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Fig. 1. (color online). Optical system for observing particle trapping with the axial plane optical microscopy
(APOM). (a) Experimental setup; (b) schematics showing the principle of the APOM. Points 1, 2, 3 in different
colors represent corresponding positions at different axial depths. L1-L6, lens; BS1, BS2, beam splitter; Objl, Obj2,
objective lens 100 x /N A1.25; F, short-pass filter (cut-off wavelength 500 nm); M, mirror.

010702-2


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I % R Acta Phys. Sin.

Vol. 66, No. 1 (2017) 010702

ONSEDUT T AR, 752K SR B MBURE 45°,
KA BB EUE LR NA S T —E B3R,
W 2 fror, 2R RRAG LR, st 255 AQ
R, o NWBIRIF LR, 0 8RB M
5tk B2 (a)h, Za < 0 B, Jra A5
JeEe A M S5 B ek, JEi Obj I 2 5 i
%; B2(0)H, Ba > 01, Mo AGIELE Mk
SR HEN Obj 2 5 AR, LI S 88 M AR R i
St 1 {5 S R DA A ) E AT LN, AT S B <1 1
A5

~ Obj2

\

32 23

(b)

B2 (TR ) 95 BUE LR R R &R = B
(a) a < 6; (b) a > 6; Obj, BMWEL; M, i85,
o, PALEAM; 0, M, AERENFGL, SERERR
St

Fig. 2. (color online). Diagrams showing the effect
of Objective NA on the imaging process: (a) o < 6;
(b) & > 6. M, mirror; «, half aperture angle; 6, tilted
angle of M. The red and green lines represent the in-

cident rays and reflected rays, respectively.

WRAE & 2 o, sk BT AR, R Bt
(1 N A BLK B SR ABUA 75  2 DA R 5K 5

NA =mnsina > nsinb, (1)

K n AN BT R, o AWELIIEILEAM, 0 8%
M SIS, IR, BATRHERY
Bi, Hon = 1.52, 0 = 45°, Nili R B R R, TFE
NA > 1.07. BATRHABEMPE NA = 1.25, K
Film S, e (1) Rk k. Hig EEREILE
WK, ZH5RENAROCE B Z, MR .
B2, — WS, YR NABOK, FHR TR S
R, BT DA S0 o AR SERR G AU B NA 5
TAERE S AR K.

SR S B ORE B [ 32 Bl ORI, FRATT I I
I H B 3% BE L2 R W FE A7 3R A0 B, A ik E1 il
IF) A% S ORI B . A T 56 IE % R 45 5 R I AT

171, AR Zemax J6 2% W H AR EAT T AL,
W 3 (a) . AT 3RS BRI TR R A B
SR B, RATEL2 A f2 = 50 mm f3E 8 (45 ik
f2 = 100 mm, L2310 mm, W5 £ S5 a %
BNEE B R A 25 pm), BIEEAELR WA B
50 mm PFEHE M — N EUELE NA = 1.25 FliR
TR, Horh, d i SE L2 MY)EE Obj1 A
Z I RS, w A Objl HT 2 1 21 B £ 4
(FF3ROL ) IBRES. L1, L2 MIWIEAEE 254 100 mm,
L2 5 Obj1 BIWILREE 8 50 mm, ¥ 6577 [ F25)
L2, M7 3R A7 B ARk, B g R an & 3 (b) B
N, AJPLEH, f£d = 50 mm £ 5 mm B RN, &
52 L2 8% 2y 8 28 5 17 3R A B R0 A% B0y it g 2 T A
NENMESL R, L2 #3510 mm, M NAZIRAL B % 5h 24
20 pm, AU ZE FAUE B n] DU I 5F B L2 4517 3R
PE.

240 | .

g 237
22351 -
3

225 1 1 1
44 46 48 50 52 54 56

d/mm
K3 AR EFEENLER  (a) Zemax oK
PRI, d g s L2 2R H8: Objl NRERIFEES, u
BRI R B R R E AREER; (b) v 5 dK R
Fig. 3. Simulation results of the optical trapping po-

sition: (a) Zemax model, d is the distance between L2
and the pupil plane of Objl, and u is the distance be-
tween the front surface of Objl and beam focus; (b)

the relationship between u and d.
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Fig. 4. Experimental demonstration of the APOM in opti-
cal trapping: (a) The z-y plane image of two overlapping
particles (1 and 2); (b) the z-z plane image of the two
particles. Particles: SiO2 beads (5 pm in diameter); scale

bar: 10 pm.
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Fig. 5. Experimental observation of particle trapping dynamics along beam trajectories with the APOM:

(a)—(e) The z-y plane images of a single trapped particle at different time; (f)—(j) the z-z plane images

corresponding to Figs. (a)—(e). Particles: SiO2 beads (5 pm in diameter); scale bar: 10 pm.
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Fig. 6. APOM imaging of particle trapped at different axial positions: (a)—(c) The z-y plane images of a

single particle trapped at different axial positions; (d)—(f) the z-z plane images corresponding to Figs. (a)—(c);

Particles: SiO2 beads (5 pm in diameter); scale bar 10 pm.
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Abstract

Optical micromanipulation of particles based on the optical trapping effect induced by the interaction between light
and particles has been successfully applied to many interdisciplinary fields including biomedicine and material sciences.
When particles are trapped in three dimensions, the conventional wide-field optical microscopy can only monitor the
movement of the trapped particles in a certain transverse plane. The ability to observe the particle movement along light
trajectories is limited. Recently, a novel method named axial plane optical microscopy (APOM) has been developed to
directly image the axial plane that is parallel to the optical axis of an objective lens. The APOM observes the axial
plane by converting the axial information of a sample into that of a transverse plane by using a 45°-tilted mirror. In
this paper, we propose and demonstrate that the APOM serves as an effective tool for observing the axial movement
of particles in optical tweezers. By combining with a conventional wide-field optical microscopy, we show that both
transverse and axial information can be acquired simultaneously for the optical micromanipulation. As in our first
experimental demonstration, we observe two particles which are trapped and aligned along the optical axis. From the
transverse image, only one particle is observable, and it is difficult to obtain the information along the axial direction.
However, in the axial plane imaging, the longitudinal dipolar structure formed by the two particles is clearly visible. This
clearly demonstrates the APOM imaging capability along the axial axis. The numerically simulations on the trapping
focal spot against the position of a collimating lens agree well with our experimental APOM results. Furthermore, we
directly observe the dynamic capture process of a single trapped particle in transverse plane by conventional wide-field
optical microscopy as well in axial plane by the APOM, and can obtain the 3D information rapidly and simultaneously.
We point out that the observable axial dynamic range is about 30 um. Taking advantages of no requirement of scanning
and data reconstruction, the APOM has potential applications in many fields, including optical trapping with novel

beams and 3D imaging of thick biological specimens.
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