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Four-dimensional optical manipulation of colloidal particles

Peter John Rodrigo, Vincent Ricardo Daria, and Jesper Gliickstad®
Optics and Plasma Research Department, Risg National Laboratory, DK-4000 Roskilde, Denmark

(Received 8 October 2004; accepted 12 January 2005; published online 11 Februagry 2005

We transform a TEM, laser mode into multiple counterpropagating optical traps to achieve
four-dimensional simultaneous manipulation of multiple particles. Efficient synthesis and dynamic
control of the counterpropagating-beam traps is carried out via the generalized phase contrast
method, and a spatial polarization-encoding scheme. Our experiments genuinely demonstrate
real-time, interactive particle-position control for forming arbitrary volumetric constellations and
complex three-dimensional trajectories of multiple particles. This opens up doors for
cross-disciplinary cutting-edge research in various field2005 American Institute of Physics
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Sculpted light fields have advanced our ability to ma-modulator, which effectively separates the command on the
nipulate colloidal aggregates and brought unique opportunirelative strengths of individual pairs of opposing beams
ties for fundamental and applied scierfcErom a physical forming each trap. Since the transverse intensity patterns
stance, tailored optical potentials were used to investigatgsed to construct the trapping configurations are synthesized
underlying mechanisms of optically bound maftéstochas- by the GPC method, transverse trap positions and dynamics
tic resonance in Brownian particléegnd light-matter angu- are inherently reconfigurable in real time. The combined re-
lar momentum transférOf equivalent significance are the sult enables, four-dimension@D) optical manipulation of a
applications of optical manipulation for powering colloidal plurality of simultaneously trapped microscopic particles.
microfluidic machine and fractionating mixtures through The instrumentation of our 4D optical manipulation sys-
optical lattices® Tailored optical landscapes have also beerf€m is shown in Fig. 1. An expanded TEi)mode from a
applied to organize matter. Arrays of microscopic objectshear-infrared laser is illuminating a phase-only SLM. Upon
have been patterned in one dimensiotwo dimensions reflection, the approximately planar incident wave front ac-
(ZD),loylland three dimensior(sD).lz In particular, material quires a 2D phase distribution encoded on the SLM front-
engineers have seen the potentials of optical manipulation if@nel surface. The programmable phase function, described
synthesizing advanced materials. This is substantiated in rdY ¢(U.v), is represented as a spatial pattern of up to 256
cent works showing the complementary role of optical trap-9rey levels on a designated computer graphic monitor. A
ping with laser-initiated photopolymerization for the con- 'eéasonably linear relation is set between the SLM phase and
struction and gelling of permanent particle arrays from lineafmonitor grey level. For reconfigurable patterns of phase
to crystal-like structureg'”Aside from the ability to form  ¢(U,v) in our system implementation, binary grey levels cor-
predefined structures in 3D, however, a number of applicatesponding to phase$=0 and ¢=, suffice. This implies
tions, including those of biological relevance, would signifi- that faster types of SLMs based on ferroelectric liquid crys-
cantly gain from the power of being able to arbitrarily adjustt@!s, quantum well devices, or microelectromechanical
the relative positions of particle aggregates over a full vol-SyStems-mirrors can be applied. By utilizing a GPC-based
ume and in a manner that satisfies real human response tinfi@ht projection setup, the binary phageu,v) is efficiently

With the advent of spatial light modulatofSLM), rapid
developments boosting the degree of control for optically
trapped particles have been seen in two techniques based ¢
diffractive optics(DO)lz’13 and the generalized phase con-
trast(GPQ method***'Recently, we have shown the suit-
ability of the GPC approach for direct and user-interactive
manipulation of a colony of particles and living cells simul-
taneously trapped and manipulated in a two-dimensional
plane with no surface contatt.Here, we implement the
GPC method to demonstrate optical micromanipulation of
colloidal particles independently trapped and real-time ma-{ Gl
nipulated throughout a large volume. This is achieved using== =<
a light-efficient configuration based on multiple Computer Rel+ay_, cco
counterpropagating-beam traps. Using a lossless polarizatio.. optics amera

