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Abstract

Abstract

The colloid has significant relation with our daily life. To study the characters of
colloids is of great importance on both the theory and the applications. Because the
characters of colloidal are closely related to the characters of small colloidal particles,
we can gain an insight into the macroscopic characters of colloid by studying the
behavior of individual small colloidal particles. However, due to the lack of
appropriate instruments, the experimental research of the colloid was limited largely
on the macroscopic characters for a long time.

Optical tweezers is an instrument to trap and manipulate small particles utilizing
the radiation pressure of light. Since it manipulates particles without mechanical

contact, it has very little influence on trapped particles, and can precisely measure the

small force between sub piconewton to hundreds of piconewtons. Due to this
characteristic, it can be used to investigate the characters of trapped particles without
interference, and measure the particle interaction. Therefore, optical tweezers was
successfully applied in the investigation of colloid, soon after its invention.

Colloidal gels are out-of-equilibrium systems and usually undergo an aging
process upon gelation. During the aging process the properties of the system,
especially the rheological properties, frequently evolve with time. Because the
rheological properties of colloidal gels are essential for many of technological
applications, the aging process of the gel has been one of the focuses of the
investigation.

Aging processes is generally understood as the result of restructuring of the gel
network because of the limited strength of bonds between particles. Recent study
shows that the time-dependent interaction between particles can directly affect the
aging process and the time-dependent bonding itself plays an important role in the
aging process. This observation was obtained from macroscopic experiments.
However the method can not ensure there is not any change of the network structure.
In order to eliminate the influence of the network structure it is necessary to directly
explore the aging of the bond in the particle scales, which will give a microscopic hint
to understand the aging mechanism.

In this article, linear chains of polystyrene particles, the simplest form of

Vi



Abstract

aggregates, are assembled and then the aging behavior of the chain is studied by
monitoring the time evolution of its bending elasticity using laser tweezers. The result
from this microscopic method shows that the bond rigidity between particles evolves
approximately linearly with time. And a sintering model is proposed to explain the
main mechanism of the aging process. It is claimed that the microscopic method as we
used is useful for getting fundamental experimental data to understand better the
mechanism of the aging process.

During the work of studying the aging process of colloidal gels from particle level,
we use optical tweezers to measure the interaction force of particles. Transverse
trapping efficiency of optical tweezers is important in the force measurement
experiment. For improving the transverse trapping efficiency, we propose a simple
scheme in which the Gaussian beam does not fully cover the aperture of the objective.
Both experiment and theoretical simulation qualitatively demonstrate the scheme. And

the results will be useful for design of optical tweezers.

Key words: optical tweezers, colloid, aging, trapping efficiency.
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Table 1. Comparison of Measured Single-Bond Rupture '
Forces to DLVO Predictions?

DLVO measured
conecn x7! U wibrun PR R
flocculant (mM) (nm) (KT nm) (PN} (pN)
NaCl HY) 3.04 307 2270 0.0 0.68 +3.23

20 2.15 800 149 1.36 >15
KC1 50 136 1476 8.55 402 >15
50 0.79 41.76 5.20 2482 =15
MgCl, 100 056 7099 3.40 6392 15
500 0.25 15460 1.00= 50359 =15

2 DLVO predicts the particle to be in a primary minimum. and
a | nm cutoff was used to calculate — U, and FR.
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WYIMEER. ERFAEZT, MREABETH, BdR NMENRERS
LHERER. REFRLERMBACRERNBUEREEER N, ANEHAR
BAKERTTR T BRE, AT TIERR DU A BRTRITAT. T ERX 2 §I5H
RAAH.

RAMCEHRIF NREZ G, BEAERX N RERINAEEZ S H, W
BRERERBSZ KA.

