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ABSTRACT

Optical tweezers is a technology that using light field radiation pressure
to levitate tiny particles, such as atoms, molecules, micro- and nano- scale
particles, cells and so on. It is an important direction in basic scientific research,
and 1s widely used in physics and biology. Optically trapping nanoparticle is a
typical application among them. Optically levitated nanoparticle is isolated
form the thermal environment comparing with the mechanical oscillator
connected by a cantilever. Thus the limitation of the thermalization and
decoherence introduced by the cantilever are cancelled. The Q-factor of the
system is predicted to approach 10'? in high vacuum, which is extremely
sensitive to some changes in the surrounding environment. It is expected to
ultra-precision measurement. Moreover, if the nanoparticle is cooled down to
the quantum ground state, it can be used to produce the quantum macroscopic
superposition state and test the decoherence mechanism.

In this paper, the experimental principle of optically levitated micro- and
nano- particle is introduced firstly. According to the size of the trapped particle
relative to the laser wavelength, the principle can be analysised by linear optics,
Rayleigh approximation and general Lorentz-Mie scattering theory. Based on
these theories, the effects of particle size and refractive index, the trapping laser
wavelength and numerical aperture on the optically levitated particles are
analyzed. A strongly focused laser beam generate a stable three-dimensional
potential well at the focal region. Based on the Langevin’s equation and the
fluctuation-dissipation theorem, the power spectral density of center-of-mass
motion of the particle and the relationship between the damping rate and
pressure are given.

A vacuum system is designed to optically trap nanoparticle in vacuum.
The selection, storage, solution configuration and loading method of



nanoparticle is important. The CoM motion signals of nanoparticle in three
orthogonal directions can be measured based on the principle of balanced
homodyne detection. As the core of the detection system, a self-made balanced
homodyne detector with high gain, high bandwidth and high common mode
rejection ratio is used to realize the measurement of particle motion signals
with high-precision.

An experimental device for optically trapping nanoparticle in vacuum is
built. The optically trapping nanoparticle is realized experimentally using a
high numerical aperture objective lens to focus a 532 nm laser beam. The
loading and trapping process of nanoparticle in vacuum chamber is introduced.
A balanced homodyne detection system is designed to measure the CoM
motion signals of nanoparticle in three directions, and the motion trajectory in
three-dimensional is described. The relationship between the eigen-motion
frequencies and laser power is measured.

The influence on the center-of-mass translational motion of a levitated
nanoparticle in the case of the combination of an elliptical polarization and
elliptical TEM00-mode Gaussian beam is measured. The field distribution of
the strongly focused laser in the focus region depends on its polarization
according to vector diffraction theory. Therefore, the motion of the
nanoparticle depends on the relative orientation and ellipticity of the two
ellipses parameters. For a linearly polarized light field, the eigen-frequencies
and corresponding power spectra of the radial motions change periodically
with the rotation of the linear polarized direction relative to the orientation of
the elliptical TEM00-mode Gaussian beam. It is demonstrated that the effects
could be enhanced or canceled by controlling the relative orientation and
ellipticity of the two ellipses parameters.

The hermitian and non-Hermitian normal-mode splitting in an optically

levitated nanoparticle is realized. A nanoparticle is trapped by a strongly



focused laser beam in free space, and could be regarded as a harmonic
oscillator. An external oscillator is phase-locked to the nanoparticle motion as
another harmonic oscillator, which is modulated on the power of trapping laser
to feedback and interacts with the nanosphere. Therefore, the normal-mode
splitting in an optically levitated nanoparticle is realized with strong coupling.
Moreover, the normal mode splitting following the cooling or heating effect
simultaneously is observed.

The dipole scattering of a nanoparticle is observed using a high numerical
aperture imaging system, which provides an environment free of particle-
substrate interaction. We illuminate the optically levitated silica nanoparticle
in vacuum with a 532 nm laser beam from the normal to the propagation
direction of the strongly focused 1064 nm trapping laser beam, which results
in a dark background and high signal-noise ratio for detecting the dipole
scattering. The dipole orientations of the nanoparticle are studied by measuring
scattering light distribution in the image and the Fourier space (k-space). The
3D doughnut shaped dipole scattering is rotated by rotating the linear
polarization of the incident 532 nm laser, whose orientations can be determined
by the measured scattering light pattern. The polarization vortex (vector beam)
1s observed for the special case, when the dipole orientation of the nanoparticle
is aligned along the optical axis of the objective lens.

