14 NOV 2005 | MPROVED APPARATUS, SYSTEM AND METHOD FOR APPLYI NG OPTI CAL
GRADI ENT FORCES BACKGROUND OF THE I NVENTION 5 Throughout this applicatjon
vari ous publications are referenced. The disclosures of these de*I NU(YaZtﬂﬁ%ons
in their entireties are hereby incorporlated by reference in this application

in order to rmrefullyﬁﬁi. ' t{?‘,ﬂ}g%ﬂ} f - | this invention
pertains. 10 1. Field o t?edﬁl\?en I'on hesqgrytaés;lg:nl?r%ven |o}‘rfi6PeI at es |
generally to optical trapOR ARPRATNGEOPAICAINERAVEENT®ORCESates to an
apparatus, system and nmethod for applying optical gradient forces to forma

plurality of optical traps t | 5007 ﬁﬁE?ﬁg&i ﬁ?l]‘l 15 2. Discussion
of the Related Arts An optic§F4 V\Egzéer |séan op |caﬁ*oo which utilizes the
gradi ent Forces of a focused beamof light to nmanipulate particles with

digelectric constapnts higher thgn fhe surroyndin nmedi,a. T jnimze its
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di ffracti on iprorderito mors fully describedhd stapl of the ast tp avhi¢hcthis inTéntiohpedans.gener at ed
by radi ation pressure are alnost negligible- a light source, such as a

di ode- punped Nd: YAG | aser operating at 10mW wll only produce a few

pi coNewt ns. 1. HOWEFRId ofethE EHveRitiogNewt ons of force is sufficient to

mani pul ate smal | particlés. 2o Qther optical tools which can be used to
mani pul ate smal | presenbinvertion relates ggmeraliseto apticalitraps+ Enpariculypthedayention

vortlces, | OPieiho BRbbhdraus Ak GBha LRUTIES aftitlol bORLal GAARS: AL IR REFL

vortex, althou SIm se to an optic er, ~operates on an

opposi te pri platabityof oivticalittdps & muniptlae salihsetidesa gr adi ent surroundi ng an
area of zero electric field which is wuseful to manipulate particles with
dielectric constants | ower than the surrounding nedia or 30 which are

reflectiye, o otBRbuds¥dhEst thl RRBMEd Ak&S Which are repelled by an optical
tweezer. To mninTz particle will nove to the region

where the el ectri#nfoptital tiveezehis anl aphiesl toohwhishyitilines the pradiens dencescoff 4 &ictised ea
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media. To minimize its energy such particles will move to the region where the electric
field is the highest. Stated in terms of momentum, the focused beam of light produces
20 radiation pressure, creating small forces by absorption, reflection, diffraction or refraction

of the light by a particle. The forces generated by radiation pressure are almost negligible—-
a light source, such as a diode-pumped Nd:YAG laser operating at 10mW, will only
produce a few picoNewtons. However, a few picoNewtons of force is sufficient to
manipulate small particles.

’ 25 Other optical tools which can be used to manipulate small particles include, but are
not limited to, optical vortices, optical bottles, optical rotators and light cages. An optical
vortex, although similar in use to an optical tweezer, operates on an opposite principle.

An optical vortex produces a gradient surrounding an area of zero electric field which is
useful to manipulate particles with dielectric constants lower than the surrounding media or

oo 30  which are reflective, or other types of particles which are repelled by an optical tweezer. To
minimize its energy such a particle will move to the region where the electric field is the
lowest, namely the zero electric field area at the focal point of an appropriately shaped laser
beam. The optical vortex provides an area of zero electric field much like the hole in a
doughnut (toroid). The optical gradient is radial with the highest electric field at the



doughnut (toroid). The optical gradient is radial with the highest electric
field at the 1 4 NOV 2005 2-circunference of the doughnut The optical vortex
detains a small particle within the hole of the doughnut. The detieNgyiZoft is
acconpl i shed by slipping the vortex over the small particle along the line
of zero electric field. The optical bottle differs froman optical vortex in
that it has a zero electric field 5 only at The focus and a non-zero
electric field at_an end of the vortex. An optical bottle may_ be useful in
trappi ng at ofFcuRterensh of dhg doughautnTheopisal wartedetaing o) small pagicle pathin the kole o
trap with an
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cage fornms a ritcﬁ of optical vortices to surround a particle too |large, too
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than the surrgifieh BfoptRAily fa W&@&ﬂe phafticies;fSdiéncaldz, 017801 422601 . DFhis class

t hought of as the less bright region which |lies between the plurality of :
optical tweesétepl mpy for maampwlating Res-spberica] pagticles and deivingMEMS dpviges gr

IS creatqd. Lo RAnskRg!l € beamof laser light with a diffractive optical
el enent ?g f(lt)irﬂr]na %’?’Eﬁglity of difacted | aser beans focused to form an

array of optical tFhedight sagendewaribed bhNealdn {U1.S|Pfent Rt 5939946, i6 l&dsbly] 06
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descri.bes arr of optical. traps..The. patent
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beam surround a particle too large, too reflective, or with dielectric constants lower than the
surrounding media. If the optical vortex is like a doughnut, the light cage is like a jelly-
20 filled doughnut. While the doughnut hole (for the vortex) is an area of zero electric field,

the jelly-fill is an area of lowered electric field. In a gross sense, the gradient forces of the

plurality of optical tweezers forming the doughnut “push” a particle, with a dielectric

constant lower than the surrounding medium, towards the jelly-fill which may also be [‘

thought of as the Iess bright region which lies between the plurality of optical tweezers.
25 However, unlike a vortex, no-zero electric field area is created.