60



F4E MAARFRREGROENL

PSSP0 attssoronnnssa®

X
-’ . -
]
E3
®
£
E3
o
>

it}
-
-
v
B
-
L ]
-
w
\®
X

B 4.5 FARSD i/ REE, MBDHDHMR. REEHN 1oum',

AT ANEREEE DY — B AT, i 4.6, HE M AL TR

d’y M (x) F*(LR2-x)

dx? El  EI
Ho, y ARBE, x Y E, MATHMAE, EARESEER, 1 YEKE FA
TS, L AR KENPNRENKE. RO BEUBKNFRREBENENAXR:

F L.-x* x°
=— -—) (4.2)
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(4.1

AUEEHTFEME x, p(x) 5B A F RFH, BT RmE MR
x =F/6(L/2) =3EI/(L/2)’ (4.3)
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B, HRE—BREEARERNE, BIHRA TR T DI F R R AR,
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AT LEAE: BE —FRERE/R-EH (L) AR HFEORmETAR,
KRFEFHHE TSR AN AHE DA FEEAARER T HRE"
O'Neil % \PHi I 5250 b K4 1) RIS )48 3K 0 RO A M 6 SRSEAT 7 bL3L, AR et
EAET — R BRI ERUATRMSER, IR T LG R, MR
ERE\HHFAN, HAMKEIERAEZARUNTESRE, TRERARK. 77
4% \PUE T SRR6 R0 LG R TR MM A8, MaA—#, #in
CHIRARBERE, EERABERURHELAE.
| bR b, SETARMBES ARG, WEHRIRA T RBHH T RET A
B, ALLEBEREITT, TUHAERA AR R RHR I RETHDIHNE.
ERERLT, ITRAMEMEESY, TASME. TREKLFMHAT, JHRH
HABRNRRREREN. £ LFENERRE, ¥ B THRRBERAIB AL
EX TR H S T OB R, BT T EEH AR,
ARKEETHRAMRRRNRS, LT 2R HRYE.

BT A, WOt It BT b i 6 Xof b 1) B9 AT A0 A8 1) 6 BE 7 B0 D S B B TR
CERK, BT MEHRAE MG KR, BBt RFORER TR AR
BEM B AHRAE, BT OBRERNE, SRABK, @ KHE
HNTEK, TREEAKBE AT, EMEFEHNTREMRBRMERAMT
REERAE, TR, MR ERAER LA, ARHEKH. B Ll
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HTRECEOMABKNE, RIRE T —MHROTE. RATERME
SRR T —H, EEER PR R R ER B LT 55 E M
MBEIE, BORGERARRD. RIVAARZHOERELRAE—E
KB BEHR, RIERAE. AL TR T AR OORBLS, B
THMENBICH, BHBMEMAEONR, MM T ROBHORE, B TH
ERAE . BT R RRET KRN SMEREE MR, FTECBERAEAD, L
RIS A NRERR. SUTRABROMT, RIERTHDE—EHILE,
PR 0 MME TR KA 0708 Z BT, MRBH.

FEA B TENERFRABRIE.

5.1 ERHR

5.1.1 ERF &
FXTLRHARFTEELENE. LD—MUMIS A ERER IR /DER LE,
EAPRESERE LRBEEEAH PO x (x J—MIBE) HEEIREHR
B, BRABRIEE, XMMATUETEAARXE S
F, F_. =kxa (5.1)

EEAARF, NROAH x TUERBRAEZNE, HERIE L BRREAR
HERFRH—ANEESY, CHEHTIRFE. AFNS N EENSHER
KEEB S, BNRZIHS DB T XMBKRG AR, DERBE BRI .
BABAHENAT A EEMNEM, BT UEAREHIER MK EKHE
R AUPL, — R MR B R R K E RS IR R R .

MERINCLRIE T, HFEHBRIEMEE AT ERRESN P TE
RN k. WG SR BRI, NERFTS2 B #9014 K #5# BE 8
KAEA DB, RENERNLRSBER=EFCELHFTHANNE, X2
HABFRR.

WA HEERT BRI E ABRIE R — IS, B4R R BB &
K@Y A F,, U0 ZEFE AR IR, TR GR: T BE ) 4 R SRAE 9 N EE /D

HEMS N, ENXDESRAERTERELL. &%, BIBRRNRGEENHD
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HTT RS OB R MR — AN FLE T, LB R R R T
PRI ROEB RS . XM R EEERRARREE v, TRREH

XERZAI AR (RHTHR 5.1) BARRERBE A F,, XA DBHEEN AR

EFRABMEBS:
F, max = I?escape = 6. 77ave.rcape ° (52)

R 5 BB T XEN—MER.

