度ࣝࢺࢡ࣌ࢫワーࣃࡿけ࠾࡟ン࢖ࢤࣉーࣝࡢࢀࡒࢀࡑ 4-3-6

 

 

図  値ࢡーࣆࡢ密度ࣝࢺࢡ࣌ࢫワーࣃࡿけ࠾࡟ン࢖ࢤࣉーࣝࡢࢀࡒࢀࡑ 4-3-7
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第 5章 

結論 

 

今回ࡢ実験࡛ࡣ，マࢣ࢖ルソン干渉計࡛三種ࡢ片持ち梁ࡢ熱振動を計測し，ࡢࡑ振動をࣇ

 ．ࡓࡗ制振を行ࡢい熱振動࡞冷凍機を用い，࡛࡜ࡇࡿック制御すࣂࢻー࢕

梁 A 振幅をࡢ熱振動ࡢ片持ち梁，ࡣ制振実験࡛ࡢ熱振動ࡢ 4.4pmま࡛制振す࡟࡜ࡇࡿᡂ

功し2.8，ࡣࢀࡇ．ࡓKま࡛実行温度を下࡟࡜ࡇࡓࡆ相当すࡿ．まࡢࡇ，ࡓ熱振動制振ࡣ，計

測系ࡢ持ࣇࡘロ࢔ノ࡟ࢬ࢖よ࡚ࡗ制限さࡿࢀ．ᡃ 々ࡣ，使用しࡓ実験装置࡛実現可能࡞限界

ま࡛熱振動を制振す࡟࡜ࡇࡿᡂ功しࡓ．熱振動制振ࡿࡅ࠾࡟減衰時間ࡣ，ループ࢖ࢤンࡀ大

 ．ࡿ࡞早く࡝ほࡿ࡞くࡁ

梁 B ࠿分ࡀ࡜ࡇࡿ独立し࡚いࢀࡒࢀࡑࡀࢻ振動モーࡢ片持ち梁，ࡣ熱振動制振実験࡛ࡢ

ࡢࢻ振動モーࡢ複数，࡛࡜ࡇࡿック制御すࣂࢻー࢕ࣇをࢻ振動モーࡢࢀࡒࢀࡑ，ࡓま．ࡓࡗ

同時制振ࡀ可能࡛あࡀ࡜ࡇࡿ分ࡓࡗ࠿．本研究࡛ࡣ，熱振動ࡢ一次振動モー࡜ࢻ二次振動モ

ーࣃࡢࢻワーࢫペクࢺル密度ࣆࡢーク値を，ࢀࡒࢀࡑ ࡜1/5 1/3ま࡛同時࡟制振す࡟࡜ࡇࡿ

ᡂ功しࡓ． 

梁 C 精密位置ࡿよ࡟圧電素子࡟めࡓࡿ調節す࡟位置を精密ࡢ片持ち梁，ࡣ制振実験࡛ࡢ

制御を行࡟ࢀࡇ．ࡓࡗよ1，ࡾµm以下࡛片持ち梁ࡢ位置ࡢ調節ࡀ可能ࡓࡗ࡞࡟．まࡓ，光検

出器࡟ APDを用い࡛࡜ࡇࡿ，MHzࡢ固有振動数ࡢ信号ࡀ検出可能ࡢࡇ．ࡓࡗ࡞࡟梁ࡢ熱振

動ࣃ，ࡣワーࢫペクࢺル密度ࣆࡢーク値を 1/3ま࡛制振す࡟࡜ࡇࡿᡂ功しࡓ． 
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5.自作した光検出器 
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6.電圧増幅器 SA-220F5の主要定格 
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7.電圧増幅器 SA-220F5の特性 
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8.電圧増幅器 SA-604F2の主要定格 
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10.アバࣛンࢩェࢲࢺ࢛ࣇイ࢜ーࢻ APS-1R00VF (1φ)主要定格 
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11.複素数を使わない熱振動制御の理論計算 

 

片持ࡕ梁ࡢඛ端ࡀ質点࡛あ࡜ࡿす࡜ࡿ，制御中ࡢ片持ࡕ梁ࡢ振動ࡢモࡣࣝࢹ，単純࡞マࢫ

 ，ࡣ運動方程式ࡢ時ࡢこ．ࡿࡁ࡛ࡀ࡜系࡛表すこࣃダンࢿࣂ

 ݂ሺ�ሻ = ሷሺ�ሻݔ� + ሷݕ� ሺ�ሻ + ሶሺ�ሻݔ� +  ሺ�ሻ (1)ݔ�

 

計測さࡣx(t)，(ン力ࣂュࢪンࣛ)起こす力ࡁ熱振動を引ࡣし，f(t)ࡔࡓ．ࡿࡁ࡛ࡀ࡜表すこ࡜

ࡣ 変位，y(t) = g [xΔφ(t) + xnΔφ(t)]ࡢ梁ࡕ片持ࡿࢀ PZTࡢ変位，xΔφ(t)ࡣ PZT࡟印加さࡿࢀ位相

を 90°遅ࡽせࡓ片持ࡕ梁ࡢ変位，xnΔφ(t)ࡣ PZT 位相をࡿࢀ印加さ࡟ 90°遅ࡽせࡓ計測系ࡢフ

，(࡝࡞ࢬ࢖ࣀࢺョッࢩࡘ持ࡀや，ග検出器ࢬ࢖ࣀョンソンࢪࡘ持ࡀ抵抗ࡢ増幅器)ࢬ࢖ࣀ࢔ࣟ

g ン，m࢖ࢤック࣮ࣝプࣂࢻ࣮࢕フࡣ 等価質量，μࡣ 減衰係数，kࡣ こ．ࡿ定数࡛あࡡࡤࡣ

࡟時，常ࡢ x(t)࡜ y(t)ࡢ間࡟ x(t) ≫ y(t) ࡀ成ࡾ立࡚ࡗいࡵࡓࡿ，計測さࡿࢀ PZT ࡣ変位ࡢ

無視࡛࡜ࡢࡶࡿࡁすࡿ．さ࡟ࡽ， 

 

f ሺtሻ = ଴݂sinωt (2) ݔሺ�ሻ = ��଴sin ሺݔ + �ଵሻ (3) 
xnሺtሻ = ݔn,଴sin ሺ�� + �ଶሻ (4) 

x∆φሺtሻ = x0 sin ቀωt + �ଵ − �2ቁ (5) 

xn∆φሺtሻ = ݔn,଴ sin ቀ�� + �ଶ − �2ቁ (6) 

