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beam of light to manipulate particles with dielectric constants higher than the surrounding

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

30  which are reflective, or other types of particles which are repelled by an optical tweezer. To
minimize its enefgy 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
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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 less 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 laser 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 Dufiesne 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 (NA) of at least about 0.8, which, as taught in U.S.
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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.

25

SUMMARY OF THE INVENTION

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.
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trap.
The selective generation 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 design 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
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,



hol ographi ¢ data storage matrices, energy source or optical notor to drive
MEMS, facilitation of conbinatorial chemstry, pronotion of coll oidal

sel f - assewblog/093zani pul ati on 25 of biol ogical nmaterials, i®Carusoys3sng

bi ol ogi cal material, concentrating sel ect ed bi ol ogical material,

i nvestigating the nature of biol ogical E‘%I al , and exam ni ng bi ol ogi cal
material. |In some enbodiments of the invention (FIGS. 2 and 4) real time
vi ewi ng of the actjvi of. the_optical tra arf is enabled b a a
beam opi | t BEALE 3 XSt B ERSIEPD OHER LAY SEabticn. Fare TELAs HyoPRLSd Atk hen
i ntroduci ngyethehid gpg&elt?;msng bnd PeorRRaSRAAHe Syt P14 f racted, scattered or

reflected 1 ght allong the opticdl data stream thus reduci ng th| S noi se
whi ch can di sr uploiseirddustion nutytedso teavhieyed hy pomodlhdlyQMﬁMg offithe laser light A

noving mrr 2/ 093202, PCT/.USQ2/ 15351 5, use t o adj.ust

bosi { Yon ofihal ARdmeni s b dalstena, ekl rubTESt et da

t he beasn Splrédnh Yheh HePser& @nd 3) or added to the system (FIG 4). Noise
reduction may al so be achieved by periodically shuttering off the |aser

light (FIG 3) Qther fagnies ond advantageopf the areserttinvention avil bars@r/fgrthbp part, in

Foat ur s it destrAticRS Wi ofiRly ipa Inid-SARIER gl ipas SRR R
part, in tfidod@ssitd @tthepseid hxﬁi&n{i@d hieweadtibeti had ah‘mnmampm d/ﬁliimdwr&:,

wherein the preferred enbodinments of the present invention are described

and shown, apprzentiio ghgse skijled injhe aﬁ@poaswn@ﬁtwrt of thp fellowing detaded desemptiony t
f
upon e%@[“o %h ;?Q @ﬁuﬁéﬁ%n Wl tﬂ@‘a@&n&fag%nrggg?\g%g&wargﬁwl 1&ntd fg;‘?grahﬂce of the

conj unc acconpanyi ng ear ne practice
of the pr essait ihvantiohi Ghe advunatapdy afitha pessent 1nt1é1ﬂ10plrmeb‘etrealmedlahd attained/bye

realized and attaine gns of the inpstrunme litjes, and ¢conbi nati ons
particul ar Wa%s)ﬁ %wrnem?ﬁ gﬂa@ﬁwns eﬁ%scn%ﬁwsﬂf?@s@mnp eERPesEerE
DRAW NGS FlfzimsA il lustrates a systemfor manipulating an array of small
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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 small
particles with a movable mirror.
FIG. 1E illustrates a fourth alternate system for manipulating an array of small
particles with a movable mirror.
25 FIG. 2 illustrates 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.
FIG. 4 illustrates a seventh alternate system for manipulating an array of small

30  particles adapted for real time viewing.
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optical traps, generally designated as 8, are shown in FIGS. 1A, 1B and 1C. In the
embodiment shown in FIG. 1A, a movable array of optical traps is formed by generating a
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 laser 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
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created 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 beam passes, thereby altering

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
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
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accousto-optic modulators, deformable mirrors, reflective MEMS arrays and the like. With

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 Fresnel
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,
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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 B 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
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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 by
precisely altering positions of the array of optical traps while pulsing the optical traps to

25  form two or more alternating sets of optical traps 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



FIG 1 Cillustrates an alternative enbodi nent where the controll able array
of optical 10 traps is fornmed by reflecting the | aser beam 10 off a

di ffractiweoopeizenl el ement 12" having an encoded virtualPCirarse2/185GS. 1D
and 1E show al ternative enbodi mrents having a novable mrror 41 for

steering the beanm ets emanating fromthe phase patterning optical el enent
as a group prior to overlapping the bean dls at the back aperture of the
focusing lens. The novable mrror 15 41 is di sposed upstream of the
transfer | énplated inicldse proximgptethedfack apexture hb ot orderta nfiniriize beampatesent ati ve
bean et SZgE)a ses f{om area A on the front surface 13 of the encoded
diffractiv 18331[311g§pse| enent 12 through the transfer lens L1 and on to area

C whi ch refl ect Ydidg tht emdb8itndat of thehvenaslk sl fnFI6S18 and B! fechNGimé RR: abl e
mrror 41 effects a change of the angle of incidence of the beam et 3

rel ative t@feneptigal dafp sirgara pfithenptisel trape d 00DHand HiPd|inteeacting withsmallmayticles
optical ctr n 4 l.S.. | l i OF . S f or. bot

pr eci se?y ?pla(g);gl}ﬂ%g%l @ﬁgvc%%g %g%‘iT“me I%@égp&vﬂﬁ{l‘?‘ii Eheaméﬁgql?%ﬁ%'r?/foéﬁﬁ%tpﬁs e,

t o dynam cdabby asd 16(4edte tdrtedpislngal sifiglé s tlandugbptRITal. | Onlgat beamliet 324 d
oscillatory displacenents, and to effectively increase the trapping action
by preci séhgwafarealariy, by &ishpulddegmdensiood thag g phiralifyraf such beamiels axei qreated

pul sing th | tro 25 formtwo or nore alternating sets of

opti cal trgggﬂ‘% Jr)%;%al ﬁéﬁggtrrlez?nunber of beam ets. The enbodi nent shown in
FIG 1D m ni m z&% fredudeche afrsadf apticeltiapsthe lased beaimnt) passesathromph kenal

t el escope system 42 di sposed het ween t he .movabl i.,rror 41 and the
obj ect flle Keachs opficgl %q%m%@,té%ﬁe Pegrlece e ST 96 S S SAEPR S S OB fang
L3 placed et %%e?@@fﬁ&aén%o@é@&ﬁ?ac Je égt@ctaﬁgleg%ggﬁ ﬂl@ﬁ%)aés@oxpﬁad?@z?é.s pass

fromarea A on the front 30 surface 13 o ded diffractive optical
el enent 12 Agma €as theeententagionédn thetsatfaceofefbehmanplittend i lotaed bdfort thapbjmciiyd n