A record-breaking ultra-high rotation frequency about 6GHz in an
optically levitated nanosphere system is observed. We optically trap a
nanosphere in the gravity direction with a high numerical aperture objective
lens, which shows significant advantages in compensating the influences of the
scattering force and the photophoretic force on the trap, especially at
intermediate pressures. This allows us to trap a nanoparticle from atmospheric
to low pressure without using feedback cooling. We measure a highest rotation

frequency about 4.3GHz of the trapped nanosphere without feedback cooling



and a 6GHz rotation with feedback cooling, which is the fastest mechanical

rotation ever reported to date.

Key words: Optical levitation; Nano-particle; Center-of-mass motion;

Dipole scattering; Rotation motion
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DA 9 A HO AR (NS 6 20) 18 BB G B AR S ot (BRI 25 5 A 7% 7
R B SR ER v RN € A o LI (2= ik O T A B s e R R 7 1 | S AN
(¥ FL 37 A% A (R ) ) A M B Bl o P T 2 R PR 5 B 5 0001 P 8 F AT 119
JATE S8, XA TS SR « 15 SRR 2 I R S I — SRR, IS 3T
B R 1S 2 HUR O 5 NSO ARR], X — AR AU . Bk, Db
(RIS e N FEURE G 5 UL 18 90 T S 7 4540 2 T S 2 I A ELAE AR, MUY
F N IR BRI 368 S 4k 3 THT S 3L P 1 A

BRI T AN ENSE o RN Lo =AM, o O

_ 27R
A

X, R EBRIEHSHR IR, A=A /n, &8 BB U YRR, B A
U GBS g A AR 0 BB . H G, o < LRKL 7 REEZ /N T HUN 6
P, 38 FH BRSO AU, — R P B LR 3K (d < 4, /10).
FEXFREETN, BT IR PO B 2 A = U, AT EAEAE R — MR R B BR
o X TRRELESR T a~1, ERKKREUR IR0 2R H T — KK
BRI B, OB T AR /N s e PR . DRIk, K RO B e RSP BR 1, 158k
B FRLF LA 2 AR PR o oK U B8 1T LA FH SR HER K 2 Ok E R HUR 240,
FEEFIECR o SR, TR IR AR R A, — e i i SO 8t . R7 EH AR

(2.1)

(24
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RHSHER KA E R RE (d >104,), a>1, i JUAs 2% e A n] DUd
He ST IR ELAR SRl 00 M AR — S FEFR B

A B GR H — HR SR AR O B S R SRAF SR L BORL - (1) SK
55 JF B o AR T AR RO A RN, B UG i A AU — RO 1) 7%
R 28-K FCHUR B G = FIERIR 2 DI BT P R . R SORL TN
DA B BB FLAR S 6 35 BRI 2 T (R SR o A 3R BKORE T 766 2 3 Bk b i iRz
2, WIS I 577 R OB T IR0 B B Eh 712 7 PRIV S Th 2 i B B, ARk VA
BUEH, kT i 3 FH e 28 5001 RN R BE 90 2R
2.2 HFRIRIE

TRF ARG, AR T LIRS 77 RE TR X R ARG AU B
W, RFAFE RN SR T, HAFSRIEE AT L BN =RiE DL . SR AR
R TARRBOGRE KIS (d > A4 ) FE3REH A DU A JUDG ok e, kv
M EARE N TSRO (d < A4, ), Wil R HATBUN 260, KR Ay —
MR T, IR AR T RAE IR T ERDGSE 0 2k A2 5 OB AR I
Cd~ 2,0, FEH— BPERIS A 26K IREUH B R dr ih 52

2.2.1 JUakE

RL7 () ELAR AR A IR BORIN S W] UL LR 27 A BT B0 ) R ' 17 R B B
B 2.1 U A SRR 7 Y SR U ), B o AR 45 07 1m0 17y L, EAE R
RLF 2RI R RIE LT, B (o) Skl AT A B A1 .