μ = mω0

Q
 (7) 

k = m�଴ଶ (8) 

 

，く．ここ࡛࠾࡜ ଴݂ࣛࡣンࢪュࣂン力ࡢ振幅，ݔ଴ࡣ梁ࡢ振幅，ݔn,଴ࡣフࣟࢬ࢖ࣀ࢔あࡿ．さ
 ，࡟ࡽ

 

x0 sin ቀωt + �ଵ − �2ቁ = −x0 cosሺωt+ �ଵሻ (9) 

n,଴ݔ  sin ቀ�� + �ଶ − �2ቁ = +n,଴cosሺωtݔ− �ଵሻ (10) 
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࡜ここ࡛，φ1．ࡿ࡞࡜ φ2ࡢࢀࡒࢀࡑࡣ位相࡛あࡿ．こࡢࡽࢀ式を，式(1)࡟代入す࡜ࡿ， 

     ଴݂sin�� = ଴�ଶݔ−}� sinሺ�� + �ଵሻ+ ଴�ଶݔ]݃ cosሺ�� + �ଵሻ + ଴�ଶ,�ݔ cosሺ�� + �ଶሻ]}+ � �଴�� ଴ݔ cosሺ�� + �ଵሻ + ��଴ଶݔ଴sin ሺ�� + �ଵሻ 

(11) 

 

全体を，࡟ࡽさ．ࡿ࡞࡜ m࡛割ࡾ x0࡜ xn,0ࡢ項࡟分け࡜ࡿ， 

 

଴݂� sin�� = ଴ݔ [ሺ�଴ଶ − �ଶሻ sinሺ�� + �ଵሻ + (݃� + �଴�� ) cosሺ�� + �ଶሻ]                +ݔ�,଴݃�ଶcos ሺ�� + �ଶሻ 

(12) 

 

し࡚ࡑ，合成を行いࡢ三角関数，ࡾ࡞࡜ cosを sin࡟変換す࡜ࡿ， 

 

଴݂� sin�� = ଴√ሺ�଴ଶݔ − �ଶሻଶ + (݃� + �଴�� )ଶ sinሺ�� + �ଵ + �ሻ 

଴݃�ଶ,�ݔ+                   sin ቀ�� + �ଶ + �2ቁ 

(13) 

 

ここ࡛，�ଵ．ࡿ࡞࡜ + � = 0，�ଶ + �ଶ =  ，࡜ࡿす࡜0

 

଴݂� = ଴√ሺ�଴ଶݔ − �ଶሻଶ + (݃� + �଴�� )ଶ + ଴݃�ଶ,�ݔ
 (14) 

 

 ，ࡣ理論値ࡢ振幅密度ࡢ熱振動ࡢ実際，࡚ࡗ従．ࡿ࡞࡜

 

଴ݔ = ଴݂� − ଴݃�ଶ√ሺ�଴ଶ,�ݔ − �ଶሻଶ + ቀ݃� + �଴�� ቁଶ (15) 

 

 ，࡛ࡢ࡞ࡢࡶࡓ଴(ω)を加え,�ݔ࡟式(15)，ࡣ振幅密度ࡢ熱振動ࡿࢀ計測さ．ࡿ࡞࡜
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଴ݔ + ଴,�ݔ = ଴݂� + ଴,�ݔ [√ሺ�଴ଶ − �ଶሻଶ + ቀ݃� + �଴�� ቁଶ − ݃�ଶ]√ሺ�଴ଶ − �ଶሻଶ + ቀ݃� + �଴�� ቁଶ  (16) 

 

 ．ࡿ࡞࡟値ࡓ式(15),(16)を二乗し，ࡣ理論値ࡢࣝࢺク࣌ࢫワ࣮ࣃ．ࡿ࡞࡜

図 梁࡟1 Aࡢ制振実験結果を示す．図 1(a)ࡢ点ࡣ実験値，黒ࡢ実線ࡣ式(3-13)ࡽ࠿得ࢀࡽ

理論曲線，図ࡓ 1(b)ࡢ点ࡣ実験値，黒ࡢ実線ࡣ式(16)ࡢ二乗ࡽ࠿得ࡓࢀࡽ理論曲線࡛あࡿ．

理論曲線ࡣ，実験結果࡜同様フࣟࣝ࣋ࣞࢬ࢖ࣀ࢔以下ま࡛減衰し࡚いࡀࡿ，複素数を使ࡓࡗ

式(3-13)ࡢ理論曲線࡜比べ࣌ࢫ࡜ࡿクࡢࣝࢺ裾ࡢ部分ࡀ実験値ࡽ࠿離࡚ࢀいࡿこࡀ࡜分࠿

ࢬ࢖ࣀ࡟共ࡣ理論曲線，ࡀࡿく一致し࡚いࡼ࡜実験結果ࡀ方ࡢ理論曲線ࡓࡗ複素数を使．ࡿ

ࣞ࣋ࣝ以下ま࡛減衰し࡚いࡿ． 

 

 

 

 

(a) 
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(b) 

 

 

図 1 計測しࡓ熱振動ࣃࡢワ࣮࣌ࢫクࣝࢺ密度．(a) 複素数を使ࣃࡓࡗワ࣮࣌ࢫクࣝࢺ密度．

(b) 複素数を使わ࡞いࣃワ࣮࣌ࢫクࣝࢺ密度．  
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電歪素子を用いたマイクロシリコン片持ち梁の熱振動制御 

Control of thermal vibration of a micro silicon cantilever using a PZT actuator  

○鐘ヶ江 力、鍛治 元晴、高城 亮馬、河村 良行(福工大工)
 

○
Riki Kanegae, Motoharu Kaji , Ryouma Takagi, Yoshiyuki Kawamura (Fukkou Univ.) 