Using a single beam of [aser light with a diffractive optical element to form a
plurality of diffracted laser beams focused to form an array of optical traps is known in the -
art. U.S. Patent No. 6,055,106 issued to Grier and Dufresne describes arrays of optical
traps. The patent teaches the use of physical transfer lenses to direct a diffracted laser beam

30 to the back aperture of a focusing lens. Multiple physical lenses are employed to direct and
overlay the laser beams at the back aperture of a focusing lens with sufficient overlap to

achieve an effective numerical aperture (INA) of at least about 0.8, which, as taught in U.S.



30 to the back aperture of a focusing lens. Miltiple physical |enses are
enpl oyed to direct and overlay the |laser beans at the back aperture of a
focusing lens with sufficient overlap to achieve an effective ql{r]sﬂg)i}g[gl
aperture (NA) of at |east about 0.8, which, as taught in US 14 2005 3
Patent No. 5,079,169 issued to Chu and Kronis, is considered the m ni mum NA
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dust, dirt or due to misalignment. As taught in U.S. Patent No. 6,055,106, one way to

-

reduce noise is to direct the laser beam at an oblique angle relative to the diffractive element

20  thereby urging the un-diffracted beam away from the objective lens. While useful for its
intended purposes, the other sources of noise remain. There exists a need for reduction or
elimination of the noise caused by the un-diffracted laser beam, scattered and reflected laser
light off the components of a system producing an array of optical traps. The present

invention also satisfies this need and other needs and provides related advantages.

SUMMARY OF THE INVENTION

e The present invention provides a novel and improved method, system and apparatus
for generating, monitoring and controlling optical trap arrays employing but a single
30 physical transfer lens. The within invention also improves monitoring and control of optical
traps by filtering out, or shuttering off, the “noise” caused by scattered, un-diffracted and
reflected light within the system.



for generating, nonitoring and controlling optical trap arrays enpl oyi ng but
a single 30 physical transfer lens. The within invention al so i nproves

moni toring and control of optical traps by filtering out, or shutngrnilhg off
the "noise" caused by scattered, un-diffracted and reflected light within
the system 14 NOV 2005 4 Multiple transfer |lenses are elimnated or
reduced, in a systemproducing a plurality i optical traps, by encoding a
lens function into a diffractive optical elenment The diffractive optical
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i nvention (FH%‘I%VR)"%“& %g‘ggnﬁfé{ﬂgﬁgﬁﬂ Al agethgjoventiom creates si ng| e
| aser beasm db&ﬁdlﬁ&ﬂseﬂv&)ibl@ t6thde’d @RdIE }Sﬁgrlsgc%g le‘fx@lto W‘W&% tﬂ@?hﬁﬂlt?'?ﬁ'()ded

|l ens function. The | aser beamis i ed into a plurality of beafs and -

gach begm i sbemwtlbebank\@:gm Oﬁyhetdﬁecﬁwﬂmaamlmfomop@aﬂmﬂnm-ﬂfm )
irected to a sin transfe ens cts ver e
plurality of bearrgng ﬁlﬁg r(gfadflg‘a o ?ﬁ{;bqagln%ﬁ’( B& "eﬁpiﬁ
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traps. To alter the_position of a given optjcal t he, beam form ng t hat

trap may be $fsEpR waerrl@wnlﬁésfﬁws%mt%alwgmfgﬁra %Wé%b@%aﬁ & enent ,

thereby ghte f A
novi ng m?ro%bﬁ%ré%eo}ggg gﬁ?&‘%oﬁ e@e%%n@ﬁien 9533505 |taneous| y alter
t he positiontwh ttsahéonq:rlalpselieplmhwﬁéean&mﬁxebmlswﬂmfeﬁocm@lmm(mrof
the single trapsf .en al.so _be le.to alter t | of. t he
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optical trapsheydsttion @a@#@ dptiesl trapQthebana ferminy Shidt Mapaylbe steaidib al iewa
vari ety of comercial applications, such a optlcalgésrcwt gﬁfis gn .and

manuf act ur i ngOStHARAIABHS hvﬁa?@wﬂaqle@% Fwév REgrng tg pratien foptical trap
el ectronj cgégagn% gﬁltgr | D ensor
arrays, agsenbl y %&ﬁol%g% h at eclﬁst rage nma rllé?cejéﬁ energyadggzrce or

optical not ositntagedusty ﬂar/sle pdsmm af taatthmptmﬂl frapsisis pamity ifmboraheases; imgvement
matori ol o, 1 S R mE e GRSRRL B e BERRB S s e Bo o bR gpticat
bi ol ogi cal mper ial, i nvest | gating the nature of biological material, and
exami ning bi ol ogi Cﬁle selectxve generatlon and control of the array of optical traps with a single lens
20 transfer system may be useful in a variety of commercial applications, such as, optical
circuit destgn and manufacturing, nanocomposite material construction, fabrication of
electronic components, opto-electronics, chemical and biological sensor arrays, assembly of
holographic data storage matrices, energy source or optical motor to drive MEMS, |
facilitation of combinatorial chemistry, promotion of colloidal self-assembly, manipulation
25 of biological materials, interrogating biological material, concentrating selected biological
material, investigating the nature of biological material, and examining biological material.
In some embodiments of the invention (FIGS. 2 and 4) real time viewing of the
activity of the optical trap array is enabled by placing a beam splitter in the path of the ot
beams prior to the focusing lens and then introducing a filter to limit the passage of un-
30 diffracted, scattered or reflected light along the optical data stream thus reducing this noise

which can disrupt video or other monitoring of the optical data stream. A moving mirror,



~I'n sone enbodi nents of the invention (FIGS. 2 and 4) real time view ng of

the activity of the optical trap array is enabled by placing a beamsplitter

in the path of the beans prior to the focusing lens and then hptynedesi ng a
filter tolimt the passage of un 30 diffracted, scattered or reflected