I Z |
} Constant e I / _
|| speed flow ,Irack of the [ / = .
‘l ’ ; ~ Axial Equilibrium || 3D\\Plezoelectr1c
il | i { Transducer
! hECTD X X ‘ ;
Zy & | 100xDil-
\ it immersed
= L e T N S SN S e | I ObjC{Ctlve
Cover Glass i "
10x Beam—— f
" Expander He-Ne iy [

A A Laser
vV v

I L;ns

ND Filter

Bsi: XREBErEAE. NE: RAEHFEREHNIRERER.

RTT, ZESCRRUTR BRREIT, MR TR N AT SR T B
Wk 5 BB TR /MR 2 I FEFE— A T B M AR R , Bhrt /NEREE A B A
AR LIRS T XBERL, TAEAR LS — kS, RAHRIES %A
%Y, PMEANEXEATRAE. EEXTES, REH2EMNERERN
BB AR, WA TEZWRK, MREOY RS TERATIF. TkA,
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W7 R R B A BRI, ez BRER /D MEKRRNRHR
KA N ENMRE , BATR AR %7508 B kiR 13K 2 1 & B e B i) B K
R

T EBH IR IR BRI 2 5 B E BB R A E LU, BB E R sh—
Bk

F=Q"% , (5.3)

HPORTERNMBHENE, nRBERENFIFHE, PHEREIE, £
BAETHNE. XMHEERTFDIRRE B .O— BN S ESHHE
WX BB RN HX, WEMBRIEL. EERIMERARS, BUERIRIFEL
EFHEOE R (B RTHIBOC I RE), AR MERGEHAHEYE,
REEEEN LB EMEQOFEXH, AXBEHE—T . BidttERMERAHRK

HEOREER. BREXNLRMELLE REENHITHE.

512 TRVBSER

BMNAANLRHAEA THE N FYRILBHAFRAT DI EHER
Rt BRI RAL, FREEX DX NYE— €A RBELR. HEHR
BEMBHFEEBINNLRFGTRENE, BIEXEARBNFENETH
(e U BE % A ) 16 3% 7

ERBEBNRNEREN TSI —ERE—AKAERE LBITH, KREBL
B 5.1 KRR ERMEA T ARRERLEN — 54, BIEEFHE ZHE(Olympus 1X-70;
100x MEYIEE NA=1.35).ZhHZE 4 10mW K] He-Ne 2% (Coherent, 31-2082-000,
A=633nm) AR=#EHEFE (Physik Instrumente, P517.3CL), Fi{fiFHIH &
AER 2um IR EZE/NIR (Duke Scientific, 4202A). 1FBf4E 11 E#ITHF
ER, BAIMERFPERE—ANZAKBRERFS, ERFENEFEETUEY
EHESHRERMSERRLI. B TRAREREBRTFEHE), HHRNDNRE
BAKSRE 2 8 &P £ 5 R AAXES) . SoiT DRSS 2 BIR RS IE I AR,
W, ESREABPLOEEFNPEMLE. REREBRFEES), RAE
FEAN/NER S B BRE9 ) 00 K/ 3k AT LUE I o488 R i F & R BE R SE TR, st IR
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AR LS S IR R, MR/ N ERAIE ST CCD R
GRBFTUBRREG, BN RIns, REEREBRRSTHE N REDLE
PR, (ERBE CETRE ) FRBEE, SREN BRI

B /NER S W 2 B BOARREE BRI K, B B AR T s TR
BRI, R T AR KA

EXRF, BTARERA DTS, RAREESTRE, FIIERORE
& MEXBANTE, AREREOSES. BA-T, WEFE, HELE
135, LBKANER Imm, BT RRRTHRYEILRE, AR NENSE
LRI DB ERHR TR . AR RBEA AN LER B, BIAhiE
SEANFLBI IR B R IREY 86.5%ETHNILER, HERNERAHBEE R,