I 43, d .th h B t . t 6,.qf th bj ect i
PLane 49 908 o 00, B Bl BB Rl P e
41 WO 02/ 0933 @wovia6IE pHofbdhclBatdloap biiros, aXtakast al Mowdb@SEmRIdR¥étHnhYmirfor! e back

aperture 16 in order to mnimze beam et msalignnments. Using the
enbodi Ant offer simeildrdewige.i She bersnaplitier shawg inFlgnd ismorelde and, weereforsaisenyes of
an opti cal olel W . ..nter [ng with
smal | part it cffa{ialgal i"@“@@@(ﬂ%"?ﬁ‘ﬁﬁ’ 189%;&%21%83’1‘1 %tgglzlnrqgégi?%eggéﬁ}ﬁﬁinﬁ?g 81p%tc’)ésn%i bl e.
The novabl ehéwn &yFIgl. 30 fHei bteam dpliapss1 is fixed.

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 beamlets 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 64c. 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



1002 and 1004 are fornmed using a single lens transfer optic L1. Only one
beam et 32 is shown for clarity, but it should be understood that a
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or the video ring to change t ocatlon o e correspon
optical tr ahame)nt 13, the position of the single transfer lens L1, and/or the position of the movable

beam splitter 51. Alternatively, the optical data stream may be processed by a
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, a 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
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segregate and concentrate a sanpl e of the selected cell types. Those

skil | ed i nstrépm isrlogkiefl fand whew @mua@i basm of light ischeingiganetpped shepntisaldste ent r at e

cells base a S |f|c red

W t hout deg%?atn? % un%?%ir%&% h]ag gl%ﬁbaém P ﬁﬁ%ltjabqlﬂr?rven%qf%aﬁ%lgﬁnéﬁ ]EB%Q ‘é}ﬁ
concent r at gpgdah &hps wnasmtteﬁ@g the 14528 Behn® M0 OWvhieh ipasra Wil @hdse tHehbeawam@d) 8agt hs
of the Iaser beam 10 used to form opti cal traps useful for nanr‘%gl ating

bi ol ogi cal apdthereatingenticakiran(sd 004 o awé%h ¢ d o7 )the gulse et Pk |Sbutter

I th o , :
the oprycar® Shp ey Moo d00r el r%**%ﬁl pulie b
record thepalt ratakvild allest;hertmmed panilclea ¢o tiift. Bpt thosd sittatianssihrvadch didftdy or

preci sely adjust the positio one or all of fhe beamet(s) 32 via the
diffracti vg %{?flt@SIPUISEIr%tﬁé‘?ﬁYrLf@dJ"tSFF@tB(%?QW%ﬂ? $Htt he single transfer |ens

L1, and/or the mt%—n{dtaayorhetsrg@amad%&s gmara%%hgﬁ& ghéxjvn ) & the baakeN e om

the optical data stream may processe ectector to nonitor
intensity, passir@fyeeﬂ;yrlritcaﬂie@bmwc:kans.oBy@nmeimatmgdleocmenngl anda:lqsn@tofehﬁn 20 to

a digi t adapt ed for use.b co uter i e. real

opt i ca 8dag€ %?éﬂ% ﬂBr%“‘tjs‘gﬂﬁlﬂﬁﬁ ?ftg? optical ﬁ%tﬁége% hoise
control | edjs Agu&den rsanEhﬁtanaes, auéllsha@ém@lrﬁagew de‘éﬁabléudﬁeaavan@gel oFidugl Ng
el ement or band pass elenment, is placed wthin the pathway of the optical

data str eaﬁhltttﬁﬂmsd%ﬂﬂét bcﬁb thenlasenbearh 10and themenitoringquipneant ean 1emain Fo'ztt ed

| aser |ight a t he ax str The
filter el e i]tm%?) er s OLge%?Pé t%gflceﬁ\g&eﬁ Cl}ugta 3%%’1 g%eﬁ&%g]nd in
some enbodbémdiated. arhle cottiputer |66 @58/ tROfsed to/lketieslgtcbnted] thé shurRt(s6l artpé3

stream Another method_of |imting the noise in the optical data streamis
to shutfer, or Shawadn FlGt isgnicabodingng “§§flﬂ]e‘é(h§re ﬁre@vadabllltmftqqarp@sena system

of control t t o]
elimnate ?ﬁgglfal %ﬁ&gllﬁﬁuﬁﬁ aﬁ&hﬁéeﬁf&%gn og) I nt e é"? gr%@%tr@rﬁ g%lﬁ% he
opti cal damdﬂ;mnaiaehescﬂpe trahsfet lens ﬁrztmmsptace.cbmyhdakﬁodm afierdhe sihgkedtaasﬁehe
opti cal eagm from passi. n freely m t he..system oor di na
Ps. opent niewfopianad I R Ereyne it rtrand e Hon P TS Shmeii pad

| aser beamgs;ppot being generated, the optical data WO 02/ 093202

PCT/ US02/ 15351
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 small
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.