- light along the optical data streamthus reduging this noise which can

di srupt video or other nonitoring of the optical data stream A noving
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Wil o set 1 EPensY e bbb if dh st BB ANEOTRy Bhelfy SR e bl O

acconpanyijg streawi when thettgeeisiont he preferred enbodi rrents of the present
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those skilled in théheﬁg‘? ﬁ%.%#!%ﬁ%eﬁwwq gektarthig part in
descri ption lﬁletdemubﬂs@ﬂﬁhmw%wefa& efémfe err€d TRY
be | earned by practice of the present Invent The advant ages of the

present i nvenembedimentstod ﬂleaa‘bsezltantvmmﬁ dﬂsnﬂbbdnnd shewn,sndfin parewill become
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alternate system or nmanl p a ng an ray (0] snma partlc eS
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illustrates a third alternate systemfor mani pul ating "an array of

particles wt@amspvable mrror. FIG 1 E illustrates a fourth alternate
system for manipulating an array of small particles with a novable mirror.
25 FIG 2 illustrates a fifth alternate systemfor mani pul ating an array of
smal | paridcles DESCRIPTION OF THE DRAWINGS .

FIG. 1A illustrates a system for manipulating an array of small particles.
FIG. 1B illustrates a first alternate system for manipulating an array of small
particles.
FIG. 1C illustrates a second alternate system for manipulating an array of small
20  particles with a reflective diffractive optical element.
FIG. 1D illustrates a third alternate system for manipulating an array of smail
particles with a movable mirror.
‘ FIG. 1E illustrates a fourth alternate system for manipulating an array of srnall
particles with a movable mirror.
25 FIG. 2 iltustrates a fifth alternate system for manipulating an array of small particles
adapted for real time and noise free viewing.
FIG. 3 illustrates a sixth alternate system for manipulating an array of small particles
adapted for real time and noise free viewing,. j
FIG. 4 illustrates a seventh alternate system for manipulating an array of small
30 particles adapted for real time viewing.



adapted for real tinme and noise free viewwnng. FIG 3 illustrates a sixth
alternate systemfor manipulating an array of small particles adapted for
real tine and noise free viewing. FIG 4 illustrates a seventhjaNteriate
system for mani pulating an array of small 30 particles adapted for real -
time viewi ng. 14 NOV 2005 6 DETAI LED DESCRI PTI ON OF Tl TE PREFERRED
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FIGS. 1Aj0! Bséifbnbfa bemt e embodi ment shown in FI G | A, a novable array of

optical traps is fornmed by generatl ng a, focused beam of energy, such as
el ectromagnet i c W& e Rhase pyttertingp ﬁdﬂ@ﬂompmgdmmedph@heh@te@tfpmgb@tl c

waves are |i V,
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output fromaJli emttl e] ectrode,or refera , a |l aser beam 10, as
shown in FI GgmeF&’sE Téi)beﬁgh?ﬂ%ﬂh 150?*§°8PF%‘65¥38’% bpt i cal
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optical surface, such as a diffractive optlca 25 el enment "12 havin

vari abl e opt mapa!sr@m,geeeralls gesignated asd; angrshawnyn FIGS: I.dfbandlf.ubu! t 0 a
embodiment shown in FIG. 1A, a movable array of optical traps is formed by generating a
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focused beam of energy, such as electromagnetic wave energy. In preferred embodiments,
the electromagnetic waves are light waves, preferably having a wavelength of from about
20 400 nm to about 1060 nm, and more preferably having a wavelength in the green spectrum.
The beam is formed of a collimated light, such as the collimated output from a light
emitting electrode or, preferably, a iaser beam 10, as shown in FIGS. 1A-E.
The focused beam of light is directed along optical axis 500 through a phase
patterning optical element having a variable optical surface, such as a diffractive optical
25  element 12 having a variable optical surface disposed substantially in a plane conjugate to a
~ planar surface 15 of a back aperture 16 of a focusing lens, such as an objective lens 18, to
produce a plurality of beamlets 32 and 33 (two shown) having a selected phase profile.
Varying the optical surface of the diffractive optical element alters the beamlets.
Encoded in the diffractive optical element 12 is a virtual lens that converges the
30  plurality of beamlets at a position between the encoded diffractive optical lens and a single
transfer lens. The beamlets emanating from the encoded diffractive optical element, after
converging, are directed thorough a transfer lens so as to overlap the beamlets at the back



pl anar surface 15 of a back aperture 16 of a focusing | ens, such as an
objective lens 18, to produce a plurality of beamets 32 and 33 (two shown)
having a sel ected phase profile. Varying the optical surface of Npheor;
diffractive optical elenent alters the beam ets. Encoded in the diffractive
optical elenment 12 is a virtual |ens that copver ges the 30 plurality of
beam ets at a position between the encoded di‘ffractive optical lens and a

single transfer lens. The beam ets enmanat | ng fromthe encoded diffractive
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conti nuous anf02awhl{¥ are skowine but iv shopldbsendeistedsl that aisray@fsuchl beaglets hieeved

by .varying t @Feated by the encoded diffractive optical element.
20 The location of each trap is selectively controlled by the encoded diffractive optical

element. It is a significant feature of the invention that movement of each trap, be it rotation
in a fixed position, rotation in a non-fixed position, two-dimensional and three dimensional,
continuous and stepped is selectively controllable. The control is achieved by varying the
surface of the diffractive optical element through which the bearm passes, thereby aitering
25  the position of convergence of the beamlets emanating from the encoded diffractive optical
element.
Suitable diffractive optical elements are characterized as transmissive or reflective
v depending on how they direct the focused beam of light. Transmissive diffractive optical
elements, as shown in FIGS, 1A and 1B, focus the beam of light, while reflective diffractive
30  optical elements, as shown in FIG. 1C, reflect the beam.
Within the two general groups, a diffractive optical element can be categorized as
being formed from either static or dynamic media. Examples of suitable static diffractive



surface of the diffractive optical elenent through which the beam passes,
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a dynamic diffractive optical element, the features of the encoded surface can be altered, for

example, by a computer, to effect a change in the number of beamlets, the phase profile of
20  at least one of the beamlets, and the location of at least one of the beamlets.