, v
\\
|
/ \ 7
'S D Al 4

(a) (b) (c)
B 2.1 UTRAFRETFRIZE

18



B E OGRS KT UL E E)

SRR BT LA, 7 106 TXERE T 10 80 1) A6 A L, Sk
REBOCR A PEREIER T — MR R =43 Sthfh, BT R
TR T B . 11 S B TP RLT 810 AR P 3 o A 7 1, 20
BT OBS 3 BE. B2 M HORL T 75 B AR TAA A7 A RIE I A KA 5
AR TR BEA T n=n_ /0, 65, n RECFOITHE, n RS RN
PR ARRTT S N, AR IR, AR RO HORL T o R FRL T
SR SRTE S T YNGR

2.2.2 BHFIENL

KT 10 RS S TARSRBOBIEK I, BT T BB — BT 6700
T LR SR R Ak 015190, 33 126 8 PR — A0 2 T R 10 TEMOO Bt 7%
REFHRIORRT M0, W 22 Fis. U FMOCRKN 4, BAJR RS
by SN Py BRI @, SORRTRIEN R, AN, . IR
B HEIEE), WL A A (X, y,2) . FIAFAIER . (EIRAAKR T E
SR

Optical
axis

B 2.2 Al R 2R
TS IRV FE 5 IR B YR BE /N oA 2 BLT AR

o(z) = o, 1+[ﬂizzj (2.2)
TT

(2

R, 2 =l A, BRI . TP b, BRI L B0, ik
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A LA S A
2 2
1(x,y) = 2P2 exp[— 20 ty )} (2.3)
7y, [0
DRIE, R DA 38 e BT e A 10 22 T 5 5 93 AT A
_ 2704y
'xy.2)= 7ax + A,z exp{ 7R + A,z } 4

63 XKL T R S T AR B 1 5T 7T Ay A Ay, Sl R BRI T R AN 7
Foar o SLHERE ARG AL E, 27 E =40V 0 HRESRRL T, BET)
IR/ IE BTt 3R o A IR S o TR J1i e R AR R T 1), R P, LK
NEIEER AT IR . XA S IERIE o 53] gt

270 r*(n2-1Y
Foaa (%, Y, 2) =

- n2+2j VI(x,Y,2) (2.5)

1287°n >r®( n® -1
Fscat (X, Y, Z) = o (

i (n*+2
A, ¢ BRETHHOGHE, n=n/n K TAX TIREA BRI NXHAL
XATLVE M, BRI SROTFAR 3 IRO7 OB, HUH 1 SRFFA2 [ 6 k07 BUIE
bo (IR T /R ERR KT HUN 71, BB R EUECA B 73k

BB 1P I B By -

} 1(x,y,2) (2.6)

V(XYy,2)=—

27n, 1 [ n22 —1} 1(x.,2) 2.7
C n°+2
KL FERIAEE T B — 2 BhEE, A€ B RRL T /5 Z 3B 95 st K TR 1
WP zhEe. RIEREE e, P MR BT B EIBRE N ke T /2,
Ke R PR G2 HH, T RN FURE . KBRSk K/ANEK, HBHAREIE
b FRLF=EAR 0 3 K07, BRIRE - tBASRER /DN
e TG HUR AR JE D o, B RN S EUE LS NA %, HRRN:

Wy = A (2.8)

~ ztan(arcsin NA)
RYE FiR TR, EEUR R EE LR B, BTG EOCERE /N, A U4 xRk
HIR6 B SI FNA PR, RENS S8 Fa e R HRL T 5 FESizIe v BT B gl oKk — SR 1
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2.2.3 &R E-KEMEHEE

BT RN SHOCHRAER , JURDIe SRR G, 82— etk
A 2K B BA L . 1P FR T Lt A E Aok B F 06 T
S, R AT DU KL Tt i B s R Bk 1 K

AEFRASHT 201, I By RIS . RIVRL T OB T B % B R T 5
KR

= i Z M2 (kr) +b; N (kr) 2.9)
Zl: z P; M(l) (kr)+q; Niﬁl) (kr) (2.10)

Kb, MP (k) JTND (k) 53512 S 7 ) TE BT T™M 3, HIREE M (kr) A
NS (kr) 43 B N7 0B TE SR TM 3. S8t sh BRI sh B AL, AT LA AL
PO R i 15 T2 2 g R 7180,
2nP
Z S Zz

cS T ,|(|+l)

~ Jl(l+2)(!—1+1_)(l+1'+1) 2.11)
i+1 (2i+D(2i +3)

X Re(a” I+lj +bljbl+1j Pij pi*+1,j _qijqi:l,j)

Re(a;;bij - p;qij)