13 streamis bl ocked and when focused beamof light is being generated, the
optical data streamis unblocked. To maintain control of the small

parti cl eswg@iposhiown) within the optical traps when shut tpgerimgatiksz1! aser
beam 10 (which in-turn will cause the beamet(s) 32 and the resulting
optical trap(s) 1002 to switch "on" and "off') the pulse rate of the
shutter 5 is adjusted dependent on the nat dfe’ of the particles being

mani pul at ed. However, too slow a pulse rate will allow the trapped

particles to drift. For those situations in which drift is desired, the
pul se rate al%%,adj usted to encourage drift. Alternatively, the shutter
63 bl ocks the Ilasér beam (not shown) or the beam ets from passing freely

into the objectilye A gBthod BY ferattiglh phiralitg of hwvalsle optical aaps, theoxgethgdof the 10
shutter 63 with the turning "on" and "off' of the nonitoring of the optical
data streafP®BH8BE: i s reduced. In some instances, dual shuttering may be
desirabke. One %@(&Qﬁﬁﬁ%f&{l S Shiptering is that both the |aser beam 10
and the nonitoring equ pman? can re i "on" at all tinmes. In such an
arrangenent onl direttengathe ifodusgd odant 6flight at 4 plisse p2ttanthgptiva etbnlent having a

Cron o YRS O Sy Y e bl R e Bferenne
avai | abi I'i Bﬁiﬁl e%?%%bemﬁwaﬁﬁ?ﬁgfﬂéﬁ tations or other performance

par anet ers benefiit fromusing a tidnal tel escope transfer |ens
syst em 42 pl acedonverging tl/lstagretaemanatitgdram thy phase patteiming opticad elefneobatisi ned

wth a ving.mrrror 41 and a amsplitter 51 t r.ovi de optical, data
ot r eamt 050 PPREok et fhe B ralfang Balca) Hemeps and £58eeindr: BEMRILE T ng a
plurality ghagPattbrmineéptical Sémeht? addition to the apparatus, the system

i ncludes a light source (not shown) for producing the focused beam of

li ght, the focudidctingthe beamletprrmangting framgthe phasglpattemite aptigal elerpent threpgls
3000 t hat BN i 0 T lit
of opt i cal S ROLRNELES: ot HcaRlcr (RS pARHeIN F 0 enlli0che Y0l 1Y

enbodi nent s, t heoppirgidglthd bapdets efmanithy fism dhetudonibng tofosmgleatisrof t o
mani pul ate hiqglogical material. Since certain changes may be nmade in the
above éﬁpar‘)ﬁlﬁﬁ’étﬁpﬁ-hout departing from the scope of the invention herein
involved, it is intended that all matter contained in the above
description, as shown in the acconpanying drawi ng, the specification, and
the clai ns 30 sRal [Thhendtiddofuiatet furtheacompdisisg alédringethe positiorosf the | | m t i ng
sense.

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,
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.



WO 02/ 093202 PCT/US02/ 15351 14 W Caim 1. A nethod of formng a
plurality of novable optical traps, the nethod conprising: 5 generating a
focused bwemo$32b: ght; directing the focused beam of |i ghtrcCatusaz/pizase
patterning optical elenment having a variable optical surface to forma
plurality of beam ets emanating fromthe pE se patterning optical elenent,
each beam et having a phase profile; conve gi ng the beam ets emanating from
t he phase patterning optical elenent at a 10 position between the phase
patterning optical element and a single transfer lens with the phase

patterning opticalwel enent;.di.recting.t S nati.ng f.r h hase
patterni ng opti aITthné‘%E%ci oﬁ(ﬁ?lgh Whe%ﬁréﬁlgi‘%gggn ré’rgzl?%agﬁré’ﬁ%ntl %&%%gﬁgg t he
beanl et s akpdda@nhack aperture of a focusing lens; and converging the

beam ets emanating fromthe focusing lens to forma plurality of 15 optical
traps. 2. The nethod of claim1 further conprising altering the position of
the cornvergenceg o i

patter n?ng opti ?al frg? én%ﬁff%fyc%@ﬁ%ﬁ%ﬁ'{ tfr{g Rggdg?lfel(lzgtﬁ Ofgﬁl%]ﬁg%eg%fe %ﬂgﬁ%}]e&edt he

| ocati on offroai theeagde cfrabowpt00amh td abdpt 108D rdn. The net hod of claim 1 wherein
the optical traps are selected fromthe group consisting of optical
tweezers, optical vortices, optical bottles, optical rotators, |ight cages,
and conbi nationg t im DR Mg : ' CORG A St
changi ng t he phg'sehglréo |ﬂiloed2((§)ﬁ‘é%l{n reast{ on &%?g%tﬁgﬁgg%éeét@%{esﬁanatﬁ%ﬁﬁgom
t he phase piatplesapattproipgioptital elearemhés bgrouppyionty dviedappipg thedieamiats atdbe back

The met hod of cl ali further coppri si mani pul ati ng bi ol ogi cal materi al
with @g t B} elgﬂ‘?i"tg;ejff’?% oS énﬁ%‘faﬁ d™Bf cl ai m 1 wherein the focused
beam of light is a |aser beam WD 02/093202 PCT/ US02/ 15351 15

10. A method of forming a plurality of movable optical traps, the method
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.

30
13. The method of claim 12 further comprising changing, with the phase

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



7. The nethod of claim6 wherein the wavel ength of the | aser beamis in the
green spectrum 5 8. The nethod of claim®6 wherein the wavel ength of the

| aser beawoig/osebected fromthe range of about 400 nm t oPalasn2/1B60 nm 9.
The method of claim 1l further conprising steering the beanl ets emanating
from the phase patterning optical elenenty@s a group prior to overlapping
the beamets at the back 10 aperture of t}le focusing lens with a novabl e
mrror. 10. A nmethod of formng a plurality of novable optical traps, the
met hod conprising: generating a focused beam of energy; 15 directing the
focused beam of j#neTHYnRihod dFRRHE 1P3VHBHR tHfobiNel HBAMIFeARBY ihavi ng a
variable optical surface to forma plurality of beam ets; converging the
beani et s welehtremagnshigseavpanergyni ng optical elenent; directing the beamets
through a single transfer lens to overlap the beam ets at the back
aperture of a focusing |lens; and 20 convergi ng the beam ets emanating from
the focsising | ens. t A rethbd bAforinihgxindandritoging atpl@nBty dfimovibie optichiachpsf cl ai m
10 further conprising altering the convergence of at |east one beanl et
emanat i ng FPYMI$IAS phase patterning optical elenent by varying the optical
25 surface to ¢ . I t] fi: af. | east one optical trap. 12. The