R 1
HERD BFHREEAR RE/HE oSV ATRYIE S
(mm) NA pN/(um*mW) pN/mW
1.2 0.54 1.39 0.391
1.5 0.68 1.16 0.671
1.8 0.81 0.917 0.646
23 1.04 0.752 0.539
3.0 1.35 0.653 0.327

MEHEMRE 1 iz, ERER, BEEAHELZHED, BEHRURE
57 BEBRAERK, TIRENRBR AR T IR . KR T EkRN
REE AR —EEN, WATHR. DB/, HMEHERHEE e, &
WA R A AR RE, ENTAEMESONER LR, XHREEE
RE/NERE. BETLLEE, EROLRT, ARHELRENR 0.7 A, Bi&
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5.2 BpEAlE

ELE—HHRNBT RPN, FEROEALAREEER (RO £F) 1
KFAT TR XSRS R (EM R PIE® S, WTLLEMMR
B NERZESEBE R 92 A IE IR .

5.2.1 JU LSRR R

MHTRFEREAMBERABEMERLT, TLUEBAFAERHFB AL
28 FCH s TT 6 X RLF BOVE R A0 T LLE U R B HIVE R D BT 72 RO AR R,
—RAKAS BT LTS MRFERNE 52 Fir, BHHER P HHKUA

PTR?

PTR

B s2 HEHPH—HZRAHTHEAST D/ L2 FHRHAPTHHER.
§f 0 NSTEINER BB, BEREBSRERNFH, FafHNr. B, HHL
CBE R S RTERR I B U5 B RO4F 50 6 DRI THEE A $1 4 PR, PT%, PTR, -+,
PTR™, o 3 R A TH B MBI RERBHE RE: SKLBEE S A AT
FIRIRA A 7420, @, a+p -+, armBe BULIENSS T IH Z 75 1 492 Gr
613 I R AL T LR R b

F =f£_[ﬂcos(n+20)+iﬂ:T2R’" cos(a+mﬂ)]o (5.4)

¢ 4 m=0
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X TRE 5.4 FATILTE:

2R cos ,Bi R" cos(a+mp)
m=0

o0

=z ’"*'[cos (a+mpB+B)+cos(a+mp - ,B)] (5.5)

m

R" cos(a+m,B)+ZR””2 cos(a+mpB)+ Rcos(a - B)

E

: Ms

AT IR B
(1+R2 —2Rcosﬂ)iR’" cos(a +mp)

i cos(a+mpB)+ ZR”’ 2 cos(a +mp)

—~ (5.6)
[i cos(a +mp) X:R"”2 cos(a+m,B)+Rcos(a-ﬁ)]
cosa - Rcos(a - f)
R, Nz TR LR BRI S BT URER:
F,= P{l+cos(29) ! [cosaz_Rcos a_ﬁ)]} 5.7)
c 1+R*-2Rcos
W% Ra=20-2r, B=n-2r, AAE:
Fz=§£[l+cos(29)—T [cos(Zf—Zr)—Rcos(20)]} (5.8)
c 1+ R* —=2Rcos(2r)

JTFE 5.8 45 HH/NERIZER 2 B R I 77 A B R A% 38 77 M AR IR, BATARZ A #a
1o FIE, BATTLHE WA y 77 EADBRZ BB HRIKRADA:

T?[sin(20-2r)- Rsin(29):]:l

5.9
1+ R* —2Rcos(2r) G2

F, =n—P{Rsin(26?)—
c

R—#NZANT OSSR THEL, —RMEEE T,

- BUBLEHRS, REARANG BNER EX/NEREER AT LA LR R TR
BRIV, TR SR X NERAIE R A LB v 8 bR R N ERAE R
BXRIMAEE.
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5.2.2 fm¥iE LA AL E