E-mail: mcm15004@bene.fit.ac.jp 

 

1．緒言 

現在微小機械振動子ࡣ，加㏿度計，振動ࢪャ

用࡟超精密計測器ࡢ࡝࡞原子間力顕微鏡，ࣟ࢖

い࡚ࢀࡽいࡿ．し࠿し，振動子ࡣ熱ࡾࡼ࡟常࡟

振動し࡚ࡢࡇ，ࡾ࠾熱雑音ࡀ計測限界ࡢ一ࡢࡘ

要因ࡾ࡞࡟うࡢࡇ．ࡿ熱雑音を限界ま࡛抑制ࡍ

ࡁ計測限界を極限ま࡛引ࡢ計測機器，࡛࡜ࡇࡿ

上ࡿࡁ࡛ࡀ࡜ࡇࡿࡆ．本研究࡛ࡢࡇ，ࡣ熱振動

を限界ま࡛抑制し零Ⅼ振動を計測࡜ࡇࡿࡍを

目的ࡿࡍ࡜． 

2．実験内容 

計測ࡣ࡟，長さ 240 [μm]，幅 30 [μm]，厚さ

3.2 [μm]，ࡡࡤ定数 1.56～3.47 [N/m] 共振周波

数 68.0～89.6 [kHz]ࡢ単結晶࣐࢖クࣟࣜࢩコン

片持ち梁を使用ࡿࡍ．片持ち梁ࡣ，高真空中࡟

い࡚，Q値約࠾ 130,000 [-]，熱振動ࡢ振幅約 50 

[pm]࡛あࡿ．熱振動ࡣ，真空容器内࢖࣐ࡢケࣝ

ソンᖸ渉計を用い࡚計測し，ࡢࡑ信号を利用し

࡚片持ち梁ࡢ熱振動制御を行う．熱振動ࡢ信号

計測用．ࡿࡍを用い࡚観測ࢨ࢖ࣛࢼ࢔FFT，ࡣ

ࣞーࢨーࡣ，He-Neࣞーࢨーを使用ࡿࡍ． Fig. 

1 概略, Fig. 2ࡢ制御装置࡟ 真空度࡟ 5×10
-3 

[Pa]ࡿࡅ࠾࡟典型的࡞熱振動ࡢ信号を示ࡍ．ᖸ

渉計ࡢ参照࣑ࣛー࡜片持ち梁ࡢ土台ࡣ࡟，駆動

電歪素子 ( 以降ࢀࡒࢀࡑ࡟うࡼࡿࡁ࡛ PZT )

を用い࡚いࡿ．計測さࡓࢀ信号ࡢప周波部分ࡣ，

計測感度を最大࡟保ࡘⅭ࡟参照࣑ࣛーࡢ土台

ࡢ PZT 信ࡢ熱振動．ࡿࢀックさࣂࢻー࢕フ࡟

号ࣂ，ࡣンࢫࣃࢻフࣝ࢕タ( BPF )を通し片持ち

梁ࡢ土台ࡢ PZT ࡇ .ࡿࢀックさࣂࢻー࢕フ࡟

信号をPZTࡢ熱振動ࡓしࡽࡎ時，఩相を90°ࡢ

慣性力を利用し，࡛࡜ࡇࡿࡍックࣂࢻー࢕フ࡟

実験結．ࡓࡗ熱振動制御実験を行ࡢ片持ち梁ࡓ

果ࡢ詳細ࡣ，発表࡟譲ࡿ. 

 

Fig. 1 熱振動制御ࢫࢩテ࣒概略 

 

 

 

 

 

 

 

 

Fig. 2 高真空中࡛ࡢ典型的࡞熱振動ࡢ信号 

( 100回ᖹ均 ) 
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フ࢕ードバック冷却によるマ࢖クロ片持ち梁の熱振動制振の限界 

Limit for suppression of thermal vibration of a micro-cantilever by feedback cooling 

○鐘ヶ江 力 1、鍛治 元晴 2、高城 亮馬 2、河村 良行 1.2 (1.福岡工大院工、2.福岡工大工) 

○Riki Kanegae1, Motoharu Kaji2, Ryoma Takagi2, Yoshiyuki Kawamura1.2 

 (1.Grad. Sch. of Fukuoka Institute of Technology, 2.Fukuoka Institute of Technology) 

E-mail: mcm15004@bene.fit.ac.jp 

 

現在微小機械振動子ࡣ，加㏿度計，振動ࢪャ

用࡟超精密計測器ࡢ࡝࡞原子間力顕微鏡，ࣟ࢖

い࡚ࢀࡽいࡋ࠿ࡋ．ࡿ，振動子ࡣ熱ࡾࡼ࡟常࡟

振動࡚ࡋいࡿ．計測機器ࡢ小型化࣭高感度化ࡀ

進࡛ࢇ行く中，ࡢࡇ熱雑音ࡀ計測限界ࡢ一ࡢࡘ

要因ࡾ࡞࡟うࡢࡇ．ࡿ熱雑音ࢆ限界ま࡛抑制ࡍ

ࡁ極限ま࡛引ࢆ計測限界ࡢ計測機器，࡛࡜ࡇࡿ

熱振動ࡢࡇ，ࡣ本研究࡛．ࡿࡁ࡛ࡀ࡜ࡇࡿࡆୖ

 ．ࡿࡍ࡜目的ࢆ࡜ࡇࡿࡍ限界ま࡛制振ࢆ

本研究࡛使用ࡋたマࢥࣜࢩࣟࢡ࢖ン片持ち

梁ࡣ，長さ 240 [μm]，幅 40 [μm]，厚さ約 2.3 [μm]

࡛あࡡࡤ．ࡿ定数ࡣ 2[N/m]，共振周波数ࡣ

80.8[kHz]࡛あࡾ，等価質量12-10×7.8，ࡣ[kg]