The virtual lens encoded on the diffractive optical element alters the phase of light
incident on the optical element. A representative virtual lens is a pattern similar to a Fresp=l
lens encoded, for example, in the orientation of a reflective grating or nematic liquid |
crystals. The virtual lens is distinguishable from a physical lens, which affects all the

25 beamlets 32 and 33 as a whole, as the virtual element can alter the relative position of each
beamlet 32 and 33 independently.

The diffractive optical element is also useful to impart a particular topological mode
to the laser light. Accordingly, one beamlet 32 may be formed in a Guass-Laguerre mode
while another beamlet 33 is formed in a Guassian mode.

30 Preferred virtual lens-encoded diffractive optical elements include phase-only spatial
light modulators such as the “PAL-SLM series X7665, manufactured by Hamanmatsu of

Japan or the “SLM 512SA7” manufactured by Boulder Nonlinear Systems of Layfette,



simlar to a Fresnel |ens encoded, for exanple, in the orientation of a
reflective grating or nematic liquid crystals. The virtual |engiNgy 7005

di stingui shabl e froma physical lens, which affects all the 25 beam ets 32
and 33 as a whole, as the virtual element can alter the relative position of
each beamlet 32 and 33 i ndependently. The di¥fractive optical elenent is

al so useful 'to inpart a particul ar topol ogical node to the laser |ight.
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the virtuel |ens eneqaRebelinh 10 ariftablydas h 68im iLiERatw whidhbuBstaitadl Roindléabl e
downstream optical- | ens L1. 10 The | aser beam 10 preferably has a beam

dj amet er w wighths dipmeateriafahs Yack aperturg d6 andiitiin an pdvagtageref the baventivesysteak that
aperture 16 b d e t ﬂ'l%vle,q%' t '
little or noadgéll-tea!ris%]inllﬂ]é ngotgﬂ% ac ggéﬁl{%rge 0 flﬂ\t{ﬁ%a% | ec I%S\r/lg ‘1‘%‘%%9’[{%”%%[ h
conservi ng ttheintexsipof thy laser béam | @ and plesawing Ghestrbnpthadeheslemricdh ekt gradighth
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1004 in the dEEPEgTEedpRcntans A00%end Mbdiin hedeske oterL TR BOBETH ot o
in mat hengt i cfakal reiom2000f the effective NA to establish gradient forces
sufficient to forman optical trap is 0.8 and if the effective NA is
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angl e of convergence for acted beans an
formula NA =n* Sin ¢/, wherein n represents the index of refraction for the medium

outside of the objective lens and ¢ is the angle of convergence for the diffracted beams and
20  if an oil immersion objective lens having an index of refraction as high as 1.5 is used, then
to maintain an effective NA of 0.8, ¢ should be maintained at least 66 degrees during
movement of the optical trap in order to form and maintain an optical trap effective to
manipulate particles in three dimensions.
Alternatively, it is possible to form an effective optical trap without filling the back
25  aperture 16, if an oversized focusing lens having an oversized back aperture, relative to the
laser beam 10, is used. However, such a lens would require greater physical space and may
be more costly. .
Turning to the alternative embodiment shown in FIG. 1B, the controllable array of
optical traps is formed by passing the laser beam 10 through a diffractive optical element 12
30 encoded with a virtual lens that is disposed substantially in a plane 14" forming an acute
angle 8 relative to the optical axis 500. In this embodiment, beamlets 32 and 33 emanating
from area A on the front surface of the encoded diffractive optical element are directed by



20 if an oil inmersion objective I ens having an index of refraction as high
as 1.5 is used, then to maintain an effective NA of 0.8, 4 should be
mai nt ai ned at | east 66 degrees during novenent of the optical tq@m *@wgrder
to formand maintain an optical trap effective to manipulate particles’in
three dinensions. Alternatively, it is possigbe to forman effective optical
trap without filling the back 25 aperture 16, if an oversized focusing |ens
havi ng an oversj.zed .back.apert ur relative to, the - laser beam 10, .is .used.
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from an un-diffracted portion of the |aser beam when the | aser beamis
directed al offcRepded yirfuahiensaxis as shown in FIGS. 1A and 1 Cis elininated.

FIG 1 Cillustra a ' ‘é?ten?n?ﬁ@érﬁﬁ&' f n‘i&%ﬁ? I ray
of optical 10 trtgggsi @%?%gﬂ%ﬁ; reflecting 1.l‘ﬂ1\gﬂﬁ£giélggeam ko%l”r?&éﬁ fF
diffractive cfetciingthedicemibsts erh@iating\fronythe phasepatidening opticabélementsas aFgrGtp pdiGr
and | E show al terpati ve, epbodi nent.s .havi ng a able mrror 41 for. . steering
the bean ot s CRREAPPIRG et BRRPLRE abltaack sbdufs P dntietigien hEmeGbISmETe.
prior te5ovailiggispaied ubstrdranst it tradéfer 16fs DReKthdpaiehisr 6f Rtationat bRA G The

| ens. The novable mrror 15 41 is disposed upstream of the transfer | ens LI
withits cenf@wsam#aﬁsﬁtewa%p&ﬁs%ﬁ@wwb?&mﬁ%@ plthppeaeodsd passes

fromarea A Qifrhéitvel dtidhl a&a?&m through REERT.1 A dn'td Ghda' whRH fefibcts it
el ement 12 through the transtfer lens LI and onto area C which reflects i1t
to area B at the back aperture 16. Tilting the movable mirror 41 effects a change of the
angle of incidence of the beamlet 32 relative to the mirror 41 and can be used to translate
20  the array of optical traps 1002 and 1004. '
This movable mirror is useful for both precisely aligning the optical trap array

within a stationary substrate, to dynamically stiffen the optical traps through small-