nmet hod of cl ai ﬁ%&@ﬁ%@;ﬁ%@%@sﬂl ormng two or nore different

cl asses of opti diakctingathe fabelicath ¢ilipht atreeplgsopgttetning ioptical glenfentiot foeala
tweezers, optical __vortices, qQptical_ bottles, optical rotators, and light
cages. 30 Pawalityef heamplss epranatl fipmshe Bh%ﬁ@ﬁﬂ%ﬁgﬂpgpﬂge?%mémgg ANAEFPIE he
phase at t,ef i tLeal : rofile of at |east one of the
beani etlg. %\%ﬁ‘%{% 09%%0%&%'8% U%ggﬁ%%%?ﬁa% 14.ePThe met hod of claim 10

wher ei n t he focuemcrgiegthedfeamiats gpangingdiopr thegphaspmticoningopticahelegrgnt § al5. A

met hod of E)gsgi 1or? get%vre]:gn H%ri)lhtas?er Ilaar‘ggm%ng l)p {cgi élter\{lercl)tfan avs%?gllee trggstfclarclgrlls \%nrtﬁ B

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 of

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.



conprising: generating a focused beam of light; directing the focused beam
of light at a phase patterning optical elenment to forma plurality of
beam et s woenavizoy from the phase patterning optical el emPot/Usaviizgl a
variable 10 optical surface, each beanl et having a phase profile;
converging the beam ets enanating fromthe .phase patterning optical elenent
at a position between the phase patterni ng optical element and a si ngI e

beant et s cranal iy FRORERG GHAFLE ISP R operCANPOREIAP OB bRRISTALS o

single trameﬁeb@qb%lhggsoverl ap the beanlets at a surface of a beam
splitter and to eate streans of beanmlets, the beamsplitter

reflecting the first stream of bearrt ets to the back aperture of a focusing
| ens and reflectjng,the s St en1et to 0 caI data
stream and conégrgpﬁﬁlwgﬁg’ éﬁt M@@]& lﬁ% Ib

forma plurality of 20 optical traps 16. The nmet hod of claim 15 further
conprising altering the convergence of at |east one beam et emanating from
t he phase patte2hi nge opthaiof cdimpdivhereindhewgeelengih pbthgtlassnbesin isdn theast
one optical trap, 25 17. The nethod of claim15 further conprising formng
two or m)réregflfs “‘é‘m cl asses of optical traps selected fromthe group
consi sting of optical tvveezers opti cal vortices, optical bottles, optical
rotators, and Ilght cages. The method of claim17 further conpri sing

changing, with 2he hagethOGétf@@rﬁumg}Vhfﬁlnélaﬂ wayedength of the singledater begnils e of
at | eagp Og?ﬁle&éd%@ﬁ#%?@ggt&abé%?488£&%%ﬂauﬁ]%6%§92/ 15351 17 19. The

nmet hod" of aim i srng mani ating biological materi al

with the optical traps 20. The met hod of cI aim 15 wherein the focused beam
of i ht'sal The thodof cl ai m 20 n the .

wav e: gn gtlh of t E%Fneg@alrﬂf%élmrl Stﬁ‘\’é er comprising stelermg theVY;1 fl:ts 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.



green spectrum 22. The nethod of claim 20 wherein the wavel ength of the
single | aser beamis 10 selected fromthe range of about 400 nmto about
1060 nm W®.02/0p0ret hod of claim 15 further conprising st®eTiusg2/13361

beam ets emanating fromthe phase patterning optical elenment as a group
prior to overlapping the beamets at the Rgck aperture of the focusing
lens with a novable mrror. 15 24. The met h8d of claim 15 further
conprising converting the optical data-stream to a video signal. 25. The

met hod of clai m295 fi cnw&rod@fﬂiwms% rigrtbenconmrisipganying dhe cptisthsetface tohe 20
spectrum of T of al.m 15 further

conpri si ng réengg t@%ﬁgﬁ ?ea% n%g’ﬁlcgl%a eg?ﬁesggﬁ{%qggw‘@ﬁ%ﬁl a} 25 27. The
nmet hod of cl aim 16 wherei n the varying of the opti cal surface is directed

with a conmputer. 28, The nethod of claim25 further conprising varying the
optical surface3fo Tbpaiodafslaindstipghersomprisngdiieriagoubal bata PTF$“'1§9'[€P

021 093ob2 BACREBPTER nSRTRE BT Roamr® PP G m 24 Turther compr i si ng

varying the optical surface to ~change the location of at |east one optical
trap in respons he VI gn% 0. The rreggtlod of claim 15 further
conprising fil t Bmel}ﬂ img| ﬂ@g@‘@&%m Ioélﬁ@’%orotfloqel ght from
the optlcagrééélE@te&wa%ﬁh%é;ofﬂ h@% Ealfdaea ear, f Urther conprising

e

filtering out one or presel ect veleng s of light fromthe
optical data stream 10 32. The nethod of claim15 further conprising

ond anbllocki g B, SBE rediod SR E SRR s BB eSHest e FReibr
light is netakei nghﬁeefa%ebﬁasly bidekidpahé %bl@aﬁlﬁg &iercﬁﬁlw cfatélkt%h?goﬂ&@wh\éﬁe”

f ocused beam of gm bei ng generated, the optical data stréamis
unbl ocked. ﬂ!l.esfogesed emmfthlgbtjlsaibt ting geresated, theenticabdnsa stedanyis 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 phase
patterning optical element from passing to the beam splitter; and

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

20 34. An apparatus to produce at least two optical traps comprising:
a phase patterning optical element for receiving a focused beam of light and
diffracting it into at least two beamlets, each beamlet having a phase profile;
a virtual lens encoded in the phase patterning optical element for converging each
beamlet emanating from the phase patterning optical element at a position between the
25  phase patterning optical element and a single transfer lens;
the single transfer lens for directing the beamlets emanating from the phase
patterning optical element to overlap the beamlets at the back aperture of a focusing lens;
the focusing lens for converging each beamiet emanating from the transfer lens to
form the optical traps; and
30 a single transfer lens between the phase patterning optical element and the focusing

lens which overlaps the beamlets at the back aperture of the focusing lens.