࡛あࡿ．材質ࡣ，単結晶ࢥࣜࢩン࡛あࡢࡇ．ࡿ

片持ち梁ࡢ Q 値ࡣ，高真空中࠾࡟い࡚，約

100,000 [-]࡛あࡿ．図 ࢆテム図ࢫࢩࡢ実験࡟1

示ࡍ．片持ち梁ࡣ，精密࡟動ࡍ࠿た࡟ࡵ単層型

電歪素子(以降 PZT) ࡟取ࡾ付࡚ࢀࡽࡅいࡿ．

片持ち梁ࡢ熱振動計測ࡣ࡟，マࣝࢣ࢖ソン干渉

計ࢆ用い࡚いࡿ．本実験࡛ࡣ，マࣝࢣ࢖ソン干

渉計全体ࢆ真空容器࡟入3-10×5，ࢀ[Pa]ࡢ真空

中࡛実験ࢆ行࡚ࡗいࡿ．観測用࣮ࣞࡣ࡟ࢨ，出

力約 1[mW]，波長 632.8[nm]ࡢ He-Ne࣮ࣞࢆࢨ

使用࡚ࡋいࡿ．検出さࢀた熱振動ࡢ信号ࡣ，帯

域ࣝ࢕ࣇタ ( BPF )ࢆ通ࡾ，位相ࡣ 90°遅ࡽせ

ࣝ，࡟信号ࡢ熱振動ࡢࡇ．ࡿ ࣮プ࢖ࢤン gࢆ掛

ࡢࡵたࡍ࠿動ࢆ片持ち梁，ࢆࡢࡶたࡅ PZT ࡟

印加ࡿࡍ．PZTࡀ動く࡛࡜ࡇ，片持ち梁࡟対ࡋ

࡚慣性力ࡀ生ࡢࡇ．ࡿࡌ慣性力ࢆ利用࡚ࡋ片持

ち梁ࡢ熱振動制振ࢆ行ࡗた．計測さࡿࢀ信号ࡣ，

FFTࢆࢨ࢖ࣛࢼ࢔用い࡚解析ࡋた．Fig．1中ࡢ

xࡣ実際ࡢ熱振動，xnࣂࡣッࣛࢢࢡウンࢻノ࢖

  ．ࡿ信号࡛あࡢ熱振動ࡿࢀ計測さࡣx+xn，ࢬ

図２࡟，各࣮ࣝプ࢖ࢤンࡿࡅ࠾࡟，計測さࢀ

た熱振動ࣃࡢワ࣮ࢫペࣝࢺࢡ密度ࡢ変化ࢆ示

ࡶ最．ࡿ理論曲線࡛あࡣ実験値，実線ࡣ点．ࡍ

ࡗ行ࢆ制振，ࡀ密度ࣝࢺࢡペࢫいࡁ大ࡢࢡ࣮ࣆ

࡚い࡞い熱振動ࡢ振幅࡛あࡿ(g = 0)．ࡢࡇ時ࡢ

熱振動ࡢ振幅58，ࡣ[pm]࡛あࡿ．実験結果ࡾࡼ，

࣮ࣝプ࢖ࢤンࡀ増加࡟ࡿࡍ従࡚ࡗ固有振動数

振幅(x+xn)ࡢ熱振動，ࡾ࠾࡚ࡗࡀୗࡀࢡ࣮ࣆࡢ

振幅(x)ࡢ真 ,ࡀࡿ࠿分ࡀ࡜ࡇࡿい࡚ࡋ減衰ࡀ

い࡞ࡽ࡞ࡣ࡟以ୗࢬ࢖ノࢻウンࣛࢢࢡッࣂ，ࡣ

たࡗ࠿分ࡀ࡜ࡇ 1．実験結果ࡢ解析ࡢ詳細ࡣ，

発表࡟譲ࡿ． 

 

 

 

 

 

 

 

 

 

 

 

 

 

図 1 マࣟࢡ࢖片持ち梁ࡢ熱振動制振装置 

 

図 2 各ࣂࢻ࣮࢕ࣇッ࣮ࣝࢡプ࢖ࢤンࡿࡅ࠾࡟

計測さࢀたࣃワ࣮ࢫペࣝࢺࢡ密度 

 

[1] M. Poggio, C. L. Degen, H. J. Mamin and D. 

Ruger., “Feedback cooling of a cantilever’s 
fundamental mode below 5mK”, Phys. Rev. 

Lett., 99 017201-4 (2007). 
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マイクロ片持ち梁熱振動の 2モード同時制振 

Simultaneous suppression of two thermal vibration modes of a micro-cantilever  

○鐘ヶ江 力 1、辻家 祐௓ 1、௒井 秀和 2、河村 良行 1.2 (1.福岡工大院工、2.福岡工大工) 

○Riki Kanegae1, Yusuke Tsujiie1, Hidekazu Imai2, Yoshiyuki Kawamura1.2 

 (1.Grad. Sch. of Fukuoka Institute of Technology, 2.Fukuoka Institute of Technology) 
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現在微小機械振動子ࡣ，ຍ㏿度計，振動ࣕࢪ

用࡟超精密計測器ࡢ࡝࡞原子間力顕微鏡，ࣟ࢖

い࡚ࢀࡽいࡋ࠿ࡋ．ࡿ，振動子ࡣ熱ࡾࡼ࡟常࡟

振動࡚ࡋいࡿ．計測機器ࡢ小型化࣭高感度化ࡀ

進࡛ࢇ行く中，ࡢࡇ熱雑音ࡀ計測限界ࡢ一ࡢࡘ

要因ࡾ࡞࡟うࡢࡇ．ࡿ熱雑音ࢆ限界ま࡛抑制ࡍ

ࡁ極限ま࡛引ࢆ計測限界ࡢ計測機器，࡛࡜ࡇࡿ

上ࡿࡁ࡛ࡀ࡜ࡇࡿࡆ．本研究࡛ࡢࡇ，ࡣ熱振動

 ．ࡿࡍ࡜目的ࢆ࡜ࡇࡿࡍ限界ま࡛制振ࢆ

本研究࡛使用ࡋたマࢥࣜࢩࣟࢡ࢖ン片持ち

梁ࡣ，長ࡉ 100 [μm]，幅 30 [μm]，厚ࡉ約 0.18 

[μm]࡛あࡡࡤ．ࡿ定数ࡣ 0.006[N/m]，共振周波

数ࡣ，一次振動࣮ࣔࡀࢻ約 15[kHz]，二次振動

約ࡀࢻ࣮ࣔ 95 [kHz]࡛あࡿ.等価質量7.2，ࡣ×

10-13[kg]࡛あࡿ．材質ࡣ，窒化ࢥࣜࢩン࡛あࡾ，

表面ࡣ࡟金࣮ࢥࡀテ࢕ン࡚ࢀࡉࢢいࡢࡇ.ࡿ片

持ち梁ࡢ Q値ࡣ，高真空中࠾࡟い࡚，約 500 [-]