amplitude rapid oscillatory displacements, and to effectively increase the trapping action . s
precisely altering positions of the array of optical traps while pulsing the optical traps to
25 form two or more alternating sets of optical tréps from the same number of beamlets.
The embodiment shown in FIG. 1D minimizes beamlet misalignments by including
a conventional telescope system 42 disposed between the movable mirror 41 and the
objective lens 18. The telescope system is constructed of two lenses L2 and L3 placed
between conjugate planes 43 and 45, such that the beamlets pass from area A on the front
30 surface 13 of the encoded diffractive optical element 12 on to the center of rotation of beam
splitter 51 at area C in plane 43, and then through area B on the back aperture 16 of the
objective lens 18 in plane 44. In the embodiment shown in FIG. 1E, the movable mirror 41



to area B at the back aperture 16. Tilting the novable mrror 41 effects a
change of the angle of incidence of the beamlet 32 relative to the mrror
41 and can be used to translate 20 the array of optical traps ﬂpﬂ@u sl
1004. This novable mrror is useful for both precisely aligning the optical
trap array wthin a stationary substrate, tq.,dynamcally stiffen the
optical traps through small- anplitude rapid-oscillatory displacenents, and
to effectively increase the trapping action -y __precisely. altering positions
of the array HPWi‘E&lOS?Pm%@ebﬁﬂkﬁpﬁﬁmﬁﬂé%ﬁﬁebﬁﬂmﬂ% gt f orm t wo
or nore alterpgty giss of optical traps fromthe same nunber of beanlets.
The enbodi ment shown 1n FIG 1D minimzes beam et’ m salignnents by including
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movabl e di chr dhecdusl fynstion of mpyahle mirger and bear spliftesn Bt the alterpalive eabpdimentyr | o
static or a NMNARh & PIT30iHe @l QPRker'S lif fiked. OF 15 other similar device. The
beam splitter shown in FIG 2 iIs novable and, therefore; serves
The beam splitter 51 selectively reflects the wavelength of light used to form the
optical traps and transmits other wavelengths to form two streams of beamlets. Thus, as
20  seen in FIGS. 2 and 3, the first stream of beamlets proceeds from area C through area B at
the back aperture 16 of the objective lens 18 thereby effectively overlapping all the

beamlets at the back aperture and forming the optical traps 1002 and 1004. The second

-

stream of bearnlets is reflected by the beam splitter 51 to a monitor and used to provide a
real time optical data stream, aided by an imaging illumination source (not shown). The
25  second stream of beamlets passes through the apparatus 8 to be visually inspected 64a by a
human monitor 65. The monitor 65 may also interface with a computer 66 and cause the
computer to effect changes in the parameters of the system to alter the position of the
position of one or all of the beamlets 32.
Alternatively, a spectrum 64b of the optical data stream can be obtained, then
30 analyzed and/or the optical data stream can be converted into a video signal and monitored
with a video monitor 64¢. In some embodiments, the optical data stream is passed through
a spectrometer and the position of the convergence of at least one beamlet is then altered in



the dual function of novable mrror and beamsplitter. In the alternative
enbodi nrent shown in FIG 3, the beamsplitter 51 is fixed. The beam
splitter 51 selectively reflects the wavel ength of |ight used tid NO§rfst he
optical traps and transmts other wavelengths to formtwo streans of

beam ets. Thus, as 20 seen in FIGS. 2 and 344the first stream of beanlets
proceeds fromarea C through area B at the back aperture 16 of the objective
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photodectector to monitor intensity, or any suitable device to convert the optical data stream

20 to adigital data stream adapted for use by a computer 66.

The real time optical data stream provides more useful information if the noise is
controlled. As seen in FIG. 2, 2 filter element 53, such as a polarizing element or band pass
element, is placed within the pathway of the optical data stream to reduce the amount of |
reflected, scattered or un-diffracted laser light 10 passing along the axis of the optical data

25  stream. The filter element 53 filters out one or more preselected wavelengths and, in some
embodiments, all but a preselected wavelength of the optical data stream.

Another method of limiting the noise in the optical data stream is to shutter, or
pulse, the optical data stream. FIG. 3 illustrates a system of controllable shutters 62 and 63.
One advantage of shutters is to eliminate substantially all of the noise or interference from

30 the optical data stream. The shutter 62 selectively blocks and unblocks the optical data
stream from passing freely from the system by coordinating its opening with the turning on
and off of the laser beam 10. When the laser beam is not being generated, the optical data



In still other enbodi ments, the optical data stream nmay be received by a
conputer 15 66 adapted to record the optical data stream analyze the
optical data stream and/or precisely adjust the position of ong yv 75 of
the -beam et (s) 32 via the diffractive optical elenent 13, the position of
the single transfer lens LI, and/or the posi&éon of the novable beam
splitter 51. Alternatively the optical data“stream may be processed by a
phot odectector to . npnitor intensity, or ang sui.t abl e device to convert the

optical. dat a sSepmanblockadang whegifoaised heamn of ightds brang esngrated thrptisel c!a@ta

?:g][r};lrjt]gi gg |s?g§!ﬁé§%las%k@?s%g%%ﬁd%hg°§%tﬁseen P&h@@é(ﬂ&?&ﬁo@‘%{u ter eI enment