X,
s=3 3 (f ) @12)

i=1 j=-i

[FIEE, GEILER 90 BEALKR &, AT LATHE AR A DR DY, Ak, e DLE
vk SR AEAR I P 32 K657 120, B v SR 5 2%

4 AT IRBO AR T — e 24, I8 I A T SR LEBSH AT RS A6 22 - K 1K
BRI X 0 RBEIOEIKA 5320m, ZhEN 200mW, FU{EFLE A NA=0.95,
FHN. I EBE A28 @y = 0.056um , Fi-2E42 04 R =100nm o 73 7 AR 445 B A1) 3 AL A& A
25K IR B R BRI EAR R AR ) Bl 2 (D65 70 For, I8 AR 28K RO 22
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WA HEEE T Nieminen 25 AT &[] Matlab F2 707k a0k 2.3 Fior, B (a)
H (o) 43Tl AR 4G 25 - K I B B0 TH 345 21 BORL 7R A2 1) Rl 1)L BT 52 (1) ok 2
J10 R RORBOC R A, RSB A SOMT IR 1P AL E . AR F e
TII RN T T RO AR, T Al 1] (827 0 2 I SR AN AR 1, I HRL 1)~ 4457 5
BT RS, XTI A S8, B (o M (D 2 FESH AR R AL
AT EAR RN, 582K IRHUR B THE S8 R ZE 80K, X P 00 T S A A

FEH .
8 ' , , 4
(a) (b)
4l . 12
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S o b3
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51 F ] 19
2\ :' I 52
EKO /A AP OEK
3 I : 3
51 ) f 1-5
|
210 ' ‘ ‘ ‘ ' 210
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K 2.3 ZefethmisT LA F A

MRAEISAC 2L - K THUH B 18, A RS B RUE LR, FAh SR AL,
TR AR A A ) _EROE s ) S EME LRI R R 0 2.4 s, 1B (a) A (b)
TP AR AEAR A 7] E D622 AR, B P e se 2 R AUE AL 0.95 5
1FEN, G SR R BEFLAE A 0.68. T HLEX P 24 I 26 7T UG H, R A K
BUE AR R KBS R ERDE 2 TBOR, BEns AR E RIFE SRR 1. fEHh A
REBHNA REEALEN 0.68 I, JeZIHIRNEAF R, BRI SR 1 -
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B 2.4 RRZHALIZE S Fdh @k T LA LF A
FERN ) |, RS IR HORE 7 7 B T AL & RG22 TN A Z 1L DG 7
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RGP T IR A R 1 - N I v SEHO LKy 532nm, ZIR05 200mW
I, Bl EYE s R ER/ ME SR BRI AR IR AR, WK 2.5 () M (b) B
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(pN)

Refractive index
Fmin
4

Refractive index
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Particle diameter (um) Particle diameter (pm)

B 2.5 shikT EAF )R DMAAFHEE
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PHRLT o RIS RBUNS, 65 IR/ ME N U, T HA4aEROR, Refg e
ERIEIRL T B (o) B () ZBUESLAE 708 0.68 F1 0.95 kL 112 50 )14
o7 B i 5 AR S R
WA, TEP L B 6 S DA TE R R (IR T 1 — N SR 7EH
[F) 2% A 23 T S AE ALy 0.68 F110.95 B, RiT-42 [l F ) b (i R4, Wil 2.6
Itz o ST ARTE PRLF R /ANAIAT 56 2%, 50 FLAR IR O I S48 57 8 s 2 5% B £ s 2
K, BUEREEEOCXRLT R IR T K. A 2.5 A& 2.6 WA LUE Y, RLF4% ) Al
8] 6270 P L DL R B R B A KL KN AR A B IR (AR A B R
i, X AR TR R, THRDRL T R NSHOB R IR RS

2
>
3 18] -500
k= e
05) 16 =~
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300 =

g 14 200 =
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B 2.6 #iF 2w Aok e Loy iR R 5
TR AR, HATH RN 146, THEARIEUE LSS T fim B
PR EME SRR R, I 2.7 Frox. B 200 SEEont B A Je8UE L2
9 0.68, JCEE T iR/ MEE N IEE, ARSI ORI T [ T 0 SEZRRS B AT R E L
189095, X RZHHRTELR, S EAMER N TR, (FIRRTBONE S -
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o2 PR X ) R DA R 5 IEAEDR L ) X B AN BEA IR 1o #E =P AN [T U E LA
T, Bl ) ME R BE R R ELAS SO AN AR, 3X 2 R AR R AR
BOCHIHUN CAMAREU T S 80, AR AR BOCE AR —.