࡛あࡿ．図 片持．ࡍ示ࢆテム図ࢫࢩࡢ実験࡟1

ち梁ࡣ，精密࡟動ࡍ࠿た࡟ࡵ単層型電歪素子

(以降 PZT) ࡟取ࡾ付࡚ࢀࡽࡅいࡿ．片持ち梁

用いࢆソン干渉計ࣝࢣ࢖マ，ࡣ࡟熱振動計測ࡢ

࡚いࡿ．本実験࡛ࡣ，マࣝࢣ࢖ソン干渉計全体

真空中࡛実験ࡢ[Pa]3-10×5，ࢀ入࡟真空容器ࢆ

出力約，ࡣ࡟ࢨ観測用࣮ࣞ．ࡿい࡚ࡗ行ࢆ

1[mW]，波長 632.8[nm]ࡢ He-Ne࣮ࣞࢆࢨ使用

ࣟ，ࡣ信号ࡢた熱振動ࢀࡉ検出．ࡿい࡚ࡋ ࣃ࣮

用い࡚位ࢆ微ศ器，ࡾ通ࢆタ ( LPF )ࣝ࢕フࢫ

相ࢆ 90°遅ࡽせࡢࡇ．ࡿ熱振動ࡢ信号࡟，ࣝ

࣮プ࢖ࢤン G 動ࢆ片持ち梁，ࢆࡢࡶたࡅ掛ࢆ

ࡢࡵたࡍ࠿ PZT PZT．ࡿࡍ印ຍ࡟ ࡜ࡇ動くࡀ

࡛，片持ち梁࡟対࡚ࡋ慣性力ࡀ生ࡢࡇ．ࡿࡌ慣

性力ࢆ利用࡚ࡋ片持ち梁ࡢ熱振動制振ࢆ行ࡗ

た．計測ࡿࢀࡉ信号ࡣ，FFTࢆࢨ࢖ࣛࢼ࢔用い

࡚解析ࡋた．Fig．1中ࡢ xࡣ実際ࡢ熱振動，xn

ࡿࢀࡉ計測ࡣx+xn，ࢬ࢖ノࢻウンࣛࢢࢡッࣂࡣ

熱振動ࡢ信号࡛あࡿ．  

図２࡟，各࣮ࣝプ࢖ࢤンࡿࡅ࠾࡟，計測ࢀࡉ

た熱振動ࣃࡢワ࣮ࢫペࣝࢺࢡ密度ࡢ変化ࢆ示

せࡉ同時減衰ࢆࢻ振動࣮ࣔࡢࡘ二ࡢ熱振動．ࡍ

࡚いࡿ．ࣝ ࣮プ࢖ࢤンࢆ上࡚ࡆいく࡟࡜ࡈ，二 

同ࡀ密度ࣝࢺࢡペࢫワ࣮ࣃࡢࢻ振動࣮ࣔࡢࡘ

時࡟減衰࡚ࡋいࡀ࡜ࡇࡿศࡿ࠿．また，ࣂンࢻ

振ࡋ選択ࢆࢻ振動࣮ࣔࡢࡘタ࡛一ࣝ࢕フࢫࣃ

動ࡢ減衰ࢆ行ࡗたࢁࡇ࡜，選択ࡋた振動࣮ࣔࢻ

振ࡢ他，ࡀたࡋ成ຌ࡟࡜ࡇࡿせࡉ減衰ࡣ振動ࡢ

動࣮ࣔࡢࢻ振動ࡣ一ษ減衰࡚ࡋい࡞いࡀ࡜ࡇ

ศࡗ࠿た．ࡾࡼࢀࡇ，一ࡢࡘ振動࣮ࣔࢆࢻ減衰

振動ࡢ以外ࢻた振動࣮ࣔࡋ選択、ࡣ࡜ࡇࡿせࡉ

た．実験結ࡗ࠿ศࡀ࡜ࡇい࡞ࡉ及ぼࢆ影響ࡣ࡟

果ࡢ解析ࡢ詳細ࡣ，発表࡟譲ࡿ． 

 

図 1 マࣟࢡ࢖片持ち梁ࡢ熱振動制振装置 

 

 

 

 

 

 

 

 

 

図 2 二ࡢࡘ振動࣮ࣔࣃࡢࢻワ࣮ࢫペࣝࢺࢡ密

度ࡢ同時減衰 
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マイケࣝソン干渉計によるマイクロシࣜコン片持ち梁の 

熱振動の計測とその制御 

Measurement and control of a micro silicon cantilever using Michelson interferometer 

福岡工大院工 1，福岡工大工 2，○鐘ヶ江 力 1，鍛治 元晴 2，高城 亮馬 2，河村 良行 1,2 
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現在微小機械振動子ࡣ，加㏿度計，原子間力顕微鏡ࡢ࡝࡞超精密計測器࡟用い࡚ࢀࡽいࡿ．し࠿し，

