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Development of a micro Fabry-Pérot interferometer
for the measurement of the quantum zero-point vibration

of a mechanical oscillator
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Development of a micro Fabry-Pérot interferometer for the measurement

of the quantum zero-point vibration of a mechanical oscillator

Intelligent Mechanical Engineering

Yusuke TSUJIIE

The ultimate target of our research is to measure the zero-point vibration 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. To date, 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.

Keywords ;  Fabry-Pérot interferometer, Microcantilever, Quantum

zero-point motion, Thermal vibration, Feedback cooling
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Ixhed 5,
~4 7o b ROBEGEN ITRERKE 7 v 7 OiFEAI X 0B B RS
NP P FT-GED-bArERSET S &,

P=ks (4-5)
BV ITD. T ZTlhbAhEIT,
3
s= P8 (4-6)
3EI

TROOLND, 22T, EZ~A 7R FHLROMETH 52 a v ORI (v v
7549135 GPa), HIZWiH —RE—A VvV FTH 5. FEbROMH - XE— XV},

3
[ = % (4-7)

TRDONE., Lo T, =47 ufhEbRoiFhneEilI,
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P
_T_ 4-8
k‘a 413 (4-8)
TRDBZENTE B,
~ A 7 v FEb RO EA ARE Bo, 2 5 <. EEAREIEUT
_Alel 4.9

TRKDBZLHRTXS, 2T, hiﬁﬁ%~F’iof%iéﬂ%ﬁﬁﬁﬁﬁ@%ﬁ
ZfEchh, FAfibRo X5 REER-B RGOS &1341.8758 5. 72, pliv )
:/@MFQ%9mmﬁf%OAi74ﬁﬂﬁﬁ% @ME%T%%‘U4%iD
<A 7 u bR oA AIREIE

2 2
wo=(ﬁﬂ En* (4-10)
12p

TROLND,

PEXY, ~427u0REbRBOLIIC~4 7R bR A DRI LIEEZ LT/
ML 56, $EH, EREMIREIEE DIc4FEmMT s enrlEIns, Mz,
JE& b5/ L 72854, IFRERIZ1/21Ci L, EA AIREEIE 2 5l hns
L enTING.

4.3.2 NEUEIC K B~ 4 7 B REHZ2OBUNMRENIRIE
<A 7 v RFELROKE JICT 5, BRENIRIE & 87135 RURENRIE O BT A
BEMX 44187, Bz~ A4 20 RORIITHY, IEMAMICEbEEERD
ZALT 2 X9 IRt REZ To 72, 44 hic, kD=4 70y v TEEHT X 2 BuNMRE)
SRR D 2 4 XL~ ViR d., BMRERIE, 2 70EAIREIRIEOEIRMEIX & bic~ A
7R FHRO/NEULICHE NS 2 2 2300 5. oMb, Micky <42
v R D RO RER & EAE AR SZT 2720 CTh 5. BREIRIFICHL~, &1
535 RRENIRIE D A BCS K & v, AifFgEClE, BREI Z 7 4 — PNy 2@HEhic L v 2 A4
ALNNFETHRET S, ~[ 70 RAFHHLRORI %210 umfBEE T o/Mifk+ 23 2 & T,
7 A4—=FNy ZHHIC k) BT NESRSZHEECTE 2 L FHINED, /4 XL

KT 5 2 & CRER/NLEZITOTICEBE FNERIRE 2 AT 5.
RE 23240 ymD, =4 7 v i b 32 A O F GUREIRIE T REHZ2 N/me 35 &,
#1015 fm& PRI N B, i, R4-1D)Iic X Y EREEICRE T2 L #3.3 nKTH 3.
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(a)

4.1 EEREFHEMETIC X VEE L2~ A4 7 v Rib R o EHEE.
(@Q~A47vhfbREA b)~vA 7l fHEB

(b)

4.2 ERMBETBMEIC L VIRE L2~ A4 7 v F {i b R0 S,
(A Z7afFbRA b)~A4 7 bR B

16



10" |

[m]

Y]

X
[EEY
o

= 1011}

—
]

[

w

Mean amplitude

10—15

43 A7 v b RDET LV

% (T =300K)

i — Zero-point vibration
- - Noise level

Michelson interferometer

~MPFP interferometer

10-12 10-10 108 10-6 104

Length of a microcantilever [ [m]

4.4 <A 7 v L RO E TN T 3 BUMREIHRIE
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E5%
BT 7 7Y - AT

51 777V - RO—F5&t
77 7Y - ~u—(UF, FP)T#ard, EARMRHISICH bR 5 B2 T
ok, T HEERTAAX—L LT, L—F—EREE LN, ChE
TRAEOT 7 7Y - <m—FHEHE, L —F DI X E YT 7 4 S
RT3

511 777V - RO—FHstnRE
FP ¥t o5 % X 5.1 177 3. FP Fibshid, W offimE@ I 7 —Ic X o THEK
END. IT7—@FEVHTETH» WA X ICHBEINE., —D 17— oRkE(R
MEFreET4E0nd, W51 IKRTIICFYET AL —F KB AH T3 &,
HCL —F =R 280 RS, MoER 7—%2EHT 2729, Koo
S 2 —%mu?%.V~%—ﬁ®k%ﬁﬁuﬁbfﬁ%ﬂkéﬁ%6,i?—%ﬁ
WU7ZEBOL —F =D EARLLETHICLY, BEERTHBHIEREINS. *v
EFARENENT S, BRLZENThOL —F —HDMHICELAEL 5. £To
BN DR —EL L 72, O F DATHHFER 0107 o 7288, RHICIE AT B LA S
ZLTHES R, EREITIRED RO A L THEL B,

5.1.2 777V - RO—FHFHEDOERTE

FP TR ZEL., L—F =D ARG T 5 KEHEICOWTE Z 5.
K51 1CRT XA L —F —HoERIRE LA L L, I7—DRETRE LD
HEIREZ Ay, FrET AP TLRKE L, ZiEL 2 0EERKEEZA, FrET4
o3 EME L, ERLENOERIREEZA,, FYy T 4R T5RIKHL, FRL -
HDOEHERIEZ A, (LA, B 45, £72, 27— 1DOKHLER, 37— 2 DK
%Ry, ¥Y T 4 RELLT 5. FP TSI 7—mic T 5L —F—HoMEx20L
3 5.