53, such as aoguotllarapx fwihgn ehwttrEng tieer lasex belam 4  {which dmtarn will satpﬂeab%bbamleﬂfﬂ) 32t he

tsh f th dat a duce.t f | d
Deat tor ed or R FRAHES BertaL e Qoo FEHEE g B TP e must e SEmE Shuseer
optical data ﬁﬁdjﬁhé&aéﬂen&ré]ﬁ ohithd ﬁmﬁlﬁmmmdbﬂﬁmﬁﬂman EloWevBD kD slow a

presel ected wavel engths and, in sone nbodi ments, all but a preselected
wavel engt h ofpulseaate pmll@élpwm Hamxed@amdesﬁ@ﬂn&r Farthnenisiteptionsinhich duid inoi se

in the optic a0 {1% q”sfe the optical data
stream FIG sg%#’ust es éﬁas){/&té #‘ﬂégr??éug?%a € shutters 62 and 63. One
advant age of shut tﬂteinatBreI}Q thed Shﬁttéréﬁaeblﬁttkbsmalaﬁéravlekm (RdtIshown) drehe besmdefrom

interference frqm 30 .the tical a strea The shutter 6 | ectjvely
bl ocks and urﬂ?ﬁ%&ge?lﬁé“% q%‘?"“ﬁﬁ? Y08 QEHSFgf‘}fGPﬁ t he

syst em byl (COQhdéadsi wigh tHenRRRMoRY alll o¥rt HEhe H{oﬁit&%g)éf thélﬂﬂn&i Ha@stridi nbﬁé er
beam 10. When the | aser beamis not being generated, the optical data 1

2005 13 st r edfredyces. dgwemeamﬁﬂanmduﬂ@@ugwmmdem@m Ong aévﬂn@egvéudealat ed
t he opti cal Q t e
particles (ngstm@?t r%{?ﬂim}?] r%H{%L g‘% ca d@éa%é%h% egh%ﬁegﬂmﬁlg e | aseart
beam 10 (whi il times Llnlsuovhadammgsmemﬂtmhb&mmbm(}&)f tB2shuttard G2hemdré8uekd bag _
I h I f th
51 5" act ust ec ket b R emEb et e e Sieotolefe Sflerpli et
However, fsoo sl ow Shov\ﬁﬁhf’&Gr &im:ﬁﬁodﬁtbﬁt\ﬁséﬂﬂﬁwhéreIﬂﬁeéifaﬂﬂfmt}ﬁdf%&uipﬁxeﬁt,l ft.
For those situatjons in which drift is desired, the pulse rate may be

adj usted to étﬁ?laﬁ@écedmm%ﬁowmhﬁammncqmmﬁt@l benefy fenen ysingi@ | aser

beam ( not shqgﬂ} a3k f NI AYC
| ens. By coor n%@?ln{gerétgc@%open?%gm%% Rﬂl?’ng o*ut{lﬁg}%éﬂ Qﬁ&tt%l %‘g W t%}(t he
turning "on" lemslLl edrhbined withe mwnng nunorg‘ibﬂndtdnb;aumphttat 5 ldlatp:oxsdc smoptical data

is reduced. I %’P‘ma I nstances, dual shuttering may be desirable. One
advant age of (5‘3

20 The apparatus 8 is useful as part of a system for manipulating a plurality of small

particles. In addition to the apparatus, the system includes a light source (not shown) for
producing the focused beam of light, the focused beam of light 10, and a plurality of smali
particles 3000 that are manipulated by the optical traps 1002 and 1004.
The plurality of optical traps created in accordance with the invention. In some
25 embodiments, the optical traps form the gradient conditions necessary to manipulate
biological material.

Since certain changes may be made in the above apparatus without departing from
the scope of the invention herein involved, it is intended that all matter contained in the
above description, as shown in the accompanying drawing, the specification, and the claims

- 30  shall be interpreted in an illustrative, and not a limiting sense.



shuttering is that both the | aser beam 10 and the nonitoring equi pment can
remain "on" at all tinmes. ['n such an arrangenent only the activity of the
shutters 62 and 63 need be coordinated. The conputer 66 may be ygeNpyt2605
selectively control the shutter(s) 62 and 63. 15 Shown in FIG 4 is an
enbodi ment useful where the availability of eguipment, physical space
limtations or other perfornmance paraneters wll benefit fromusing a
traditional tel escope transfer |lens system 42 placed in the systemafter the
single transfer lens LI conbined with a noving mrror 41 and a beam
splitter 51 We @laimi de an optical data stream 20 The apparatus 8 is useful
as part of a systemfor ni pul atin Jurality of small articles. In
addition to the agpaéﬁﬁgsdpgg’wgﬂﬁfﬁﬂﬁg@gvéﬂ?P 8PS ‘(‘?Fgf’gshown)
for produci ggmpdigng.ocused beam of light, the focused beamof 'Iight 10, and
a plurality of smal articles 3000 that are mani pul ated by the optical
traps 1002 and 109@%@‘%&&8@&1’5@& cal traps created in accordance

with the invention, Ln 25 embodi, ts, ,the optical traps fo t.he
gradi ent conditi oﬁgeﬁlg@z@%gqpﬁse?job f réjfldfﬁrﬁg?tedp%?%l’# S°Rﬁ?aif‘ € en{sg’]h a
certai n changasabi@yptival §Rfiee tafdohe planliey citRamidts smahd il @edHakd Batt

t he scope of the_invention herein involved, it is intended that all matter
cont ai ned i noptical elsments eprhshaamietihayingaphaseomietilas t he acconpanyi ng drawi ng,

t he specification . A I i i

illustrative, andc?\%{%g%ﬁgﬁlrﬁpﬂtl ng S%@%ﬁc@e&%ﬁ%@n@%@ elf’.mﬂta&eat hod
of forn @ appéitiombétvgennthephasdypattenying apticat clement adde simgle ransferdags with i 5
generating a_focused beam.of. Light; directing the focused beamof |ight at a
phase patt er By P8 rPH‘&I@é‘F%lrféﬂﬁe’ﬁavi ng a variable optical surface to farm

a plurality of bedﬁ‘&ﬁﬁx@tﬁé@éﬁ&l&ﬁ@:ﬂaﬁlﬁﬂiﬂéﬂ&nﬂﬁﬁﬁ&s@@bﬁ@ﬁﬂgﬁ%ﬁcﬂﬂéﬁsﬂt&mugh
el enent, each beam et having a phase profile; converging the beanl ets

emanat i ng fr &if snele barsder lpns toovarlanths bearalets attheack apertare of @ forusing lens; and
bet ween 't he phase i i al%@g% @'F.ﬁﬁ { f‘@ﬁraii W th
the phase patter ﬁ%}%%glmckg?cggﬂ&éetﬁegﬁt ; rect ?%got e egfntoeft{)isatﬂé natﬁﬂ%f from

t he phasé5patoptcabimaps.opti cal el ement through

2. The method of cléu'm 1 further comprising altering the position of the
convergence of at least one beamlet emanating from the phase patterning optical element by
varying the optical surface to change the location of at least one optical trap.