scheme,” the axial positions of each individually trapped FIG. 1. (Color onling Experimental setup for implementing 4D optical

part'CIe are varied by Changmg the relative powers of or'manipulation. cw Ti:S, continuous-wave titanium:sapphimavelength

thogonally polarized counterpropagating beams. This iS ac=830 nm; maximum power=1.5 Nd:YVO,, neodymium:yttrium-
complished by using a spatially addressable polarizatiomanadate(wavelength=532 njp GPC, generalized phase contrast system;
SLM, spatial light modulator; SPM, spatial polarization modulator; PBS,
polarizing beam splitter; MO, microscope object[ve60; numerical apera-
dElectronic mail: jesper.gluckstad@risoe.dk ture (NA)=0.85]; DM, dichroic mirror.

Phase-only llluminator
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FIG. 2. (Color onling Defining 3D trajectories for multipleN=23) optically trapped polystyrene sphergsameter=3um). The trace of the 3D path is shown,
right (see Ref. 2B

converted into a high-contrast intensity pattéfw ,v’).2>?>  phase functiony(u’,v’) onto this SPM. Since the director

The intensity pattern is then projected onto the front-panel ofixis of this birefringent device is oriented at 45° wih the

a spatial polarization modulatéEPM). Here, the process is time-dependent reflected intensity pattértu’,v’t) is pro-

described by portional to the squared modulus of the complex reflected
field given by®

N GPC - P — A A S R oot 2
HU0) = 7S (U= o = 0) (U 0") E/(u,0it) = EW v ;){-isinyu’ v ;t)/2]e,
n=1 +cody(u’,v';1)/2]8,}. (2

_ " L The bracketed terms of Eq2) denotes a polarization

- '02 fa(u" = up0" —vp), &y landscape that, in general, varies both in space and time.
n=1 . .

Depending on how we choose the space and the time depen-

dence ofg(u,v;t) 0 1(u,v’t) and ¥(u',v’t), a set of oper-

ating modes for 4D optical manipulation can take place. Us-

ing a polarizing beam splitte(PBS, we have losslessly

wheref (u,v)=f,(u’/s,v’/s) (i.e.,s magnification 4f imag-
ing) denotes the desired geometrical feature of ritretrap

centered atu/,v/) with the condition that no two traps over-

lap. For brevity, we also assume a Dirac-delta type imaginggﬁgorP%?)si? Ethe (%rtfj%%o?ﬁgycggagﬁiﬂtsccgrgmiﬁﬂ%|ro_
point-spread function in our description so that the same P-p 9. ). P yp

functional form of I(u/,v') acceptably represents the pro- jected to the sample along a common optical axis but with

jected pattern to our sample plane. Thus, for the traps usegﬁpositek vectors. The system prealignment procedure re-
(in general f (u,v) sets an arbitrary pattérn for each trap ires the two projections to be superimposed transversely
1'n H

ith top-hat tional intensit il " and focused onto respective planes that have a slight axial
with top-ha qrc;ss-fec lonal Intensity profiies, we can Wiltegenaration. The control over the individual relative strengths
fa(u,v)=circ(Nu+v</a,), where a, defines the cross-

_ _ S/ WIS ) of polarization components associated with each trap is to-
sectional radius, which is individually adjustable for eachta"y decoupled from each other, as seen from Ej. In
trap. Standard optignization of the GPC process, described igiher words, usingN traps, each particle in a colloidal sys-
our previous work? is followed to attain high photon effi- tem under manipulation can be given a generally time-
ciency gnd opFimaI visibility in generatinigu’ ,v’), i.e.,lyin dependent position vectdiy(t)=x,(&+Yn(H)&+2,(t)&, or
Eq. (1) is maximized. _ . its higher time derivativeévelocity, acceleration, and so pn