EHREN R ET 2L, TRThOL —F —HOWERIRIEIZ

Arg = —Aiy[Re%° (5-1)
A = Ai(1 = R)(JRy)e"? (5-2)
Ay = 41— R)(VRS) (VRy)e™? (5-3)
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Az = Ai(1- Rl)(\/R—z)B(\/R—l)Zem (5-4)
A = A1 = RO(JR) (JR) e (5-5)

b, 22T, SIELV—F—HofHE QA-RDEFIT—1DEERELET. b,
Ao HEADTFEBDNT VDS, A A2 TOIREIZEZSEE) 25 3 7 — () ~DFE
W DA TH VAT NS 20, FERANED 5. K (5-2)-(5-5)ICn THEER
RICOWTER 2 &, Ao KFHlD L — 3 — A RIRIHA, 1T

A =40 -R)(JRY)  (JRg) e
= 401 - ROVR(JRiR,) " eMi? (5-6)

E7%. 7277 L, N>0DEWHETTORKDZD., UEXY, ERELTKTHE L
WCHEELT, 2Tl —¥—HEHRIRIFEOHNA ZKD 2 &,

Ap = A + z Ary
N=1

= ~A/Ri+ A~ a _Rl)‘/_e]

R,R,eJS
_ JRe#® — Rl\/R—Zej6 — Ry + Riy/R,e/®
‘ 1— /R,R,el®
e =R
'1— /R R,el® (5-7)

L b, Liz2oT, L—F—HERIRELIX

Ar _ JRee” — R (5-8)

Ai 1- JR,Ryel®

L5, HEERE2E 2D L,
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A _ VRee " R (5-9)

Al* - 1 - Rlee_j6

L%, DLEXY, TR (TFELRAEOR, 1,

R A _ JRze® — /R, y JRze % — /R,
' A4 1- JRRye/® 1— JRRye IS
_ Ry + R, —\JRiR, (e’ + e77%)

" 14+R,R, — /R R, (€5 + e=J%) (5-10)

b, 22T, A4 T7—DRRIY, e +eI0 =2c0os6& 72 B 7-03(5-10) 17,

R = Ry + Ry, —2\/R{R,cos 6

| = (5-11)
1+R;R, — 2\/R{R, cos &
&%, FHONXEH NS L, cosd =1-—2sin?(6/2) & 725 7= (5-11) 11,
R1 + R2 - 2\/R1R2{1 -2 Sln2(6/2)}
Ri =
1+R1R2 - 2«\/ Rle{l -2 Sln2(6/2)}
_ Ry + Ry — 23/R{R; — 4/R;R; sin*(5/2)
1+RyR; — 2\/R R, — 4\/R1 R, 5in?(6/2) (5-12)

Lkvonzg, R(5-12) DR %K 5.2 1R
FERIC L —F =KD AR AR 3 2 @EEHlic o nwTHE 2 5 &, T¥emE (T35
JEFEEH)T; I3,

. (1-R)( = Ry)
: 1+R1R2 - 2 R1R2 —4 R1R2 Sln2(6/2)

(5-13)

kovoinsg,
RG-I2)WCRTFERERIZ, IT7—1¢ I T7-2DREEIFELVEA, 20
RlszzRa‘j_é ay

20



R+ R — 2R + 4R sin*(5/2)
R = T RT 2R T 4R (5)2)
4R sin(68/2)
- (1 —R)? + 4R sin%(5/2) (5-14)

e %, FRRICTHSGERR,

(1-R)?

= (5'15)
(R — 1)? + 4R sin*(5/2)

T;

L5,
WtHZESE F v €T 4 RL.OBRERD 2. 5.1 FDA L A DIEHEFEAL,

AL = 2nl. cos 6 (5-16)

L7%%. TTT, nlFF v T4 2T HEOEITRTH S, £/, IMHESII,

5 _ 2Tl (5-17)

A
b, 2T, MIv—¥F—oEETH 3. K(5-16), (5-17) X Y fikHZES 1,

__4mnL¢ cos®

= (5-18)
A

L7 5. AW T, HZEHT FP THWet 2T 270, EitEnili1e%s. £/,
I —HIIXTEL—F—HDOMAEIIZ0 deg T T 5 729,

4L,
S =
A

(5-19)

B,
T, ¥y T4 RICNT S FP FHOAEFHIZ#RT 7 4 2 RFIE,

21



mVR (5-20)

Ki@ﬁ%%%:&ﬁf%%.::f ORI I 7 — 1 O FER EIT—2DK
HHER, DT ((JRRy) X WEL 2 L8 TE 3,

513 777V - RO—FHAXFEROREXET

X 5.3, RG-12)%FFHET L TRdAz, 17— 1 DKEER KT % FP ¥
JeiB @Tﬁmmma74ZXT@%M%T? 7432 A LT FP Tt %%
THRITERTH Y, M52 L5 7% FP THREICENT, D20 —2DF v
T4 REEECHT S, v—shbY—2sEToFre T4 EDTRO LN S, FP
FHORAEEIR, Fry T 1B LBICHT 3T RELLERSRAERS, 2%
AR RAR L R BMEICHEI NG, ok, SRIOFHEIZI T — 2 OEHER, %#92% &
LTiTo7z. KIS3ICRT X IIC, R LR, B8 L 756, BAKTHOLRNFE L
0%L 7Y, TEahTMEPERINDE. Zhid, K52 FDOR ER,HPNR%TH 554