振動子ࡣ熱ࡾࡼ࡟常࡟振動し࡚ࡢࡇ，ࡾ࠾熱雑音ࡀ計測限界ࡢ一ࡢࡘ要因ࡾ࡞࡟うࡢࡇ．ࡿ熱雑音を

計測し限界ま࡛抑制࡛࡜ࡇࡿࡍ，計測機器ࡢ計測限界を極限ま࡛引ࡁ上ࡿࡁ࡛ࡀ࡜ࡇࡿࡆ．本研究࡛

 ．ࡿࡍ࡜を目的࡜ࡇࡿࡍ熱振動を限界ま࡛抑制し零Ⅼ振動を計測ࡢࡇ，ࡣ

計測ࡣ࡟，長さ 240 [μm]，幅 30 [μm]，厚さ 2.3 [μm]，ࡡࡤ定数 1.56～3.47 [N/m] 共振周波数 68.0～

89.6 [kHz]ࡢ単結晶࣐࢖クࣟࣜࢩコン片持ち梁を使用ࡿࡍ．片持ち梁ࡣ，高真空中࠾࡟い࡚，Q 値約

130,000 [-]，熱振動ࡢ振幅約 50 [pm]࡛あࡿ．熱振動ࡣ，真空容器内࢖࣐ࡢケࣝソン干渉計を用い࡚計

測し，ࡢࡑ信号を利用し࡚片持ち梁ࡢ熱振動制御を行う．熱振動ࡢ信号ࡣ，FFT を用い࡚ࢨ࢖ࣛࢼ࢔

観測ࡿࡍ．計測用ࣞーࢨーࡣ，He-Neࣞーࢨーを使用ࡿࡍ． Fig. 1࡟制御装置ࡢ概略, Fig. 2࡟真空度

5×10
-3 

[Pa]ࡿࡅ࠾࡟典型的࡞熱振動ࡢ信号を示ࡍ．干渉計ࡢ参照࣑ࣛー࡜片持ち梁ࡢ土台ࡣ࡟，駆動

電歪素子 ( 以降ࢀࡒࢀࡑ࡟うࡼࡿࡁ࡛ PZT )を用い࡚いࡿ．計測さࡓࢀ信号ࡢప周波部分ࡣ，計測感

度を最大࡟保ࡘⅭ࡟参照࣑ࣛーࡢ土台ࡢ PZT࡟フ࢕ーࣂࢻックさࡿࢀ．熱振動ࡢ信号ࣂ，ࡣンࣃࢻス

フࣝ࢕タ( BPF )を通し片持ち梁ࡢ土台ࡢ PZT࡟フ࢕ーࣂࢻックさࡢࡇ .ࡿࢀ時，఩相を ࡓしࡽࡎ90°

熱振動ࡢ信号を PZT 熱振動制御実験を行ࡢ片持ち梁ࡓ慣性力を利用し，࡛࡜ࡇࡿࡍックࣂࢻー࢕フ࡟

 .ࡿ譲࡟発表，ࡣ詳細ࡢ実験結果．ࡓࡗ

 

 

 

 

 

 

 

 

 

 

 

Fig1.Measurement and control system                   Fig2. Typically Thermal vibration signal  

of thermal vibration                                  in vacuum 



 

 

電歪素子を用いたフ࢕ードバック冷却によるマ࢖クロ片持ち梁の熱振動制振 

Suppression of thermal vibration of micro-cantilever by feedback cooling using PZT 

福岡工大院工 1，福岡工大工 2，○鐘ヶ江 力 1、辻家 祐௓ 1、௒井 秀和 2、河村 良行 1.2 

 Grad. Sch. of Fukuoka Institute of Technology1, Fukuoka Institute of Technology2,  

○R. Kanegae1, Y. Tsujiie1, H. Imai2, Y. Kawamura1.2 

E-mail: mcm15004@bene.fit.ac.jp 

現在微小機械振動子ࡣ，ຍ㏿度計，振動ࣟ࢖ࣕࢪ，原子間力顕微鏡ࡢ࡝࡞超精密計測器࡟用いࢀࡽ

࡚いࡋ࠿ࡋ．ࡿ，振動子ࡣ熱ࡾࡼ࡟常࡟振動ࡢࡇ，ࡾ࠾࡚ࡋ熱雑音ࡀ計測限界ࡢ一ࡢࡘ要因ࡾ࡞࡟う

࡛ࡀ࡜ࡇࡿࡆୖࡁ限界を極限ま࡛引ࡢ計測精度ࡢ計測機器，࡛࡜ࡇࡿࡍ雑音を限界ま࡛抑制ࡢࡇ．ࡿ

 ．ࡿࡍ࡜を目的࡜ࡇࡿࡍ熱振動を限界ま࡛制振ࡢࡇ，ࡣ本研究࡛．ࡿࡁ

本研究࡛ࡣ，二種類ࡢマࣟࢡ࢖片持ち梁を使用ࡋた．一ࡣࡘ，長ࡉ 240 [μm]，幅 40 [μm]，厚ࡉ約 2.3 

[μm]，ࡡࡤ定数ࡣ 2[N/m]，共振周波数ࡣ 80.8[kHz]࡛あࡿ．材質ࡣ，単結晶ࢥࣜࢩン࡛あࡾ，Q 値ࡣ，

5×10-3[Pa]ࡢ真空中࠾࡟い࡚，約 100,000 [-]࡛あࡿ(以降，梁 A)．ࡶう一ࡣࡘ，長ࡉ 100 [μm]，幅 30 [μm]，

厚ࡉ約 0.18 [μm]࡛あࡡࡤ．ࡿ定数ࡣ 0.006[N/m]，共振周波数ࡣ，一次振動ࣔーࡀࢻ約 15[kHz]，二次振

動ࣔーࡀࢻ約 95 [kHz]࡛あࡿ．材質ࡣ，窒化ࢥࣜࢩン࡛あࡾ，表面ࡣ࡟金ࢥࡀーテ࢕ン࡚ࢀࡉࢢいࡿ.

ࡢ片持ち梁ࡢࡇ Q値ࡣ，高真空中࠾࡟い࡚，約 500 [-]࡛あࡿ(以降，梁 B )．後者ࡢ梁ࡣ，複数ࡢ振動

ࣔーࡢࢻ同時制振実験ࡢた࡟ࡵ，基本共振周波数ࡀపいࡢࡶを選択ࡋた. 片持ち梁ࡣ，精密࡟動ࡍ࠿た

単層型電歪素子(以降࡟ࡵ PZT) ࡟取ࡾ付࡚ࢀࡽࡅいࡿ．片持ち梁ࡢ熱振動計測ࡣ࡟，マࣝࢣ࢖ソン干

渉計を用い࡚いࡿ．本実験࡛ࡣ，マࣝࢣ࢖ソン干渉計全体を真空容器࡟入3-10×5，ࢀ[Pa]ࡢ真空中࡛実

験を行࡚ࡗいࡿ．観測用ࣞーࡣ࡟ࢨ，出力約 1[mW]，波長 632.8[nm]ࡢ He-Neࣞーࢨを使用࡚ࡋいࡿ．

検出ࢀࡉた熱振動ࡢ信号ࡢ఩相を 90°遅ࡽせ，ࡢࡇ信号ࣝ࡟ープ࢖ࢤン Gを掛ࡅたࡢࡶを，片持ち梁

を動ࡍ࠿たࡢࡵ PZT࡟印ຍࡿࡍ．PZTࡀ動く࡛࡜ࡇ，片持ち梁࡟対࡚ࡋ慣性力ࡀ生ࡢࡇ．ࡿࡌ慣性力

を利用࡚ࡋ梁ࡢ熱振動制振を行ࡗた．計測ࡿࢀࡉ信号ࡣ，FFTࢨ࢖ࣛࢼ࢔を用い࡚解析ࡋた. 

