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We show two possible methods for enhancing the axial force in a single beam laser trap. Improvement
is obtained either through the use of an annular beam with uniform intensity distribution, or through
the use of a beam that is radially polarized in the transverse plane. Both methods allow the optical
trapping of microparticles in three dimensions — a task that is impossible to achieve using conventional
techniques. Particle trapping either in air or vacuum can also be done using the two methods. Using
geometrical optics to analyze the force characteristics, we found that the annular beam method is
effective when the relative index of the particle to the surrounding medium is less than 1.13. On
the other hand, the use of the radially-polarized beam becomes effective for relative indexes greater

than 1.7.
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Laser Beam

Fig.1 Illustration of particle trapping by a laser
beam.
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Fig.2 Schematic diagram of the annular beam.
(a) beam distribution along the optical z-axis,
(b) beam cross section on the transverse z-y
plane.
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Laser Beam

Axicon

Fig.3 Generation of the annular beam by an
axicon.
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Fig.4 Schematic diagram of radially polarized
beam. (a) beam distribution along the optical
z-axis, (b) beam cross section on the transverse
x-y plane.
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Fig.5 Details regarding the production of a
radially-polarized beam using axicon devices. (a)
generation of a radially polarized annular beam,
(b) generation of a radially polarized circular
beam.
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Fig.6 Profiles of the trapping force exerted by
an annular beam and a circular beam respective-
ly, as a function of the particle position on the
optical axis. (a) particle trapping in water (#,=
1.33) with NA=1.2, (b) particle trapping in air
(70=1.0) with NA=0.65.

EZ, TNTNOERERT,

4.1 BWERREE—LIZETS 5y ThoEk

Fig. 612, BEDO My ¥/ TcHWS NS MBHO
DEOE—A (AREOC—A) LBEY— A X 28
FAD Ny 7HEHEURBREZRT. iy —v
—HEE I mW H D CRTFREHRETD NIy T ER
L, ZOIEEDE TR FEXEFEMCE & LT 27
(pull), BDEINFEHL TS5 (push) 4L 3
ZERRYT, EEIL—F—HOEXEERESE L E
E DN ETORTOMEBERRL, EOHEIRRTHAR
v FEDTANCTEET 2 2 E2RLTWS, ZOMEITH
FOFETHBIEL TS,

Fig. 6(a)id, &K H (#=1.33) D # 7 2 K F (m=
1.50) # NA=1.20 O3tV > X CTEHX LI v —F =3k
TPy 7T HHBEOHERTH 5. EREIHELE— A
(R DOMEERNEDO NAKE=0.7T) ® v 7h%ER
L, BEAEEOE—20 oy 7HERT.

PTFBENRE LD THE (HED wh2 &R TEN
FENCE & L 57 Bl BEEL, WThofs



412 (42)

b, KT 5 1) EZOEEASTRTENRL LY TH
(A) b2t s (2/a=1) 1B HIZEA (F=1.0pN) &
ToTwad, —f, MFIEXEELDY EHH 2 LAF
WL T35 (push) B8FET S, RF2RH LD
EZOFRFITENS LY EH (B) whdLEicz
DHBEKER S, EEICE, MFRVv—¥—Xick-
THEA B TR T B ENBHVEIMET
FSyTENB,

K@) BT, WHE—ALD3JIOFKKAMEIZ 2.0 pN
(2/a=1)THY, AEAOE—20D 2B Izk>TWV3
ZErvbdsb,

D) CRTEFERKREZ, @0BELAUCETEDN
FEZESH (=100 1cBVT, NARB1.2TiR% <
0.65 DBADRERTH 3., MPHFETrRTHEMOE
—ACEB NIy THRERADERZE>TBY, ZD
L3 REFHE VI ZETEOLICLTHABEOE—
LATRHBIE LT 2R3 TERVWI LIRS, —H, E
BICTRTEE E— L2 OFBR T, 2/a=0.7~14BET
EE®2E->TBY, b¥rkdokFE23&ELET2H
(B K f=0.25pN, z/a=1.2) ZBELTW3 I L %R
LT3,

Fig. 6(b) D — S 3 EwmHR (NAK=0.77) TH»
DIVTIMERDE—LIZE D Ty THOFEKRET
bb, ROBRLMBET L, 7YT7IVRERE—LEBR
K 1.1pN (2/a=1.3) D IDFELTBY, EXEF
ALEWEE BFE—24) O44EMEEanT
w3,

4.2 BNFTA=FII0T B by THOKRENE

V—F DA (L v XD NA) PRTOR
HENELB LN Ty THRERT 2, £l bIv 7
NEHHEOEF L THHKET 2 eFE2 605, 22T
BNRT AT B Ty THOKEEZ2FN, #
DOFHIM R TR IRENCE | & B 301 (Bl OoRK
&% e,

4.2.1 EXVv XD NA KT 2 EKERE

V—Y—HOENICHW B YL > XD NA s
57y THOEREE RN, BERDO—F% Fig. 7
(@) Rd., By > X0 NA, fcizsiho
BAEEZRLCWS, MTOEFERIFL5 HEEHIZA
(m=1.33) 2EEL 7z, YV ADONAH»KEL %
% &, MERO, W, WHRo 7 Y7 VRS- Tho
E—AIBOTY 7y FHIZHEFTEMLTw5, &
T ZDARERIEF, WHRZNADBERENLTSH, HE
HOE—24, WEE—24, WERO 7 Y7 VEEE—A

H¥E F24E ETS (195F7H)

4

no=1.33
ni=1.5
S
E
1
=
@ 2
2 Radially Polarized Beam .~
w (Annular) .
E ____________ Annular Beam
21 e Lt
e 't et
E |l e °" Circular Beam
E | e e
é o
1 1 1 1 1 1
0.2 0.4 0.6 0.8 1.0 1.2
Numerical Aperture
(a)
4
no=1.0
n=15
g3
E
=3 Radially Polarized Beam,.-"
g 2r (Annular)
S
g
= .=~ Annular Beam
T
E Circular Beam. -~
£ -
E Ll
L) E—-
------------- ho.38 0.58. ho74
e 1 1 I
0.2 0.4 0.6 0.8 1.0

Numerical Aperture
(b)

Fig.7 Numerical aperture (NA) dependence of
maximum pulling forces generated by our pro-
posed methods. (a) water as surrounding medium
(n0=1.33), (b) air as surrounding medium (7o
=1.0).
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Fig.8 Dependence of maximum pulling force
with NA for both non-polarized and radially-
polarized beams. (a) water as surrounding me-
dium (70=1.33), (b) air as surrounding medium
(Vlo=1.0).
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Fig.9 Particle index dependence of the maxi-
mum pulling forces generated by our proposed
methods. (a) water as surrounding medium (%=
1.33), (b) air as surrounding medium (7,=1.0).
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