DEITEFERD» L IFANB Z LB TE S, —/7T, 744 REK 5.2 ICbRTXHIC
Ry EFHF 21t » TIRBEIRI IS 2. 7 4 2 2AOHMIZ AN, 2% ) mKEE
DN & W3 2 720, SEEAERZICHY, KEFER, & R,2392% D& D FP +
BEtmESEClihnwEEZ LN D,

5.4 12, R(5-12) 2o d 5 2 & TR 72, RyICH T 2 FP T O RABE 2R 1.
5.4 XV, Ri296%D L &, IAKEL 2 LYIBHL 2. KB, PERETEEL
ﬁ@m&mHMT%6ﬂ—Rm@xT%%W51&T%Hﬁ?%u&#f%&

4 5510C, KNEELZ%ES X5 7% FP Tt 2RI 522003 7 -k fliat
bExRRT. Ple LT, RyDPNRUDEADRELR,1396% TH 5. R,1385%D 6 D fix
W72R1392%TH 5. R D340% DY DR, 1365% TH 5. 7z, X 5.5I1/RT &
RAETIL, HEEhR, & BEEIR, # AN Z CHRMRDOIEREH L L TE 3,

5.2 EXRICH T HEITRFR L L A ) —#H

EHRFRDHAFEIC DTG, L —F =L, HEBFIEEIRE D O BRI~ K
BERICIRERH I NAEEDRED T E# FP 2 u v ic X Y MiET 2 2 & THKI L
3. 20710, RTOWRELMHE, RiESHioTwaae—L Y P THE. a—L
yb%f%év—%—%iFPIﬁuyﬁaﬁﬁénékﬁﬁﬁ~ﬁ@¥ﬁﬁk&of
HED., L= —HIFL vy Xk W ERIND LXK 5.6 ICRT X5 IC, FImEAERmK &
&D%%éﬂ%.%Eﬁk&otV—%—ki%ﬁﬁLukﬁ%@ﬁ@ﬁKiD,%ﬁ
NCTE e PHKE 5L A4 ) —#HiHZ 4 U, HOBREBEE VAR5
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EHRICBT 2 EITRAIC X 5 L —F oM R/ NEFR I,

= E_ (5-21)

T D

EfTH5. Fl FEF-number) TH Y, F=f/DTRKDOLND.
EHRICHETE LA ) —HiFHLg I3,

42 (F\*
= =—|= (5-22)
Lp = dF T (D)

ckkoons.

5.3 U7 77U - RO—TF 55t
AWgEClE, 39— ~4 270 bRokinc FP T2+ 2 LT, ~4
7o B R ROMUMRE 2 5HIIT 5. ~ 4 27 v B fi bR BT L — % =%
WTE720, LYXEHOCTERTILERD L. S0, EXRZTELI LAY —HiFH
W CHERLT 2 FP TS 2B L7z, v A ) —&BHN O 2 FP TikEt %, vl FP
FEE MRS 3.

531 M7 77V - RA—FHEHEAVIREEHAS X T A

4 5.7 12, AR THRIEL UN FP TEEt 2 lwiz= A4 7 o e b ZouMRE)EE
Wl 27 L Ofg 2R, X5.8 & 5.9 ICHUMEEIEHIS 2 7 2 DA R
WUNFP Tiit %, FEARLER 7—~A4 70 bR H 21H) DJeiRic
X OREKT 2. FERLEEI 7L, MITFRORL 2 FERERLLEICAKET S
ZeTHE{EINAZI T -0 L THY, BEOREI—T I 7 - LHIEL THROER
(BIN, BELEF) 23R D T 70, S HEICZKE I NFERECOto T2 2R3 C
T, HNOEBEEZEIL WD, AR CHEMNL ZFERLEE 7 —1%, HEE
632.8 nmiZHEL L TS TH D, I 7 —DEREIZ30 mm, EX 31 mm, HHE
L2 5 70%DFEIEICEVTA/I0TH 5. I 7 —FROME IZERGETH Y, JEIT
31457 CThH 5. 72, ABMAOIZ0 degTREFENTHEY, I 7 —DFTEIF3 +£1
ThHY, REEITI % TEHINTVE, w4 7 b2 A B L ICHRD@ED,
AF v 2Ny 2 Y v FEEICKY, R BHKI0N2% L 755 X 5 ICEREMRICE = — P 2
LTH 5.
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WUNFP T3 ON¥2T — Y FIciRBE I RT3, elilrm e, Sl L
TERZFESTEZAT =107 74V Y FRIZ) 2a—T Vv XX —%FHL T
5. ZDTY ¥ AX—IE Y F3250 ymTH %729, 1[HEZT250 pmDFEE T2 0]
HETH 2. 2Oft, BEIFABRT VL, DBV AT —VPFERLEHEI 79—t~
7a B RIEHINTW 2720, BRERET 74 AV FHA[EETH L. 2hd
DAT—=YEHNS & THUNFP TGt 2 KT 5. 72, AWFFEOM/N FP Fi5!
I~A4 7oL ROBEHED ZHTHKT 2720, Fr 74 REFHEUTICH
TER\., FreT4RIIN20 )mThH 2 L AEL LN,

<A 7 a b3 2 EEOHEEZFR T (Lead zirconate titanate actuator; PZT actuator,
vIVHET, BEET)LCREINTVS, 1 213HEETEEET(6.5%6.5%x10 mm)
THY, 150 VAT 22 L T91+ 15 pmDZEMEL 3. 12 3HHEBERZETTH
D, #1412 pm/VOIXECEEI3 2. BEEERETIE, Ty 7 4 OFBICHY, i
JEEFE T, Biko 74— F Ry 274K w2, $£7-, FERLEE 7—13
A ARDEETFEHET(35%x45x 10 mm) LICHBEINLTEHY, ZOHEFIF150 VAT
%L T91+15 umDEMBEL 3.