20

3. The method of claim 1 wherein the optical traps are selected from the group

consisting of optical tweezers, optical vortices, optical bottles, optical rotators, light cages,

i

and combinations thereof.

25 4. The method of claim 3 further comprising changing the phase profile of at least
one of the beamlets emanating from the phase patterning optical element by varying the
optical surface.

5. The method of claim 1 further comprising manipulating biological material with
30  the optical traps.

6. The method of claim 1 wherein the focused beam of light is a laser beam.



the single transfer lens to overlap the beanlets at the back aperture of a
focusing lens; and converging the beanl ets emanating fromthe focusing |ens
to forma plurality of 15 optical traps. 2. The nethod of clai m I7 4NVt 2@
conprising altering the position of the convergence of at |east one beanl et
emanating fromthe phase patterning optical ﬁgenent by varying the optical
surface to change the |ocation of at least o optical trap. 20 3. The

met hod of claim 1 wherein the optical traps are selected fromthe group
consisting of optical tweezers, optical vortices, optical bottles, optical

rotators, | gt cagethe mditbdcRuRin 8l ikidin bRAkSRIenc#Rorthe BB6: UBREIOS, Bl g M

3.further conprising changing the phase profile o a? east one of the
beam et s emanspechgmf r om t he phase patterning optical elenent by varying the
opti cal surface. 5. The nethod of claim | further conprising manipul ating
bi ol ogical material with 30 the optical traps. 6. The nethod of claim1l

wherein the focuseg DERdneihol o8bthin § wheted® e WiRRMngh of thdOMsetHeam S selectddre

met*hod of claim6 wherein the wavel ength of the |aser beamis in the green
spectrum 8. fRm theanse obabayt 404w toakauwilA6¢ pa. wavel engt h of the | aser beam
Is selected fromthe range of about 400 nmto about 1060 nm 9. The nethod
of claim1 further conprising steering the beanlets emanating from the
phase patterning oftiThd methedefitlams 1 furtiies cpmprising steerimg/the beapletserhdrating from

beam ets at tRQe back _10.apert of the focusjng lens wt nmovabl e

i rror. 10, ALRAPASPAIFIE S Senralean BRI S EPBBE b di at tie fack
nethod  CQOPI hgdriiee ofthe Bicabing ferd Wit B6tateRiR-Qf energy; 15 directing the
focused beam of energy at a phase patterning optical elenent having a

variabl e optical surface to forma plurality of beam ets; converging the
e s 1 o 1, PSR A 4l R R Ul o ot
comprising:
generating a focused beam of energy;
15 directing the focused beam of energy at a phase patterning optical element having a
variable optical surface to form a plurality of beamlets;
converging the beamlets with the phase patterning optical element;
directing the beamlets through a single transfer lens to overlap the beamlets at the
back aperture of a focusing lens; and
20 converging the beamlets emanating from the focusing lens to a plurality of optical
traps.

11. The method of claim 10 further comprising altering the convergence of at least
one beamlet emanating from the phase patterning optical element by varying the optical
25  surface to change the location of at least one optical trap.

12. The method of claim 10 further comprising forming two or more different
classes of optical traps selected from the group consisting of optical tweezers, optical
vortices, optical bottles, optical rotators, and light cages.

13. The method of claim 12 further comprising changing, with the phase
patterning optical element, the phase profile of at least one of the bean_:!ets.



back aperture of a focusing | ens; and 20 converging the beanl ets enmanating
fromthe focusing lens to a plurality of optical traps. It. The nethod of
claim10 further conprising altering the convergence of at |east 1Qn@y 7005
beam et emanating fromthe phase patterning optical element by varying the
optical 25 surface to change the |ocation of 1gt |east one optical trap. 12.
The nmet hod of claim 10 further conprising forming two or nore different

cl asses of optical traps selected fromthe group consisting of optical
tweezers, optical vortices, optical bottles, optical rotators, and |ight
cages. 30 13. The WHet fhe oefthar eff dlaifi?l § wherhimrthe forpsédsbeagn ofenegiyniy, with t he
phase patterning optical elenent, the phase profile of at |east one of the
beanl ets. 14 %85‘?“‘31%3‘?&“3’&% met hod of claim 10 wherein the focused
beam of energy is electromagnetic wave energy. 5 15. A nethod of form ng
and nonitoring a plurality of novable optical traps conprising: generating
a focusedSbeam of 15 gl methodef forming hed movitaring Hplurality of mgable ppticab taps
patterning optical.element to forma plurality of beam ets emanating from
the phase pattBPEPM§ optical el enent having a variable 10 optical surface,
each beanl et havi ngnerafh@s fodused bdatn oflghter gi ng the beani ets emanating from
t he phase patterning optical elenent at a position between the phase

patterni ng opti caldieectingthe fosnsed beam gf light aha phase patterping 9pticalrlempnte dorm a

patterning o ﬁgﬁh, SIE kS o] i ' B ahas
pat t erni ng OB{II ca og:berrent ?n%%aﬁg% %%&g?’g%ﬁy e tra%g er +len§&{o oﬁgrap tfe
beam et s 1t apicalfsacfecs) tach leamietdavingtapphasaprofile; create two st reans of

beam ets, the beam splitte eflecting the.first streamof beam.ets to the
back aperture of cé?n‘?‘?f |‘ﬁ?g SamEs g fLom, %PW%%@%‘BW& Fa glsment ata,

beam ets to0 fgisifionbetich@id phadd batterhn@dptica BlbnteAbMR Akiagleithshe firk it the
emanating fromthe focusing lens to forma plurality of = 20 optical traps.
phase patterning optical element;

directing the beamlets emanating from the phase patterning optical element through
15  asingle transfer lens to overlap the beamlets at a surface of a beam splitter and to create two
streams of beamlets, the beam splitter reflecting the first stream of beamlets to the back
aperture of a focusing lens and reflecting the second stream of beamlets to form an optical
data stream; and
converging the beamlets emanating from the focusing lens to form a plurality of
20  optical traps.