 図 ．ࡍ変化を示ࡢ密度ࣝࢺࢡペࢫパワーࡢた熱振動ࢀࡉ計測，ࡿࡅ࠾࡟ン࢖ࢤ各ࣝープࡢ梁A，࡟1

点ࡣ実験値，実線ࡣ理論曲線࡛あࡿ．最ࣆࡶーࡢࢡ大ࡁいࢫペࣝࢺࢡ密度ࡀ，制振を行࡚ࡗい࡞い熱

振動ࡢ振幅࡛あࡿ(G = 0)．ࡢࡇ時ࡢ熱振動ࡢ振幅40，ࡣ[pm]࡛あࡿ．実験結果ࡾࡼ，ࣝープ࢖ࢤンࡀ

増ຍ࡟ࡿࡍ従࡚ࡗ固有振動数ࣆࡢーࡀࢡୗࡾ࠾࡚ࡗࡀ，熱振動ࡢ振幅ࡀ減衰࡚ࡋいࡀ࡜ࡇࡿศࡀࡿ࠿, 

真ࡢ振幅࢔ࣟࣇ，ࡣノࢬ࢖以ୗ࡞ࡽ࡞ࡣ࡟いࡀ࡜ࡇศࡗ࠿た．図 2 ࡢ梁Ｂ，࡟ 2 同ࡢࢻ振動ࣔーࡢࡘ

時制振ࡢ結果を示ࡍ．ࣝープ࢖ࢤンをୖ࡚ࡆいく࡟࡜ࡈ，二ࡢࡘ振動ࣔーࡢࢻパワーࢫペࣝࢺࢡ密度

，ࢁࡇ࡜たࡗ減衰を行ࡢ振動ࡋを選択ࢻ振動ࣔーࡢࡘまた，一．ࡿ࠿ศࡀ࡜ࡇࡿい࡚ࡋ減衰࡟同時ࡀ

選択ࡋた振動ࣔーࡢࢻ振動ࡣ減衰ࡉせ࡟࡜ࡇࡿ成ຌࡋたࡀ，他ࡢ振動ࣔーࡢࢻ振動ࡣ一ษ減衰࡞ࢀࡉ

いࡀ࡜ࡇศࡗ࠿た．ࡾࡼࢀࡇ，一ࡢࡘ振動ࣔーࢻを減衰ࡉせࡣ࡜ࡇࡿ、選択ࡋた振動ࣔーࢻ以外ࡢ振

動ࡣ࡟影響を及ぼ࡞ࡉいࡀ࡜ࡇศࡗ࠿た．実験結果ࡢ解析ࡢ詳細ࡣ，発表࡟譲ࡿ．

 

 

 

 

 

 

 

 

 

 

 

 

 

 図 1梁 Aࡢ熱振動基本振動ࣔーࡢࢻ制振 

 

 

 

 

 

 

 

 

 

 

 

 

 

 図 2 梁 Bࡢ二ࡢࡘ振動ࣔーࢻ同時制振 
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13.投稿論文 

 

Yoshiyuki Kawamura and Riki Kanegae, “Feedback damping of a microcantilever at room 

temperature to the minimum vibration amplitude limited by the noise level”, Scientific Reports, 6, 

pp1-5, 2016. 
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Feedback damping of a 
microcantilever at room 
temperature to the minimum 
vibration amplitude limited by  
the noise level
Y. Kawamura & R. Kanegae

Cooling the vibration amplitude of a microcantilever as low as possible is important to improve the 

sensitivity and resolutions of various types of scanning type microscopes and sensors making use 

of it. When the vibration amplitude is controlled to be smaller using a feed back control system, it is 

known that the obtainable minimum amplitude of the vibration is limited by the loor noise level of 
the detection system. In this study, we demonstrated that the amplitude of the thermal vibration of 

a microcantilever was suppressed to be about Ͷ.ͷ5 pmHz−ͷ/͸, which is the same value with the loor 
noise level, without the assistance of external cryogenic cooling. We think that one of the reason why 

we could reach the smaller amplitude at room temperature is due to stifer spring constant of the lever, 
which leads to higher natural frequency and consequently lower loor noise level. The other reason is 
considered to be due to the increase in the laser power for the diagnostics, which lead to the decrease in 

the signal to noise ratio determined by the optical shot noise.

Cooling the vibration amplitude of micromechanical resonators as low as possible has been a common interest 
of physics and engineering from a wide range of scientiic perspectives1–4. here have been two main approaches 
followed.

One is the regime represented by a “nano”-resonator with relatively high natural frequencies (several tens of 
MHz–several GHz) and quantum methods for the detection of the displacement, such as a quantum bit spec-
troscopy. he purpose in this regime is to decrease the amplitude of the vibration suicient to reach the quantum 
ground state5–11, and therefore the physical interests.

he other is the regime represented by a “microcantilever” with relatively low natural frequencies (several 
kHz–several tens of kHz) and classical methods of detection, such as an optical interferometry11–21. In this case, 
the minimum for the quantum number obtained was large at 2.1 ×  104, which was achieved aided by cryogenic 
cooling of the resonator to several Kelvins15.

he objective of the former regime was mainly the physical demonstration of the existence of the quantum 
zero-energy point and its application in studies on basic physical phenomena. For the latter regime, the concern 
was mainly the applications of the silicon micro-cantilever to the more sensor detecting technologies18–21.

he study in this paper belongs to the latter regime. we demonstrated that the amplitude of the power spec-
trum density of the thermal vibration of a microcantilever was suppressed to be about 0.02 pm2/Hz, which is the 
same value with the loor noise level, without the assistance of external cryogenic cooling. his value is two orders 
of magnitude smaller than that of the previous work15, although the experiment was performed at room temper-
ature, while the previous work was done at 4.2 K.

Methods
he experimental system (Fig. 1) employs a commercially available silicon micro-cantilever used as a resonator, 
with length, width, and thickness of 240 µ m, 40 µ m, and about 2.3 µ m, respectively. he catalog value of the spring 
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constant, k, is 2 N/m. he natural frequency of the microlever, f0, was measured at 80.8 kHz. he cantilever was 
mounted on a single layer piezoelectric actuator (PZT) to be able to change the amplitude relative to the inertial 
frame (x +  y in Fig. 1). he amplitude of the actuator (y) is small enough compared with the amplitude of the can-
tilever (x) and neglected in this experiment. he system was placed in a vacuum chamber, which was evacuated 
down to 5 ×  10−3 Pa using an oil difusion vacuum pump.

he vibration amplitude of the silicon microlever (x) was measured by Michelson interferometry. A He-Ne 
laser of 1 mW was used as the light source of the interferometer. To be free of luctuations of the interferometer, 
the operation point is set automatically at its most responsive point and controlled.

he output signal of the interferometer was passed through a band pass ilter with a band width of about 
10 kHz. he central frequency of the window range was adjusted to obtain the phase shit of ϕ =  90°.