U FP FiEt o iIE, #HEK632.8 nm, H1#1 mWoEMELY v 7 rE—F
He-Ne L —¥—Th 3. Iz —F —HoER(L— 2481381 mmTH 5.
(5-17) TR FEHTRRALIC & 2 PRGN 7 i/ NESERR 1, & — AR 2. Z D72,
<A 7oL ROEUTECENT 272010, E—LREREVHREE LWL, v —
LIF ANV EREH G LT, E—2a8%/H6 mmich kL7, =L F R4
DM Z X 5.10 IT/R T

L—¥F =gt v Xic X kang, v v XoERERIZ80 mmTHh L. L v
I AHTT 2 v — L8203586 mmTH 2729, FAEIZ13TH 3. K(5-21) X Y [BIFFFRH
I X B R/NVENRITHII0 ymTHh B L PRI DE, $4-X(5-22) X0, LAY —HiFHIZ

n.

Ly ZEEDHUN FP TiEHt, BEZF v v NHIZBEBI N TS, F v ¥ S HIT,
Al D lEl R AR~ 7' (1 — % ) =R Y 7) LHHER Y 7(F 4 72—V a v Ry 7)ic
LV, #4x1073 PapEZEEAEH L T3, w4 7o HbReEhicRkET 2
ZETQfEZMET2HNYES 5.

N FP THEHC X O T L7z — ¥ =82 He-Ne L —¥ —ICR T 52 LT, L
— Y —HOMNBARLEIC R 2R H 5. i, EY A He-Ne L —F—Dx
2 vyHNICAY, THEREEOMEZI R T-0TH 5. AIFFETIE, RV
TxuYWICASZEEC7®, He-Ne L — ¥ — D H OAMHE IR & A /20K % 3%
U7z, fmttiid, B—77m 0% oMll miEz o 72 4Rz TTh Y, FE D MEICHH
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KL= HDBEFEEI &5, A/2MRIE, AHTL 72 DMAHE% PR (180 deg) 36 L,
RIESTHE %90 deglilfis X & 2 N¥EFETTHE. TNL 20D EHETEMAADLE D
ZETRVIEE, L= —HNOREEZEHT L. L —F—DHARE—-FOAEH
Wb, A\R2IRDOKRAICE YR =L EFHEL TS, He-Ne L —%— LR, A/2
R, ©vh—noiElzX 511 1TR7.,

He-Ne L —F—HJ1E, =22 F 2 v XiIck Vi kaInsz%, ©—L427
Uy 2% LT, LRI &MU FP TEsHIcHSFIcHaE S n s, SeeEstill i o
TN —F—HE 7+ P A—&iCLVFHIIEN G, TWHO L —F—JI3HUNFP T
Bt CTH L2, B —2427Y v 2% AL T He-Ne L —%—J51 & T#¢EH
Mic5FicshElE N5, He-Ne L —¥F —JTHI~DEE Y L, Rk i@E v RIEHR & A/21k
X WBREINSE, THEHIR B I N2 TEIE, 79 v 274 F XA 4 —
FAPD)Ic X W eHE 5, AT, METL v Y a v (#R)# o APS-1RO0VF %
72, £ 72 APD O EHEICIE, WeFET7 4N RX—%FEL T3, RKEFFEClE, Thorlabs,
Inc.#d FL05632.8-1 272, A7 4 L &2 —DiEEEF13632.8 nmTH Y, ZEIEE
FAEMEIZ1 nmTH 5. HFET A E2—%Hw3 2 &T, Tt od TSN %
B L7, APD L %% 7 4 L X2 —D4ME %X 5.12 1077

THHIT APD IC X W EFICE I Bfid NG5 %24y rAa -7 FFT 7
FIAYF, ARZFTLTFTAFITKYEH, FTT 5.

~A v b RE LT 2 EEEER T, Ao EEXBES L VIE 7 7 v v
VvV AL —XICEREINTVE, W OBEREHSR T W5 2 & CHETEE
FTORI b ¥y s s REFEIGECH 2. TEEBRONE X 5.13 1TRT.
AFECHW A EEEERIT, BR)7 v vy F74—-2 47 48D PW36-1.5AD T
»5.