WRIRTERBIFIAEE, BEAUAF A 60 NHEIMR ML, Sid/ERK
WRMRGZIG, X/DREERMET UG AHE AL, —HTREAH AT
KBS N, —BIaRAHATREEN, HRABES. HE42K F=0OnP/c iR
A (5.8) F (5.9), FTLUABBBHNINE O MBENKE QMK NSAGA 6
RIXER:

T*[cos(20 —2r) + R cos(26)]

(5.10)
1+ R* + 2R cos(2r)

0. =1+ Rcos(20) -

T?[cos(26 - 2r) + Rsin(26)]

(5.1D)
1+ R* +2Rcos(2r)

Q, = Rsin(26) -

HbP 0 AN A, r BIFSA, RO THHNARFNEHPOERRRE. B
52 BRERTRENREAFT IO HENRFH/ DR LEZ ERCEERIRE
DYSE e pL: i wal:apank-R
BREFANMAFRELNANSH, BREIESHARLH 0 REN, HFP r M
6 FIXFRBITHE AR nsind=npeqsine FHER, HH npead H/PIRBIITHER. TR
MTHIAE 0F r FX, 3t s RBM p WMIBOIAG KR, RF T 4 A UERR
A
_tan’(@-r)
P tan}*(@+r)
_sin’(6-r)
* " sin?(@ +r)
_ sin 2@sin 2r
7 sin®(@+r)cos’(6-r)
_ sin 28sin 2r
sin®(@+r)
XHE, ERIEMASRAT, WRKREH AR, RMTHAR, X QO
QO B RBAR ., Xﬂ?%-%)\ﬁ‘ﬁ‘céﬁ%%iﬁﬁ, HTHBIRLH QM Q,, TEX
FRFRIRIE 53 B I8 . ZEBRATHTHE /e, B NG TR s F6F p ),
SrRIKE s R p ) O, K0 Qy RIEBHATRAN.

R

: (5.12)
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BRSSO b, XANAKE S3 PENBM RIS KREBORES
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R O MIBERN 2,0 FEMAMBIN AP HAFHE LT BWHRKEK T EITHE

FARERE NREENBRTEASE 2 L, BN 2 BT AERRS O K

BERWA Aze KIFHOMER OMEEEN 2z, XESHAMAER 5.3 Pirt.
X, AT UM AHHRLR TN BIRKOAT A FABHTH

N%E, AEzemagumesSi@) S0 poe

Zy— h

z, - Az
T

Bl 5.3 FRJLA KRR LA E]

sin(@) =

sin(g) (5.13)

z,—Az ctggp sinpcosg

: (5.14)
z, ctgp cosgsing
T R AXTLIEE:
Sin ¢ =D (5.15)
sing n '

4

SINHEYENBEILRNA=n,sing, ., EF g  ABKILEMA, A

. NA
HSINP,,, = M FRELRLRKMBBYR, —RANWRABH IR

g

REKET, WEHEIFZE&M (sine condition). BLATH Sing =;p'5in Prax » F

p

+ pp%%ﬁtlﬁ‘cﬂﬁ‘]ﬁlfﬁé, p AERBHBENRENYIR LIS 2 BAER. W

. NA
BEIAMNNSE =L, BAUAESing =n— , BHAAR (515, X

14 4

: NA
A LI Esing =7

n

w

o 2R (5.14) EA:

r 72

2
) N l—nz(]—vﬁj
z,—Az singcosg sing(l-sin’g 2 n, n,
; -Snecosd (p[ ¢J == | (516

2y singeosp singli-sinp) n| ,,{EJ
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X, Az ETRAE R,

( - q1/2)

2
l_nz(NAj
Ar=z 1P|\ /)

cg 2
" l_nz(ﬂ]
L ") 1

\ (5.17

: NA
ﬁﬁ,ﬂmmw=ﬂ;—ﬂ®ﬂ(in)%&%Mmiﬁﬁ,ﬁﬂu%A

w

CBIA (5130 FHRBASAOMME. FIAARK (5100 0 (5.11), BHXHEiE
TR, AT LG EBBINE TR TR Z E .