To change the loop gain, (g) of the feedback control, the drive signal of the PZT actuator was changed by 
the voltage attenuator. he voltage attenuator was a capacitive type making use of the capacity of the PZT. g was 
deined as the loop gain, therefore it is deined as the ratio of the movement of the PZT to that of the cantilever.

he vibration control method used here is fundamentally the same as that used for normal mechanical sys-
tems including large-scale ones, such as high-rise buildings22,23. he whole experimental system was placed on an 
anti-vibration table having a natural frequency of about one second, and the resonator system of the silicon lever 
was placed on a rubber block in the vacuum chamber for greater vibrational isolation.

he output signal from the photodetector was recorded and processed using a Fourier transform spectrum 
analyzer. he quality factor of the resonance, Q, was measured to be around 1.0 ×  105. he Q was also measured 
for the same silicon cantilever with aluminum coating. It was only about 3000, which means that the aluminum 
coating operates as the dumping factor.

According to a mathematical analysis of feedback cooling with noise signal added to the feedback loop4,15, the 
power spectral density for the actual vibration amplitude is calculated to be
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and the power spectral density for the measured vibration amplitude is calculated to be
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where ωx̂( ) and ωx̂ ( )n  are the complex amplitude of vibration of the cantilever and the noise signal. ωf̂ ( ) is the 
averaged Langevin force, which generates the thermal vibration in the micro cantilever. ω0 and Q are the natural 
angular frequency and the quality factor, respectively, of the fundamental vibration mode of the microlever, and 
m is the equivalent mass of the cantilever. g is the feedback loop gain. Here, “actual” means the real value of the 
amplitude, which does not include the noise signal of the detection system, and “measured” means the apparent 
value of the amplitude, which appears in the detection system including the noise signal. It is noted that the for-
mer is larger than the latter, and  ω ω≈ˆ ˆx x( ) ( )n

2 2 at the limit of large value of g.

Figure 1. Experimental setup for feedback cooling of the thermal vibration of a micro-silicon cantilever. 
(PZT: piezoelectric actuator, BPF: band pass ilter, FFT: fast Fourier transformer).
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Results
Figure 2(a) presents the measured power spectrum ((x +  xn)2) of the vibration of a micro-cantilever for various 
feedback loop gains. As the feedback gain increases, it decreases, and inally falls below that of loor noise level. 
he solid lines are the theoretical calculations for each feedback gain (see Eq. (2)). We ind good agreement 
between the experimental results and the theoretical calculations for all values of the feedback gain.

he actual power spectrum (x2) of the vibration amplitudes, which cannot be detected directly, are given for 
various loop gains in Fig. 2(b); the solid lines are the theoretical calculations (see Eq. (1)). For small values of gain, 
the experimental results are in good agreements with the theoretical calculation, whereas discrepancies appear for 
larger values of the loop gains. We can see that the actual amplitude converges to the loor noise level, as loop gain 
increases. herefore the obtainable minimum actual amplitude must be larger than the loor noise.

he actual and the measured amplitude of the cantilever at the natural frequency are plotted in Fig. 3 as func-
tions of the loop gain in comparison with the loor noise level and the amplitude for the shot noise due to the 
diagnostic laser. he position indicated by the vertical arrow on the red solid line at g =  9.0 ×  10−3 shows the 

Figure 2. Power spectra of the vibration amplitude. (a) Measured power spectra of vibration amplitude of a 
micro-cantilever for various feedback loop gains. Solid lines are theoretical calculations obtained using Eq. (2). 
(b) Actual power spectrum of the vibration amplitudes of a micro-cantilever for various feedback loop gains. 
Solid lines are the theoretical calculations obtained by Eq. (1). Dotted line is the back ground noise level (xn).
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minimum actual vibration amplitude obtained. At this point, the power spectral density for the vibration ampli-
tude is about 0.02 pm2 Hz−1, which is two orders of magnitude smaller than that of the previous work15, even 
though this experiment was performed at room temperature and the previous work was done at 4.2 K.

Discussions
A theoretical value of the thermal vibration amplitude of the silicon lever was calculated to be 4.5 ×  10−11 m 
(45 pm), assuming that energy kBT/2 is distributed as averaged potential energy; here kB is the Boltzmann con-
stant and T is the temperature of the surrounding system (300 K). In this calculation, the cantilever was modelled 
as a mass-spring oscillator with the mass attached to the tip of the lever. he equivalent mass was calculated to be 
7.8 ×  10−12 kg setting k =  2 N/m and f0 =  80.8 kHz. he measured amplitude of the thermal vibration was 58 pm, 
which was larger than the theoretical calculation of 45 pm. Using the thermal and optical characteristics of Si, a 
heat transfer analysis gives a temperature rise estimate of about 10 K, by which the above discrepancy could not 
be fully explained. In this estimation, we assumed that the absorbed energy of the diagnostic laser beam was 
0.60 mW considering that the absorption coeicient of silicon at visible wavelengths is about 60% (relectivity: 
40%). he dynamic vibration mode proile of the cantilever was simpliied to that of the static bending proile of 
the cantilever, which may be the reason for the discrepancy.

he main features of this experiment compared with that of a previous study15 are the use of a micro-cantilever 
with large spring constant (relative ratio: about 23,000), consequently the natural resonance frequency was 
increased about 31 times, and the use of a relatively high power for the diagnostic laser (relative value: about 
10,000).

he signal to noise ratio determined by the power of the diagnostic laser is inversely proportional to the root 
of the laser power, it is one of the reason why we could decrease the loor noise revel comparing to the previous 
works15. Moreover, the increase in the spring constant increases the natural vibration frequency, which conse-
quently decreases the mechanical vibration noise. hese are considered to be the reasons why we could attain the 
minimum amplitude of a microcantilever vibration determined by a loor noise at room temperature.

Conclusions
In this study, we demonstrated that the amplitude of the thermal vibration of a microcantilever was suppressed to 
be about 0.15 pmHz−1/2, which is the same value with the loor noise level, without the assistance of external cry-
ogenic cooling. We think that one of the reason why we could reach the smaller amplitude at room temperature 
is due to stifer spring constant of the lever, which leads to higher natural frequency and consequently lower loor 
noise level. he other reason is considered to be due to the increase in the laser power for the diagnostics, which 
lead to the decrease in the signal to noise ratio determined by the optical shot noise.
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