FFT 7+ 74 ¥ DF>/ 4 XL, APD ;> 4 X(B5E25) %X 5.14 ISR T,

532 U7 77V - RO—FHFHOXFF =

X 5.15 12, i@ O FP T#EE L /N FP TU¥ET 0 % © © 7 14 OVATE D2 o g %
NE. M7 FP TURERE, K5.15 (@D X 5 iCF ¥ 7 4 O FTERECES, O
LoV L DDFEENIATATICR ST, THROERPNEECH S, ZHiCH LT, X
5.15 (D) IR TARY 27 L DU FP FiiHE, v 4 V) —#FENTF vy 7 4 KL
TV 70, FATERAEGEATDH, BUL v X%l 3 2 & TRl FTICR 2 Fila:
KE %24 5., 2070k 7% FP Tet & b, @@t dEnr s 2 & chdtot
EBEZHTH Y, VTEDHEN PR NE W R#EsH 5. BUNFP TH#EHIF v ©F
4 DIFFTREICH L CREVIEE 2 TR L 72w,
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HHEBREEICH O S X5 —ikiy e FP TGHIEE, BEROKRERL —¥F—
V=L %S 5720, FP TGt 2KT 2 17—, L—% Yk s mekic
LT, @R Er ko bz, Z oML, 7 —ONEMIEED FP T o
ARBIZFAT 2O THS. LT, MUNFP THEH KT 2220317
—(RWgE T, FEERLEEE I 7 — L~ 4 7 v b RERMH) IS 2 AR IEE O
HToRkix, M7 FP ekt & ik L Tikv, 2 o liE, v —3 — X2 ETRAAT
DE/NERRFECENT 2720 TH L. EHINEE—LFIEFHN10 ypmTH Y, Z DOHi
Iick T2 17 —OHEFBEIRRY 2RIV EEZ LN,

I HICHUNFP TGHE, ¥ v €7 4 RO 720 B A< 2 b V[ERE (Free spectral
range) R E W L RO —D L LTHE T LN 2.

533 U7 77V - RO—FHETOTHEE
5331 777V - RO—FHEFE (170K EFEHRA)

~A7uRFELER A LFERLEE I 7 — O L 28U FP Ti5EFo TFHED
FEEAERZX 5.16 183, FP TR, ~4A 7o bR A 2 XF4 2 ErER
T, 77 v ovavyarxLb—XCRELE, OZEVEEAMT L THFre T
4 REZCZEFRAIL 2. A 0.5 Hz, IRIE10 VOO Z EWFE Ty T 4 RE2ZA(L
il

X 5.16 H1ic K (5-12) % TRk @ 7z FP T o MG # KB O TR TR T, HED
WERGE Y, SAFBEARLIEE I 7 — D EEDN85%, ~ 4 7 u bRk A O KEFKD92% T
SR AT o 7. FEBRE & EEREIZ BRI A SRR L, ¥EHE Y o TSEES R L iz
LETERTE 5.

THREL Y, 74 2226 FHAIE N, TFr T4 BELBICH L CTTH
AR R D K E WA, $018 V/nme o7z, ZHIEERAWTE =<4
Ty vTHEHC X 25HII 2R T L DRIISEDRETH 5.

5332 777V - RA—-FTHHUE (VM7 RRFHHRB)

~A 7o bR B LHERLER I 7 — O L 28U FP Tt Tkt o
FEEFER AKX 5.17 IS F. FP THWEEIR, ~4 7o bR B 2 i+ 2 EFES
T, 77 v vavy AL —RTCRELE, ODZEVEEAMT S22 THFY T
4 RaZIEEHIIL 72, A 0.5 Hz, RIE10 VOO Z XV ECcHFxy 7 4 REZEA
Iz,

X 5.17 Hic K (5-12) % v Tk 7z FP T o MGmFr % I O EHE TR T, ZHE O
WEEGE Y 1, FEELER I 7 — DO KEE285%, ~4 7 u b B O KEFRA92%
TR EZ T o250, BB L hr o7 TOFERNE LT, K518 ITRT LD
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2, A4 278RFHE2 B OEICH L TEBDOL —F —HOR/NEELPKE» o722
EREZONG, 20, ROt L —F o —GEET s LT, £ToOL
—HF—3kH FP THICHwL T, THIE{L w47 fbE B okbE%:
60% & L7256, FE5ME L HERiE I RIF 2 —E 2R L 7.

THEMEL Y, 7422311 EFHIE Nz F2F v e T 40 BRALLB IS L T
HECED R D KEVRAKE L, 012 V/nmé ZRo7z. ZHIIERFAWTE 2~ 4
Ay v TFHEHC X 3Rl 2T L DRI0EDIRETH B.

534 777 - RO—FHFEAFRTL2UEDORERER
5.3.4.1 XEEICL BTSN ATEMH

U FP T, mdolwhtic X 2 7 4 2 AE Tz, FHBECHEIEL 2R
TERMENHEREI N, K519 15, FrveTFiEEctES TERolEEzRT. Fv
T 4 RO LE L HICRIRD T RS ER S L7z, FP Tkt eRichH 7z v HEE %
AT ZRENEENTH Y, REICIZIZOREZFERT 20T R D 2.

BRO TS E L 2BAICOWT, BRRICE T IEMEFIC LV ERT . EX
RICI 7 —HRERET L L CELELEHO T hoMIEEZK 520 <R3, X
520 ICRT X S5Ic, AREDOL —HF—NDEHIC I T —EROMBE A BT 2 HFRIC
DWTEZS, I 7—HEROEITEEn, Ex%te T2, AFaTAHLZRIZTIT—
FMIC A S L AERICEYTT 5. X5.20 iR 3 HkfalE

a =ttan(a) = ta (5-18)
7%, [X15.20 R 3 RERED 1T
b =ttan(B) = tB (5-19)
L7 5. BLEXY, M5.20 ficon 3R I
c=a—-b=ta—tf=tla—p) (5-20)
b, Fl, FANVA=TLALDFEHID,

sin(a) _«a

“sin(B) B
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n

&b, ABUNFP TR OERGHCA DY, I 7 —HRDJEITEn%z 146, I 7 —K
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HROBIREIRIE 450 pm& PREINZ, L2 LA, Kellarnd ko, &
FHE & N2 BUMREE OIRIE 13495 pm & 72 v, HEEmEHEE & L L CEMRENRIE 2549
1/10IC{EIH L T 3 2 L st E 7=, ZoFKE LT, FPFitick3~=4 270k
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O ORIZII BB CHIE L 72 FP T 0EFEEThH Y, KEDFEFIE~ A 7 v
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g7 VTH 2. FP T — 27 #55C, ¥ v 7 4 BOE WS TEHED, Ev/5 ol
(RIR) DR TE . FP THRMEICB T 2 ¥ v © 7 4 BEl L MBADO RAEMEZ R L 7=
WA X 7.3 IR d. WHIERAMETEF Y T4 BREFEL, T¥%% FFT f@hrs
28T, M6.1ICnT LX) AMREOMR LR TEX 2. MAINIETTF YT
4 REBEEL, TEtE FFT T2 2 & C, BMEBIOMAKAZERTE 3.