EHHETEY, RTANAZSI, EFEMENRRKCESI M, UERE
BEE—HAEI DRI EF HEBA LR PR 5O R EDE T LA
B AATUER - RPEAE LB ER >, EATURTARR

|

1(p)={1°exP(_2p2/w§) P =P (5.18)
0 p>p,

Heh L RARTLEINIE, w, RYIEHTLLHIREES,

| BEU LS A, FURRES B S 5T LAxt R AL NERK
AEBIER AATIEL, BN T LB BT S 4 R B EL

524 BANHE
 SHEREHOTERR, HERABRAN, ARFREREL, Ek
HEEHES. RO B, ROTARFANGER, #%RMAKNIFTSE
RICRSRAREMRL. HE, — BN BIRE L ok F ROt i 5.4 4
, — RS SRR,

LW — S M AR, AR AR B ny, FKIIE R n,e
2 FARBERREBONN, TEKNRBOREREEN, x FANKTR
BHENHH. HTHEBH r, ROK O, ERBAKNREGREH B A,
INRRE NI N x. REEHME—DTFEL, Lo MASTBASEIH
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BAVKAFE, EKFHRHAR S, LA DG AT S 04 BB R

|

Zee

A

glass-water interface

Pgw

C
B 5.4 —RALNHE—EENRLFRREGENHER.

CH BN FEFLPL) MEERN p, TASBBBAKMFEAN C &, E5LH
HIBER A pgvo HBEASENKREM T &, | SERBAKOREABREA D, 1
SO OSE z A RMERR 2. 0 ANHMMBEIEN R HEEE
R BNAEE 5S4 PEABMGRNERES, EEHNKENFEEHORES
A A KNEHENAEERER O MIERA 2. EHAKENRTHAG LS
S HEMKOFEITHEHARH 2 MO A E5R S O MIEEN Az KIFPL
OMER Oz A M LMEEN 2. MEFERAFANE, ZTPEEBIEN
BN TR E R, X8, FRMAEAG BN EMAZHBEEER IR
R, AHIZER/ESIAN R — N SER RN G R EFHENKORE LABRE
5 x %4 B.

ERE 54 FHEBAUKM AT EN=/AE ABC, WK 5.5 i, ELM—i&
NS H5E 5.4 HF.
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M 5.S: HBFKRE L8= /A ABC,
ME 54 PALURZELY, AD WKER(4z-2-2,)ang, EE 5.5 AR
3752 1 ] LI B
BD' =[(dz-z~z,)tang] +x* -2x(dz~z-z,)tangcos f  (5.19)
#£E 5.4 FRAEL BD XFLE, BER 5.5 AT LUE S BD (IKE, 3
ETEEANAE S DREAL SKKFEHS NRREBZAEN/NE (B 5.5
PRRART) MLR, REARTEE.
2+ BD? =1 (5.20)
EEYIR 5.19{’0\73“& 5.20 AT LA 2
[(42-2-2,)tang] +x* ~2x(dz -2z, )tanpcos f+2* =1} (5.21)
#ERSBER z — R IR EH:
(ran® $+1)2* +[ 2(z, - Az)tan’ ¢+ 2xtang cos B |z +

2 2 27 (5.22)
[(zb—Az) tang + x* +2x(z, — Az)tang cos B - r, :l—-O

ML AERE, RES5DMRREEHBNL S, Eit: FRIME. BEAY
BEH, ARREF ISR, BRECRE 2 HaMEE, RAOTBERDIE,
2l

z=—-%(tarzz¢+l)—|sqrt([2(zb—Az)tanz¢+2xtan¢5cos,6]2

—4(tan2 ¢+1)[(z,, —Az)2 tan® ¢+ x* +2x(z, - Az)tang cos B (5.23)

2 _[2(2,,—Az)tan2¢+2xtan¢cosﬂ]
I ]) 2(tan2¢+1)
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FIR7THE 5.23 BEIM 2 1, RAVHITLUBENRENASAO. BREERE
54 FMH—N=AT (WA 5.6 Fim), ZATESFIRERD O, HEERKBM
KEIFAE LS A C, URAKRS MM AL