At this point, it is worth to discuss the various modes 5 well. Functions,(t) andy,(t) respectively possess direct

under which the system can operate. To enumerate the?)‘?oportionality to the SLM-controlled variables,(t) and

modes, we need to describe the reflection that occurs on the ., : . .
! e . . t) in Eq. (1), andz,(t) is separately controlled by(u,v;t
SPM. The SPM modulates the incident linearly polarlzedvn( )inEq.(1) 1 P y U030

. A o ~~7in EqQ. (2). In Fig. 2, we illustrate one operation mode for
field E(u’,v")&, whose dot product with its complex conju- creating full-space trajectories of simultaneously trapped

gate is proportional td(u’,v"). A computer encodes a unique polystyrene microbead?. The user-controlled
positions (u,,v,)|n=1 2.3 Of three traps enable us to interac-
@ ®) tively position three particles at the vertices of an imaginary

o0 QO triangle. We set (u,,v,)|n=12,3t0 progressively vary taking

o Ooo 2 (¢} °o coordinates that lie on a circle with=y(u’,v’), i.e., a tem-
000 o Qoo 2900 P - porally fixed polarization landscape. This effectively results
°° () [« X -] (o) i}aa 00~ o in identical but out-of-phase time-varying position vectors

[+ ] () Oo : [ o o for the particles, i.e.f;(t)=F,(t—T/3)=F4(t—2T/3), which
o o0 trace out the 3D path shown in Fig. P.denotes the time it

takes for a sphere to traverse one cycle of the path.
_ _ _ _ The most general mode of operation is achieved by mak-
FIG. 3. (Color onling User-coordinated patterning of commercially dyed ing the axial trap position an active control parameter like

polystyrene spherdsliameter=3um) in (a) 2D; and(b) 3D, (N=25), form- L . . )
ing the text “GPC,” using a distinct sphere-color for each characteib)in the transverse trap position rather than applylng a fixed po

virtual planesz=-5 um, z=0, andz=+5 um intersect the centers-of-mass larization Iandscape. To do so, we simply enCQ’tﬂG’,v’; t)
of the red, blue, and yellow-dyed spheres, respectively. of the following form:
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Ce e 5 20 complex task imposed by a DO-based method to synthesize a
\ 0923_ o™ o © 3D light distribution on a single 2D phase-encoding device,
;8‘. OO 0 ° 20 ° o separated transverse and axial trap control, which are not
Blololele® 2 ~ o @gg constrained by the SBWP, are assigned to the two devices,
A M si0, _sio, Polystyrene respectively. Finally, we emphasize that the simplicity of the

10. . 0o 0— binary phase modulation and the spatial polarization modu-
o eos ] i b lation scheme implies the future use of low-cost liquid crys-

R Wi - H wme; e tal display technology.
A et el e Focusing on two attributes of an electromagnetic field,
vem® oo Oxem Yem® o Ouem vem® g O ) namely phase and polarization, we have formulated an

energy-efficient way for crafting a single laser beam into
FIG. 4. (Color onling Optical trapping(Nma,=36) and manipulation into  regl-time adjustable arrays of counterpropagating light fields,
arbitrary  constellations _of colloidal microsphere€SiO,, _dlameter whose confining optical potentials enable the manipulation
=2.25um; polystyrene, diameter=am), top. 3D rendered view of the f ltiol ticles in 4D Th d t ind
spheres’ relative positions, bottofsee Ref. 28 o muluple particles In -l € proposed sys e_m C_an’ In due
course, become an essential tool for unraveling issues that
N are yet to be understood in the physics of colloidal systems
/ , and the biology of microorganisms. It also has the potential
ror. - f I _ r_ i R . . .
P(uiv';t) Wn% Ya(OFa[u” = ug(t),0" —vp(t)] @ fora range of technological applications where current opti-
o . o cal manipulation schemes fall short.
Note that this is similar tap(u,v) in Eq. (1), differing only
by a factor G=< y,(t)<1 inside the summation. By recalling
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