Fo T4 GH, F T A MAOFRICOWTERS, MT4IORT LI, Fr
T4 RSN T 2 hMEEE TS, ~4 7o b RORIESRKERY, FrET
A RPN E R DMEERS A £T5. v~ A 70 FbROIRENRALE R, FrE
TARDRKERIMEZEB T2, 4 70 FbRoRMICEL % FP FHED
WMEAK 7.5 1R 3. K75 ForfiditllAo RS TEtTch Y, ~4 7o/ Fb
DRI G T ISR L 7@ @ T 234 U 5. FP @ Holfett i, (5-13)
X EERIIckw sz R TE S, K73, M751CRT X5, FP o v—27 28
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BN 2 e HEDEMT S, Fr T MBI CIARBPEATHY, ¥ T 4 KA
32 LMD T 2. FreT 4 %E], MEE FP THSLABROBRZ %X 7.6 10K
T2 A7 b ROEMIC L CENLTHERAT 2R e X M) v 7 o %X 7.7
RS, Au X bY vy s, £o@Ee ) avoRMeE EET 5 L ELTERT
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LT, ~4 270 b ROBIEE S BnmE CRIEE NS, L—F—E20.1 mWELT
e, Fr T A MEADEI/NE L 720, BREN DS BEGHIE & T\ 5920 pmé 72 5.
BEB, FyET 4G MBADOWTIC B OB 2R, WM oM/ catll 217 - 7
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X 8.1 1T, HZEF v v - IRICERE S N EEEERE W, U FP T35t o
BERRANEZDLI1C, Fr T4 REZMBELL., RKEED FP THNET N7 v
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T2 THELBIEEBRTOREE T 5. xy, ()%, JEBERTICHIME N2 FHHR D/
ARICKZEBEHETORIEL T2, g%, A 270 EbR~HINT27 4 —F~y 2
WHON =TT 4 v T 5.

yO)X, ~4 7 v FbROMMREIZITHH T 01, EEBRTF~HINT 2iKECT
bHbHT-D,
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K@D IR THMEEIZ 5 2371, &b RIcK@-H)ICRTiHll%ZD 7 4 XL~
NDRNTIFFHBEIBIRIZ 2 (T vV a NV IE 2 A XL RVIGEE Z JUEE S, 74X
L Ty P a Ny HICHER2 RITI )b D &35, R(8-1), K (8-3)-(8-9)%
W3l TcR@-2)xEMT 5L,

maw

F(w)el®t = mi(t) + mgi, (t) + mgiy, (t) + x(t) + mwy2x(t)

, . (T
= —mw?x(w)e/*t — mnga?(w)ef“’tej( 2)

om mw .
— mngfn(w)ef“’tej( 2) +jmTOJ?(w)ef‘"t
+ mwy?x(w)e/®t

F(w) = —mw?z(w) — mnga?(a))ej(_g) - mnga?n(w)ej( 2)

. Mwg | 24
+]me(a))+ma)O X(w)
T, A4 7—DRAKLY,

ej(_g) = cos(—g) +jsin(—g) =0—j=—j
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B0,
- , , . Mg
F(w) = m{—wzf(w) — gw*x(w)j — gw?x,(w)j + j— 2(w) + a)oza?(w)}

Elb. L7eho T, FEROMUMRE) DEFIRIFL (w)13,

F((l)) . 24
—= —jgw X, (w
2(w) = m__J9 ( )w -~ (8-10)
(wo? — w?) +j (ng + %)
%, X5, 2(0)DLBEERI(w)E,
(8-11)

Flw) +jgw?z,(w)

m

x(w) = (a)oz _ a)z) iy (ng n wgw)

L%, E7z, FHllE Nz~ A 7 v frisb ROBUMRENRIE X, EEEOBU/MRENIERIR

MER () ICEHHR D 7 4 XL _NVERIREL, (0)ZMZ72d D8] & 75729,

HO) {(wy? — ) + 25} 2,0) o1

m
(ot~ 01 +1 (g0 +239)

(@) + Xy (w) =

s, 7, R(8-12) oL EERIL,

ﬁ(w) . WoW) 5
o + {((‘)02 _ wz) +J (02 }xn(w) (8-13)
wo? — w?) — j (90)2 + wgw)

x(w) + %, (w) =

L5,
EEED~ A4 7 v b ROBUMREI DT — R~ 2 b VBRI, K(8-10) & (8-11)

EhTEbELLTRONS 2D,

54



1
R(w)]? = - > ¢ 1P|
(o2 — 2)? + (gw? + Yo®
’ ( Q ) (8-14)

g2w4

+
Wow\?2
(we? — w?)? + (gw2 + %)

|20 ()12

b, E, AHllENE~A 7 0o L ROBUMREIO T — 227 F VEEIR, R
(8-12)  K(B-13) % b B L THELNE D,

1
12(0) + Zn(@)]? = m Ol

(wo? — w?)? + (ng + a)&_a))