sel ectively bl ocking and unbl ocking the beaml ets emanating fromthe phase
patterning optical elenent frompassing to the beamsplitter; and

sel ecti veWwg oaogd20nri ng t he optical data-stream when bl ockipag/usa®i1izenni et s.
20 34. An apparatus to produce at |least two optical traps conprising: a
phase patterning optical elenent for recei \i'gng a focused beam of |ight and
diffracting it into at |east two beanlets, "éach beanl et having a phase
profile; a virtual |lens encoded in_the phase patterning optical elenent for
conver gi ng each 3°pd&siapparaing ahelaing 3¢ Mderaim te s transferdens in groypblec al

el ement at a position between the 25 phase patterning optical elenent and
a single transfer lens; the single transfer lens for directing the beanl ets
emanati ng from Bbe. Thaappargtas dfe¢lainndd opeietrathe phesettetningotichlbglethérg has a
beam ets at the back aperture of a focusing lens; the focusing |ens for
conver gi ngsg‘éﬂﬁﬁ @&m et emanating fromthe transfer lens to formthe
optical gtraps; and 30 a single transfer |ens between the phase patterning
optical element and the focusing |ens which overlaps the beam ets at the
back aperture of37t h@ht eppesiatngof edaim 36\@hORi0OHS 3GEic BATAIISH R pdSiBbdabld ® Bign The
apparatus of_..cl aim 34 rein.the.sipgle.transfer lens is novable. 36.. The
appar at us %ﬂﬁ@FéiW%gF%ﬁtﬁqwa%Qggc%&? ﬁ‘@i’ﬁ?‘ﬁé’filﬁﬁ'cal el enent has a
static surface. 5 37. The apparatus of claim 36 wherein the static surface
is repositionable to align different portions of the static surface to
recei ve the bead8oflheiagparatugsf cluine 32 phherein the steticsie{nen i3 zompdsadiof twherst at i ¢
surfaczoi S.co rirseefn(())f_ two or 10 nore di screet non-honbgeneous regions.
39. Th apﬁ%?rgt 7§ é}g?rﬁ?gﬁeWerF%’ioﬂs't he static surface is substantially
continuously varying. 15 40. The apparatus of claim 36 wherein the phase

patterning optical elenment is_ selected fromat |east one of the group
consi sting of grft ilAgeppaptus phelaingA7 gvhgraim the statisrsuefaeq iy subsigngiellygs,

transm ssi i -hol ogranms, stencils, |ight shaping hol ographic
EpBRRNALRIRG

filters, ol ograms, lenses, mrrors, prisns, wavepl ates, and
hol ogr ans.

15 40. The apparatus of claim 36 wherein the phase patterning optical element is
selected from at least one of the group consisting of gratings, diffraction gratings, reflective
gratings, transmissive gratings, holograms, stencils, light shaping holographic filters,
polychromatic holograms, lenses, mirrors, prisms, waveplates, and holograms.

20 41. The apparatus of claim 34 wherein the phase patterning optical element is
dynamic.

42. The apparatus of claim 41 wherein selectively varying the encoded virtual lens
changes the number of beamlets emanating therefrom.

25

43. The apparatus of claim 41 wherein selectively varying the encoded virtual lens
changes the position of the convergence of at least one of the beamlets emanating
therefrom.

30 44. The apparatus of claim 41 wherein selectively varying the phase patterning

optical element changes the phase profile of at least one of the beamlets emanating

therefrom.



20 41. The apparatus of claim 34 wherein the phase patterning optical
elenment is dynamc. 42. The apparatus of claim4l wherein selectively
varyi ng twe oenex2ded virtual |ens changes the nunber of beamEsvyi1BRANati Ng
therefrom 25 43. The apparatus of claim41l wherein selectively varying the
encoded virtual lens changes the position,pf the convergence of at |east
one of the beanml ets emanating therefrom %@ 44. The apparatus of claim4l
wherein selectively varying the phase patterning optical elenent changes

t he phase profile of at |east one of the beam ets emanating therefrom WO

02/ 093202 PCT/ U@?.Z/ Aﬁ%?ﬂyara%g télgrodﬁﬂa ﬁﬂ%{)}lﬁ{df%t kﬁst%%#gg%g{@% g?ﬂgtiégﬁn%ﬁat

| east two optical traps conprisSing: a phase patterni nt for
recei ving a f ocuayphaseymétarnirig optiphl element fdr fekeisimigianfpcused ibatmo ofiightzmdt t wo

beam et s, h beanl et havin ase file: 5.a virtual Lens encoded in
t he phase E&%‘?@F‘}ﬁ lﬁt}ﬁ%ﬁ{]'ieﬁpg%g?ﬁaﬁﬁs’ ?%L%E?)‘H&ép@flﬂ%ag &Y PIHYSni et enmnating
fromthe phase R&ike) MidIn&iel R thePhESE HtefHin ﬁﬁslﬁl &1b@Bnt¥et Egﬁﬁf@rg‘iﬁ?eacﬁhase

patterning optical element and a single transier lens; the single transfer
| ens for dibeaukel egandtiogfwanthetphaserpattamingjopticahelementit a positipn betevean thy

optical elepent to overlap at a surface,of a.beamsplitter; 10 the beam
splitter fgﬂe?s'eéngé?%qggoqtlﬁgl eg‘aéﬁ?ﬂtéfl aé}?&hea‘ﬁ‘ﬁgﬂi?“ém the single transfer |ens

to create two stiodide ahndPeaBhEos dirkdiRig thObé@ilb®emahitend frémltthSpigmen of
beam ets to the back agerture of a focusing lens and reflect the second

fst ream of patirnisgoptieal nétp oystiap at 2 srfage of pbeAMSPUIRL t he focusing |ens
| enst T opt 1o R s BT fof SRR Heacl{ntRARR HB i SthelcYmifr s, ™

transfer | enérehts twosabdras ofbeamldis; thgarafiess tiaf firet a¢am dbbasdetsitathelbaciphase
patterning optical elenent has a _20 static surface. 48. The apparatus of

cl ai m 47 waBstEIrs of pfocysingilens and reflest the speqnd.sirean ph beamlets tg torgpan optical data

stream; and
the focusing lens for converging each beamlet emanating from the beam splitter to

15 form at least two optical traps.
46. The apparatus of claim 45 wherein the single transfer lens is movable.