W 5.4 REG LA X RATUBE IC =(2+2,- 2, ) [cos g, 10 AEREIERr,
EHE COMRAD, RF/EMEHA=AN BCO'TRIIFFEAL BC # BO’
MKE, K BOKMKERESNE 5.4 EF%tHﬁHJ(z,,—zcg), BC A{EA LA

B 5.5 R EAE . ESAF ABC th, fIF LBAC HEN B, ABHIKE

% x, T AC K BT LU 5.4 FEULAIXRBE, H(dz-z,)rang . ETK,

FAKZERMLAE BCHKE, BHAAREERTLUE COHNKE. #
FT=ZAK ICONZ£UNKBERT LI EEkR, BaBFARZERRHT LUK
B0 AME.

C

Klse =MEICOTRER, HFPIONEL, ClANG’E, 6 WAHA.

ANE A OKERLUE, BAMHTURALARX 510 3 511 REE F .,
F st VBT I8 F g T F o T x F7 VB B AT LLAB B R AL XTRLT AR
M5 AR, EAGHRBNHY, BRRNAFETEAE x2 FERNKBA

86



25| WM RMRRSLOHIT

iapagi
B L Hraran, MR R RS HE ALK S BT LI 84K /P EREI IR
- RAEERZEAT IR, BRI AAIE, BB AT CUE T BT A AR A
IR /2L

BG4, FTAREI/NER AR R FIR R B & R . FAi)SE vt R VR P A
E, BEzE REHERA 2 FENER NSNS, EERTETRER
 HEMSEREEZRAETH B RETHNRAKOTHE,, . 5055

4 1.55 ¥ 1.33; YRR ER 1,516, BOLHHEEE SEEEMBMELZ
B 2, A -10r,, r, A/NEREESR,

53 HHERMNT®R

ST NFYEILR, FEARKDERFFAFTHURELRHEHLR, I
HHh AR [ AR R T iH . Pt EmmmRyE, ke e F4
ALE, BTHLPECEORARRYEE, SRWEMR.

0.30 -
1 Effective NA
0.25 4 ——A 0.8

0.20 +

0.15 4

0.10-
0.05 -

0.00 1

Axial trapping efficiency Q

-0.05

5 4 3 2 1 0 1 2
Axial displacement (ry)
57 HMMRBESHEVBZEMXER. HFRABELR: A 08; B,

0.9;C,1.0; D, 1.1 E, 1.2. AR ATHI AT ¥42 (mm): A, 1.78; B, 2.0; C, 2.22;
| D, 2.44;E, 2.67.

87



5 B AW AERERRERNHR

0.25 1 ™, Effective NA

Transverse trapping efficiency Q

0.0 0.5 ) 10 ' 15 ' 2.0
Transverse displacement (r,,)
Bl 5.8 HMERNESHAMBZEMXR. ARHMELR: A, 08, B,

0.9; C, 1.0; D, 1.1 E, 1.2. AJERTRIABEF1E (mm): A, 1.78; B, 2.0; C, 2.22;
D, 2.44; E, 2.67.

HEERRPEES RHEILFHAR LR, HE I E 2R
AN, ERBERERBENEM, MLRERERER. ETUE S, MEEHNME
LB, MW RNE TRRR, TREHRIREERRELZ0IUT
ETRaTEE. FREEBERANERRELRY 08 L£E, MLRER 07K
hBIE.

3T LA B2 R AT AR LA e S RLX BB AR 2 T oA i3k, R L HhE
I S B R R P O BOE R AR, BT T B BB RE D AR, WS
TIRBK. FHBEARBOARAABREOMAMENE. LRREOEW, B
KA MBEL RO HRRERRRED. o FHEEHR, WTFER
M REFEAER, ARd TRENM, REER TR EXTPABRELE—AME
AP BNEE . MEXRFOMNBESARD, HBFHERERD, B
T MR ER AN, RZERFLBEMHKR, BEX, HEHTAEUEE.
Fitt, BFLREERED, ERBELREDN, NEEHREELX,
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