0.15— :
—NA=0.68|
-~NA=0.85} \
0.1+ —NA=0.95| [ |
| AN
[
= A ] ;
2 0.05 WR/A
] L [al] AR
g AN [\l
£ N | \ \ (V]| |
=0 VLT \f \‘1 [+
FAN/ARY,
\/ V
-0.05}
-0.1 | ‘ ‘
0 0.5 1 1.5 2

Particle diameter (;zm)
B 2.7 kg A RAIMEEET K% F

2.3 RFHIBULIEEN

AT RS B 1827 AF- T [EAE A5 5 AT W AR BRI ERY, SR AR RV BI7 Tk 1
— MR, S R A AR S B o TR SN . 2 BITE T 1905 ERE
T AT Bl ReE FE, KRG s i N R AR R . AT RS B 1 g
TORRIU M, LA AR T R A LA B ). — BB 2010 4F, 240 AR HDEE
SRCAKRLF RGUNE T 2 P A B IS 3 i ki T FE 250

2.3.1 RFRATHIEEN

— RO A B R, SR SRR MR E R = 4EI B, AT LR
RIS o R 775 3 Bk P OB IRIZ ), PN A = AN J7 1R B E B, 29108 X,
yv z =TI RFiEaid i, IR AT IS

F,=-ku (2.13)

X, u=xy, 20 HER=ABAHE, k =ma ZEADTTAREEREL o, 8=
7 R A B A

T B RN —4E x I P0IEE), RIEREZ TR AT LA g B
F Ayl24-261,

xa)+yxa)+afxa)=f%%9- (2.14)
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R, y RRTIBHMIBLEER, @& x FRHIAEEIR, F,(t) =2k Tmya(t) &
R g R IIBENL T, ST BT ORI 35 A2 -
{(a(t))=0(a®)a(t))=05(t -t (2.15)
Rz a5 5 M RIGAEE PR RGN T 258, Bl sh % hE2.14)
HEAT (8 F AR B T LA BT, 0 x(t) R ar(t) EUA FRL I A 4

X (@)= x(t)e™dt (2.16)
A(@)=[" a(tye™dt 2.17)
iR (2.14) AH B ARG 5]
— X () iy X () + @ X () = &mTM(w) (2.18)
Il
X (@) = |27 A () . 1 . (2.19)
m -0 —loy +
RIE TR (2.15) " LIS 3.
(X(@))=0,(A(0) A(e)) = 5(0— ) (2.20)
R Th 3 R
S () = 2Xel /4 2.21)

m (&f —0*) +a’y’

WRAETTFE (2.21), W RAgy R Is s MRS (S =

Power Spectral Density

Frequency

B 2.8 B F RSB DEETE
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XHE SR T LB s EN TN Q=a, [y, A FAIEEIIR 5 e %
FIEEAE . A Origin w] A H AN [R5 &R 7 D 5, i 2.8 fras

2.3.2 fiFEHHAERE

FEZR B HE M, Rz shf e R 550 7 gahifa k. s
TAERL TR 510 A, I Has R0 7 g sh 5k 1 sl oy st i . AR kv +E
HUE B, FHfE A LIS N0,

_6z7R - 0619
m 0.619+Kn

Rip, g RS AL, RBRTEE, Kn=l/RETSEEM, B350 T T
R | SR T AR R LA . ¢ T Kn AN A,

éj\

1+c) (2.22)

. 0.31Kn
K 0.785+1.152Kn + Kn?

N EBRBARET, Kn>1, X757 (2.22) BRI —Hia ] LA 3.
9mpd” p
\/EpkBT r
b, dBZF AN THTFHERR, pRKTHEE, pTULMm. WTfE (224) |
ALVEH, HERS2 R ERIER.

YR BRIRRRE, Kn<l, FHJBZEATPAFI{LA:

67znr
y=-21
m

(2.23)

y =0.619 (2.24)
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1 K FAFIRBOCHASFAT T, 6T 50 BUFURL 7 A58 PERIEARE, 37 3 3 B
I 25 4730 o R BARIZ /N T-HOG A BRI 2 B AR T 00T, IRAEHRALL B2 1 T
Ry B e J RN PHAR L, Herp B R IR B b7 A2 ) =07, JIUH J11E L
THRIINTT - IRIEREE L e B, BRI R BT Rl e 5 RN ER . FasE 1Y
PRI T 75 EEHOE KT HUN 77, IF B PR K TP ahfe, Bl & i R
kL B 73R . R KN SHEOCEAAHIL N, FABL A LD EA G, &
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