5 (8-15)
(05? = 0?)? + (%57)
+ ~ LRy (@)?
(wo? — w?)? + (ng + %)
L5,
8.2.2 BRIREZ AL A W IBERAENT

XN(@B-2D)ho&l%E, HERERIEZH T ICEZABKE R CElidT 5 &,
F(t) = F sin(wt) (8-16)
x(t) = x sin(wt) (8-17)
x,(t) = x, sin(wt) (8-18)
X, (t) = x sin (wt - %) = —x cos(wt) (8-19)
g (8) = %y sin (w0t = ) = —xy cos(wt) (8-20)

75, x(t)D—REWIr, R IEE N E N, 2(t) = xw cos(wt), X(t) = —xw? cos(wt)
b, HMEDERRICRKRD Z B TE S,
X (8-1), K (8-8)-(8-9), K (8-16)-K(8-20)%fH\:3 = & cH(8-2) 2 ¥F ¥ 3 &,
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F sin(wt) = m{—xwz sin(wt) + gw?x cos(wt)

WoWX
0 cos(wt) + wg2x sin(wt)}

+ gw?x, cos(wt) +

%sin(wt) = x{(woz — w?)sin(wt) + (ng + a);Tw) cos(wt)} + gw?x, cos(wt)

. 22T, =MD A (asin(@) + bsin(8) = Va2 + b2sin(8 + ) EFH\ 5 &,

F wow\?*
Esm(wt) =x [(we? —w?)? + (ng + T) sin(wt + a) + gw?x, cos(wt)

7%, TZT, a=0, L, cos(wt)/sin(wt)ZMEHIT 2 &,

F Wow\?
= x\/(wo2 —w?)*+ (ng + %) + gw’xy (8-21)

L7, @202 ~4 7 v Heb ROBUMRENRIEY I DWW TH#EL &,

%+gw2xn
X = > (8-22)
2 _ ,,2)2 2 4 WoW
\/(wo w?) +(gw + 0 )
&b, Lo T, w4 7 RFbROBUNREIO T — X7 P VERIT,
2 2F
r~ 2 4, 2 &l 5
2= m2 + g w Xy m 9@ Xn (8-23)

Wow\?
(wo? — 0%+ (ng + %)

ERkwong, K(14) & A (8-23)1F13IFFE L <, EHEIREZ F W ICHGmENT 2 v gE T
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W = mx,f, sin(¢g) (8-24)
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Q
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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
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Development of a micro Fabry-Pérot interferometer using the Rayleigh range (2)
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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 pm and the cavity length is approximately 20 pm. 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/10.1364/0L.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
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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.
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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 240 pm, 40 pm,
and approximately 2.3 um, 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 A/10
and 85%, respectively (where A is wave length). 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 16 pm under the
assumption of the diffraction limit. The Rayleigh range was
estimated to be approximately 250 um, and the cavity length was
approximately 20 um. The optical system was set in a vacuum
chamber at a pressure of approximately 4x103 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.

96

Rayleigh range
e

T
f

Focal point

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 [;, is given by
f 2
h=4(5).
where 4 is the wavelength of the laser, f is the focal length and D 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
itpossible 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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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 R
was calculated to be

_ R+ R, —2\/RR, + 4/R,R, sin*(5/2)

" 14 RyR, — 2RyR, + 4R R, sin?(8/2)’
where R; and R, 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 L and
is given by 6 = 4mLc/A. Figure 5 shows the interferometric
reflectance R as a function of the cavity length, as calculated using
eq. (2) for various values of R, . The minimum interferometric
reflectance could notbe 0% when R, and R, differ from each other.
In the case where R, = R,, the minimum reflectance is 0%. In the
case where R; > R,, the minimum reflectance increases as R,
decreases.
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Fig. 7. FP interferometric characteristics of the micro FP
interferometer. The gray solid line shows the curve that was calculated
theoretically using eq. (2). R, and R, are 0.85 and 0.92, respectively.
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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 R; when R, = 0.92, where the
slope of the interferometric curve is maximized. The sensitivity
reached a maximum valueatR; = 0.97 (ie,notatR, = 0.92).For
the various values of R,, the maximum value of the sensitivity for
R, differed from that for R, and waslocated between R, and 1. The
open circle in Fig. 6 is related to the experimental conditions (where
R, = 0.85).

Figure 7 shows the reflectance of the micro FP interferometer
as a function of cavity length. R, and R, 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.



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 Q 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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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. In 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.
However, 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 (0 K). Another
approach is to mechanically suppress its amplitude. In previous studies, thermal
vibration has been suppressed by active control [1-6] and passive control [7-10].
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. In 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.
In these studies, cooling was performed to improve the accuracy of ultrahigh
sensitivity measurements. In previous studies [11-13], silicon microcantilevers
were used as a typical microresonator and analyzed in the frequency domain rather
than the time domain. In 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 1(a) 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.
1(b), which had a length, width, and thickness of 240, 40,and 2.3 pm, respectively.
The spring constant k of the microcantilever was 2 N/m . The measured
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resonance frequency f, of the microcantilever was 55.6 kHz. The calculated
equivalent mass was 6.7 X 10712 kg. The measured quality factor Q was 3000 in
vacuum. The microcantilever was mounted on a single-layer piezoelectric actuator.
To change the feedback loop gain g, the applied voltage to a lead zirconate titanate
(PZT) 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-Pérot interferometer. The light source for
the interferometer was a He-Ne laser (0.1 mW , 632.8 nm ). Fabry-Pérot
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 mirroris 0.92 and 0.85, respectively. The
measurement system was placed in a vacuum chamber held at 4 X 103 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 (300 K).