16. The method of claim 15 further comprising altering the convergence of at least
one beamlet emanating from the phase patterning optical element to change the location 6.

at least one optical trap.
25
17. The method of claim 15 further comprising forming two or more different
classes of optical traps selected from the group consisting of optical tweezers, optical
vortices, optical bottles, optical rotators, and light cages.
30 18. The method of claim 17 further comprising changing, with the phase

patterning optical element, the phase profile of at least one of the beamlets.



16. The method of claim 15 further conprising altering the convergence of at
| east one beaml et emanating fromthe phase patterning optical elenent to
change the location o- at |east one optical trap. 25 17. The netf ﬁu\p\} gl aim
15 further conprising formng two or nore different classes of op |ca
traps selected fromthe group consisting of pptical tweezers, optical
vortices, optical bottles, optical rotators, and light cages. 30 18. The
nethod of claim 1f9fuﬁé‘ﬁlﬁeﬂ1%8r6?5!aﬁi1ﬁ?fﬁjﬁﬁ9%zﬁ risi hﬂn}ﬂﬁﬁlﬁﬁ Eﬁtﬁ&ﬁéﬁkﬂng
optical element, the phase profil | eas n of "t he ets
2005 17 19. Witk theoptinal tapsc| ai m 15 further conprising mani puI ating
bi ol ogical material wth the optical traps. 20. The nethod of claim15
wherein the focused beamof light is a |laser beam 5 21. The nethod of claim
20" wherei n the way@l Thghleted dflRih aSevhehfR he focisad bedn ofligiet's & ket beam. 22.
The net hod of claim 20 wherein the wavel ength of the single | aser beamis
10 sel ected fromthe range of about 400 nmto about 1060 am 23. The nethod
of” claim 15 furthef [ he
phase: pat tor ni ng 25t § ROl ot i 20t e \PAER T STANAN: W' Bl
beam ets at gieen speatlomaperture of the focusing lens wwth a novable mrror.
15 24. The nmethod of claim 15 further conprising converting the optical
data-stream to a video signal. 25. The method of claim 15 further
conpri sing obt ai npng Thélmethdd oBBidinY 20 AheteitPthe Ahve RAE N dfthePdindld PasePhdatris
data-stream 26. The nethod of claim 15 further conprising receiving the
optical 4t asdleqtebifpmyihe mnge ebaRut €90 nmio ptout 1RG0 At hod of clai m 16 wherein
the varying of the optical surface is directed wth a conputer. 28. The
met hod of claim 25 further conprising varying the optical surface to

23. The method of claim 15 further comprising steering the beamiets emanating

from the phase patterning optical element as a group prior to overlapping the beamlets at the
back aperture of the focusing lens with a movable mirror.
15 | _
24. The method of claim 15 further comprising converting the optical data-stream
to a video signal.

25. The method of claim 15 further comprising obtaining and then analyzing the
20  spectrum of the optical data-stream.

26. The method of claim 15 further comprising receiving the optical data-stream

with a computer.

25 27. The method of claim 16 wherein the varying of the optical surface is directed

with a computer.

28. The method of claim 25 further comprising varying the optical surface to
change the location of at least one optical trap in response to the analyzed spectrum of the
30 optical data stream.



change the |l ocation of at |east one optical trap in response to the analyzed
spectrumof the 30 optical data stream 14 NOV 2005 i8 29. The I{hﬁiﬂﬁf
claim 24 further conprising.varying the optical surface to changg'

| ocation of at |east one optical trap in response to the video signal.

The method of claim 15 further conprising filjgering out all but a
preselected 5 vvavel ength of light fromthe optical data stream 31. The

nmet hod of claim 15 1rr?lher %_gbt er| ..OUt one I esel ect ed
wavel engt hs of i gt %Hetﬂ}?gr%rﬁ ;ﬁ e P48 e’l‘f? grkﬂ"ﬁ%ﬁ
claim15 fur bmrcemléaﬁdﬂ\@'aﬁHa@ﬂddu\@hyalgﬁ@%aéspﬂﬁettbﬁéﬁdb@ﬁ@nalbeam of

| i ght and sel ectively bl ocking and unbl ocking the optical data-stream so
that whc the focused beamof |ight is not being generated, the optical data

oLy S POk 0 TN SR Bl e RS AERE Fhkiphis

conprisiny: savdehgtielf Vight Hedithgoptird! datbbipeisi.ng t he beanl ets emanating from
t he phase patterning optical elenment frompassing to the beamsplitter, and
selectively nonitoring the optical data-stream when bl ocking the beamnl ets.

31. The method of claim 15 further comprising filtering out one or more

JJ

)

preselected wavelengths of light from the optical data stream.

10 32. The method of claim 15 further cbmprising selectively generating the focused
beam of light and selectively blocking and unblocking the optical data-stream, so that whe
the focused beam of light is not being generated, the optical data stream is blocked and

when focused beam of light is being generated, the optical data stream is unblocked.

15 33. The method of claim 15 further comprising:
selectively blocking and unblocking the beamlets emanating from the phasa
patterning optical element from passing to the beam splitter; and

selectively monitoring the optical data-stream when blocking the beamlets.