47. The apparatus of claim 45 wherein the phase patterning optical element has a
20  static surface.

48. The apparatus of claim 47 wherein the static surface is repositionable to align

different portions of the static surface to receive the beam of light.

25 49. The apparatus of claim 48 wherein the static surface is comprised of two or

more discreet non-homogeneous regions.

50. The apparatus of claim 48 wherein the static surface is substantially
continuously varying.
30
51. The apparatus of claim 47 wherein the phase patterning optical element is

selected from at least one of the group consisting of gratings, diffraction gratings, reflective



different portions of the static surface to receive the beamof light. 25
49. The apparatus of claim48 wherein the static surface is conprised of
two or nwWO@2M9PRer eet non- honbgeneous regions. 50. The appardatSoxz13361 cl ai m
48 wherein the static surface is substantially continuously varying. 30
51. The apparatus of claim47 wherein the Pase patterning optical elenent
is selected fromat |east one of the groug consi sting of gratings,
diffraction %r atings, reflective WO 02/093202 PCT/US02/ 15351 21 gratings,
transni ssi SEtEEatTaRgRisse grdngpdiolegramsstencily, light shapingihelpananbirytilighni ¢

hol ogr ais, P HRBRE Hofoshfh #AEE GRS Byl il B es Mool 7 7 05 1

optical elenment is 5 dynamc. 53. The apparatus of claim52 wherein the
dynam c phase patterning optical . el nt.is selectively variahl e whereby
t he nunber of bgém @B% a@?ﬁ%‘a\% P alflhg g’%?‘@%ﬁ @S ﬁle’%sé Pagtpringeepticalelgment 1 o
appar at s gg?ﬁhﬁjn152 wherei n the dynam ¢ phase patterning optical el enent
is selectively variable whereby the position of the convergence of each

separate beanl et emanating therefrom can be changed. 15 55. The apparat us
of claim52 wheregin_the dynam ha atterning optical el enent.can be
sel ectively var Ped \Xh"efl %%gﬂ%ﬁbgfﬁ'}p’%fqéegyg%@ﬁ %ep%tfﬁfl’én%%@}ﬁ ts
emanat i ng thedet ;sQRleeANELP fartdhidtafreby fhe nlidfbeR BIBSAIES eﬁ{anﬁﬁl@% terefrot\&hen
t he phase patterning optical element”is 20 selected fromat 1east one of
the group ebangedting of variable conputer generated diffractive patterns,
vari abh& phase shifting materials, variable liquid crystal phase shifting
arrays, mcro-mrror arrays, piston node mcro-mrror arrays, spatial

light nodul at or $4. effRe btz bfclaides? dGtRibthe AGEAHR PG dteriiBOoptRhaD! S,
deformable mrrors and I?p;‘]:‘rlective VEMS arrays.?gS 57. SI'bﬁﬁe ap argk%us of

cl ai m 45 welemsnhisisalectiealyrvaginble wherepy thegnosition @f thepnyergereesal eaeleseparate he

group Cons%gérhf%gerﬁgnﬁihﬁttﬂe%@&%c%‘ﬂie%&n%%&i onal mrrors, stationary photonic
band gap ;

15 55. The apparatus of claim 52 wherein the dynamic phase patterning optical
element can be selectively varied whereby the phase profile of each separate beamlets

emanating therefrom can be changed.

56. The apparatus of claim 52 wherein the phase patterning optical element is
20  selected from at least one of the group consisting of variable computer generated diffractive
patterns, variable phase shifting materials, variable liquid crystal phase shifting arrays,
micro-mirror arrays, piston mode micro-mirror arrays, spatial light modulators, electro-optic

deflectors, accousto-optic modulators, deformable mirrors and reflective MEMS arrays.

25 57. The apparatus of claim 45 wherein the beam splitter is selected from at least one
of the group consisting of stationary omnidirectional mirrors, stationary photonic band gap
mirrors, stationary dichroic mirrors, movable omnidirectional mirrors, movable photonic

band gap mirrors and movable dichroic mirrors.

30 58. The apparatus of claim 45 further comprising a movable mirror disposed

upstream of the transfer lens for steering the beamlets emanating from the phase patterning



mrrors, stationary dichroic mrrors, novable omidirectional mrrors,
novabl e photonic band gap mrrors and novable dichroic mrrors. 30 58. The
appar at uswofo2edabn 45 further conprising a novabl e m rror PArasoyesssi
upstream of the transfer lens for steering the beam ets emanating fromthe
phase patterning WO 02/ 093202 PCT/USOZ/lSSg% 22 optical elenment as a group
prior to overl apping the beanmlets at the b&fk aperture of the focusing

| ens. 59. The apparatus of claim58 further conprising a telescope |ens
syst em bet wptigal egmemé ap®d gERIPOTION £ overlanping fee Yeseless atithe back apggureny the

appar at us Bgtgﬁéqggg and nmonitor a plurality of optical traps conprising:

a dynam c PFPrective optical elenent for receiving a single |aser beam and
diffracting it into at | east two beanl ets, each bean et having a phase
profile; 10 a virtual lens encqoded in the diffractive optical elenent for

convergi ng t he BdanilBearpaninat ¢lagn p3 Sxfher compHBe aselescrps logs sysigne hetween
el enent cat 1147 1 T VER e patterning optical elenent and a
single ?rar%g?%r%%gel%g{;h?ﬁe Sl ﬁgfcggitngg‘%%fer | ens for directing the beanl ets
emanating fromthe phase patterning optical elenment to overlap at a

surface of a be splitter; 15 the beamsplitter for receiving the beanm ets
emanating from e $APPaTYsIAPrduce apgmo O@Q&fai‘tx ORticA LIRS COMPHERE] ef s,

then to reflect 4 id St §éal RRAENET iVi RAple 1a QP bR of a
focusing | ens aﬁéB?gPIect ?%@éggcgﬁg streéﬁf%%n%E%%F@%s ?o ?%%ﬁ1an opti cal
data st r eahffraatip it ato fableastitwg beamiets, eachchmamdetdiamipgagbiasdprafileet enanati ng
fromt beam spli.tter to 20 f.orm | east L tical traps. 6l.. A system
to prodice a pi grétaetsensitaddfi AirRsErg prtishh efiieat rgouERine Theaniie
conpri si Ngenfanbliny fbintthe Phass ?sa&é rdpkicAl@femet afa pbitidn BtWwe&EthE Qhader oduci ng
a focused beamof light;” a focused beamof |ight; a phase patterning
optical el estemingmpticelcdememignd psineteansterensm of |ight and diffracting it

into at least typ HEAIEhSter RAS PorURANSS hIBARRLerRIARRe ROR tht Bhase

patterning optical element to overlap at a surface of a beam splitter;

15 the beam splitter for receiving the beamlets emanating from the single transfer lens
to create two streams of beamlets, then to reflect the first steam of beamlets to the back
aperture of a focusing lens and reflect the second stream of beamlets to form an optical data
stream; and

the focusing lens for converging each beamlet emanating from the beam splitter to

20  form at least two optical traps.

61. A system to produce a plurality of optical traps for manipulating small
particles comprising:
a plurality of small particles;
25 a light source for producing a focused beam of light;
a focused beam of light;
a phase patterning optical element for receiving the focused beam of light and
diffracting it into at least two beamlets, each beamlet having a phase profile;
a virtual lens encoded in the phase patterning optical element for converging each
30  beamlet emanating from the phase patterning optical element at a position between the

phase patterning optical element and a single transfer lens;



a virtual lens encoded in the phase patterning optical elenent for
convergi ng each 30 beaml et emanating fromthe phase patterning optica

el enent awoanzpexidti on between the phase patterning optic&CTalSeressst and a
single transfer lens; W 02/093202 PCT/US02/ 15351 23 the single transfer

| ens di sposed between the phase patterningzgptical el ement and a focusing
| ens through which each beanl et passes and“is overl apped at the back

aperture of the faqcusing |lens; and the focusing | ens for convergi ng each

beam et emmnat i #f FrYatepder lensdispqsed befaveen the phgpepatierning epticalelement and a

traps each t gqy? . |1 I t .~ 62.
The syst emﬁgtgsg"lgé?nm u%ﬁ%n&?ﬁggés?fﬁgﬁ %SB%seréﬁé}% é?er%gﬁg&?téh%g%ba:pg&&%f .f The
syst em of dheafooudiig isheramidn t he optical traps nove corresponding to the 10

novenent of the sipgle transfer lens. 64. The systemof claim®6 erein
the phase patt et ﬁgu%s [eélé Oré’PEﬁ%rﬁFlgﬁééh }éeal’ﬁ%qy%?@n%%f’%’% ﬁéﬁé?r gRsto) 5
65. Thes sy $d&imiQbast b BpiRG1 WHS &R ablRGo RAARRIRLALEMhEBluPAl) 6AmAl fiFRBles Nas
a static surface? 66.Htl'he system 8% c?ai mo67 wl&lerei n ?lhe s%’at%né sﬁérl?lac% is
novable to selectively align the focused beamof light with a sel ected
area of the static.surface. .20.67 he .system of cl.ai.m 6.7 wherein the
static surface i -@ﬁﬁ?&%‘&d’%ﬁ“{l\@ ‘i’&?’er‘ﬂﬁ?ﬁ? single ppnfer IRRTS maBEneous
regions. 68. The system of claim67 wherein the static surface is

substantially continuously 25 varying. 69. The system of cl ai m 67 wherein
t he phase patt e0di Adespiterai clain $d rwhergin theedptisaldthps moviegoriesppsdingrie thef  t he

group nsi_stin fe.aratings iffraction gratings, reflective gratings,
transmggsi \%ovgp%{lf?fgtg? Slﬁ%ﬁ%&?ﬁ%ﬁien&t encils, light shaping hol ographic

filters, 30 polychromatic hol ograns, |enses, mrrors, prisns, wavepl ates,
and hol ograns. WD 02/093202 PCT/ US02/ 15351 24 70. The system of claim61l

wherei n the pha$é- pahe sysiem gf elaim 64 wherenhetphpse patterning optical element has a
variable optical surface.

15 65. The system of claim 66 wherein the phase patterning optical element has a

static surface.

66. The system of claim 67 wherein the static surface is movable to selectively

align the focused beam of light with a selected area of the static surface.

20
67. The system of claim 67 wherein the static surface is comprised of two or more
discreet non-homogeneous regions.
68. The system of claim 67 wherein the static surface is substantially continuously
25  varying.

69. The system of claim 67 wherein the phase patterning optical element is
selected from at least one of the group consisting of gratings, diffraction gratings, reflective
gratings, transmissive gratings, holograms, stencils, light shaping holographic filters,

30  polychromatic holograms, lenses, mirrors, prisms, waveplates, and holograms.



dynamic. 71. The systemof claim 72 wherein the phase patterning optical
element is 5 selected fromat |east one of the group consisting of variable
conput er woereneterl diffractive patterns, variable phase ®hirfusong3si
materials, variable liquid crystal phase shifting arrays, mcro-mrror
arrays, piston node mcro-mrror arrays, spatial |ight nodul ators,

el ectro-optic deflectors, accousto-optic dul ators, deformable mrrors
and reflective MEMS arrays. 10 72. The systemof claim 72 further

conpri si ng a coﬁﬁut &he systene péelainy 61 yhereiny thephasqnicmingenticelvlogentisi cal

el ement . 2 system of claim61 wherein at |east some of the plurality
of small pa?lill c’l es are a biological material. 15 74. The systemof claim
61 wherein the light source is a |laser and the focused beam of light is a
| aser beamw th_a wavel ength _in the een _spectrum 75. The system of claim
61 wherein the [7lghthegystes of glaim %?%Preﬂh@e tohaserRatigaRe oficakelpment i j ght | s

I b t
Sbout - 1560 oedted ofh AL SRR G A {1 B ler B UitAATH
mrror to phiens, Whﬂablbphaﬂeshﬁtlmgrma&thvéﬂabm liduad plystskplpat Elﬁftﬂigt’lig‘req'p,tl cal
element as a rou prior to 25 %erlappl ng the bearl‘ets(];{'itgc‘Miﬁt

aperture ofFREMITRL GEANY, PLYpRMO mlerﬂ-émgrsp fIEAYSo DR R e°tr° -optic
conpri si ng deﬂéc%@%epsté 8ike ﬁﬁsaa%sd Q¥fRFhA a@%nfofgomdtrbﬁec%ﬂve é‘“d
before the focusing . A dystem mani pul at1 ng smal p t| cles
usi ng opti cal traps corrpr|S| ng a pIurallty of small particles; a light
source prod a f WD 02/ 093202 PCI/ US02/ 1 351
35" ot ousba bdam She ryedi of dushag Eiher pPhisIEE B SORBHET B ElRSHFENARBDS

recei ves t hfadeQfr u@@ﬁlgttﬁﬁﬁhpé]eﬂlbrght and diffracts it into at |east two
beam ets, each beam et "having a phase profile; a virtual |ens encoded in
t he phase patterning optical elenent which converges each 5 beanl et

emanating f1om bhe RaseRRbE ahith B9 WARK:E & 1ok SURDGE b pfuRS or'sQn BEHARS"

are a biological material.
15
74. The system of claim 61 wherein the light source is a laser and the focused beam

of light is a laser beam with a wavelength in the green spectrum.

75. The system of claim 61 wherein the light source is a laser and the focused
20  beam of light is a laser beam with a wavelength selected from the range of about 400 nm to

about 1060 nm.

76. The system of claim 61 further comprising a movable mirror to steer the
beamlets emanating from the phase patterning optical element as a group prior to

25  overlapping the beamlets at the back aperture of the focusing lens.

77. The system of claim 61 further comprising a telescope lens system downstream

from the single lens and before the focusing lens.

30 78. A system for manipulating small particles using optical traps comprising:
a plurality of small particles;

a light source for producing a focused beam of light;



phase patterning optical elenment and a single transfer |ens; a beam
splitter for receiving the beam ets emanating fromthe phase patterning
opti cal ewerefn932end creating two streans of beanl ets and fPom/uset/issti ng t he
first streamof beanmlets to overlap the back aperture of a focusing |ens
and reflecting the second streamof 10 begg ets to forman optical data
stream the single transfer |ens disposed tween the phase patterning
optical element and the focusing | ens through which each beam et passes
and is overl| appédocused heampgtlightperture of the focusing lens; at Ieast t Wo
optical traps e i f
particles; and g%%%éaﬁeﬁ&&mc@%lp% ca E‘%?e&%? glae%ga“fg‘a%ﬁ‘%%ogy tearr111dof

clai m 80 Whifaétsittifi 8 ileagl t¥vol Beansdts leatiebeantlst ivitpld phas@Brofile; The system of
claim 81 wherein the opt| cal trag‘;s nove corresponding to the novenent of

the single trandfétualdms engoded i heqpasepatisining aptirebslemest whish corvesgrsseach
patternkng lenSH af e
system %)f g%ﬁ%ﬁ gg{b&]np%}hﬁﬁeaé hﬁ? 8‘??‘1%%’51%@18 |calp%g gﬁéﬁ?%astﬂ_ é;
static sur phm.paﬁamrig@tmy]sélaﬁemfandIaa;mgléBﬁaanarieﬂsp the static surface is
novabl e to sel ec |vel¥) 30, al th E sed beam o tght with a selected
area of the stafibea@sphtierdor ’GE’/g(fg?, F@S@t??gl quthe pasg patterawesy st em
of_clai m BGoiletRhRnt AR Sbaletmd RS of BedifBRIahd fét reficdifl® (Y fifPhifeam o

di screet non honbgeneous regions. . The system of 9ﬂﬁal m 86 er el n t%e
static sur beamleisgo owbdamthe batk gpechurﬁt mﬁmbusﬂwg lebs wad seflecting3iBe sddoad stiredm of of

claim erei n the phase terning optical elenent is selected from at
| east i_ﬁem@?@#‘?&ta&%‘iﬁ‘ga%%@%ﬁ?tﬁé{}%?&grati ngs, diffraction gratings,
reflective graj le Eﬂéﬁﬂ’éﬂ'eﬁ§d1¥ﬁbs% BbiwReA the YHaQOpAREEninS bﬁt’ik?a! ERmeht At

shapi ng hol ographic filters, pol ychromatic hol ograns, |enses, mrrors,
prisms, wathepbepsing legﬁ@rmgl‘o\ghlghgach beamlet passes and is overlapped at the back aperture

of the focusing lens;

at least two optical traps each able to manipulate one of the plurality of small
15  particles; and

a monitor for the optical data stream.

79. The system of claim 80 wherein the single transfer lens is movable.

20 80. The system of claim 81 wherein the optical traps move corresponding to the

movement of the single transfer lens.

81. The system of claim 83 wherein the phase patterning optical element has a
variable optical surface.
25
82. The system of claim 85 wherein the phase patterning optical element has a

static surface.

83. The system of claim 86 wherein the static surface is movable to selectively

30  align the focused beam of light with a selected area of the static surface.



87. The system of claim85 wherein the phase patterning optical elenent is
dynam c. 15 88. The system of claim91 wherein the phase patterning optical
el enent iwOo0g@dxR0eted fromat | east one of the group consi Cirngovissvari abl e
conput er generated diffractive patterns, variable phase shifting
materials, variable liquid crystal phase shifting arrays, mcro-mrror
arrays, piston node mcro-mrror arrays, S Gt i al | i ght nodul at or s,

el ectro-optic deflectors, accousto-optic nodulators, deformable mirrors
and reflective BEVBhasysign of elpirg@6 wheseis e siaticofuriareisreogprised effsio or more

conpri si ng ut er lectively control the dynam c phase patterning
optical el g%é:