The output signal (x + x,,) was sent to the PZT actuator via a band-pass filter
whose width was approximately 10 kHz, where x and x, 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 90°
at the resonance frequency of the cantilever. The output signal, after being
attenuated by capacity division, was applied to the PZT actuator. We defined g 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 (less than
6 Hz) 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 2048 measurements and ON/OFF cycling was repeated at
2.1 Hz.

The theoretical value of the thermal vibration amplitude (x;) of the silicon
microcantilever using the equipartition theorem of energy is
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ksT

<xt) = T ) (1)

where kg and T are the Boltzmann constant and temperature, respectively. In this
study, (x;) was 45 pm, which was calculated using k =2 N/m and T = 300 K

The cantilever can be modeled using a simple spring-mass system, as shown
in Fig. 2. The equation of motion of the cantilever is

f(®) = mx(t) + my(t) + ux(t) + kx(2), (2)

where f(t) is the Langevin force, which induces the thermal motion of the
cantilever; x(t) and y(t) are the vibration amplitudes of the cantilever and PZT
actuator, respectively; and m, u, and k are the equivalent mass, damping factor,
and spring constant, respectively.

As shown in Fig. 2, y(t) =g (xA(p(t) +an(p(t)), where x,,(t) is the
thermal vibration amplitude of the cantilever and x,,,(t) is the detector noise of
the measurement system. The phases of x,,(t) and xps,(t) are delayed by 90°
at the resonance frequency of the cantilever, when they pass through the band-pass

filter. Here, y(t) was not considered, because it is much smaller than x(t) + x,(t)
in a feedback loop with such a high Q.

Substituting f(£) = f(@)e/t, x(t) = 2(@)e/", xs (1) = 2(@)e!(**72),

and xpp,(t) = a?n(w)ej(‘”t_E) into eq. (2), the actual complex amplitudes X(w)
are given by

[@)_
2(w) = i =,
(W —w?)? +j (ng + w&_w)

jgw?z,(w)

(3)

where w, is the resonance frequency. 4 and k are expressed as y = mw,/Q
and k = mw,, respectively, and f(w), £(w), and %,(w) are complex amplitudes
including the phases of the signal. In this calculation, we assumed that there was no
correlation between the force f(w) and random noise %,(w).

The measured signal inherently includes the noise signal, and it is expressed
as the sum of the actual signal and noise signal [1] as

) 4 Tz + w?) + 292 5, (w)
£(w) + 20(0) = 2 & &l ) 0
(w§ — w?)?+j (gw2 + w(??w)

From eq. (3) and (4), the actual power spectral density is given by
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12(w)]? = m- > 1F ()]
(0§ —w?)? + (ng + a)gw)
+ 72 |12z (5)

2 _ ,2)2 2 4 Wo®

(w§ — w?) +(gw + Q)

and the measured power spectral density is given by
1
m2

12(w) + &y (W)]* = m |f ()]
(wi — w?)2 + (ng + w&—w)z

(wz _ wZ)Z + M 2
4 i ) Nz . (6)
(wz — w?)? + (ng + w&—w)

According to eq. (5), the damping (cooling) time was derived as follows. In
this experiment, the second term on the right side of eq. (5) was sufficiently small
because the gain was of the order of 10™*, which can be ignored. w, and w_
(wy > w_)arethe w thatdetermine the full width at half maximum (FWHM) of the
power spectrum of the cantilever. Considering w,, the second term on the right side
of eq. (5) becomes

wWow
O

Q
2 woz
= <gw0 +7> (wo = wy) (7)
and w, is given by
1
wy=wy [1+g +6
1 1 1
20)0{1+E<g+6)} (g,a<< 1) . (8)

Similarly, w_ is given by
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{1 1(+1)}( 1<<1) 9
Consequently, the FWHM Aw is given by
Aw = w,; — w_
1 Q
=—(@Q+1) (1o=—(=36 ms) |. (10)
To Wo

Therefore, the damping time t of the microcantilever is given by

(11)

Figure 3(a), (b) and (c) how the temporal response of the thermal vibration
control. The solid lines in Fig. 3 are the experimental results at g =7.1 X
1075, 7.1 x 10™* and 8.9 x 1072, respectively. Here, the cooling ratio is defined as
the ratio of the vibration amplitudes without and with feedback control. Figure 3(a)
displays the temporal response of cooling of the thermal vibration measured at the
resonance frequency (w = wy) at g = 7.1 X 107>, Here, the measured cooling
response time 7. was 45 ms. Figure 3 (b) illustrates the temporal response of
cooling of the thermal vibration measured at the resonance frequency at g = 7.1 X
10~* Here, 7, was 11 ms. Figure 3 (c) illustrates the temporal response of cooling
of the thermal vibration measured at the resonance frequency at g = 8.9 X 1072,
Here, 7. was 150 ps. All cooling responses decreased exponentially over time.

In Fig. 4, cooling time responses are plotted with the theoretical curve for
three deferent quality factor obtained from eq. (11). 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 5 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 7, = Q/w, (54 ms at
Q = 3000). The measured recovering response time 7, was approximately 6 ms.
The measured recovery time was about ten time larger than the theoretical
calculation based on the classical dynamics.

In 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.
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Fig. 1 Experimental setup. (a) Schematic of the system used to measure cooling
and recovering time by feedback control of thermal vibration of a silicon
microcantilever. (b) SEM image of the single-crystal silicon microcantilever.

7222422422227

Piezoelectric
y actuator
%
u k
X
m
F

Fig. 2 Simplified model of the vibration system used to control the silicon
microcantilever motion.
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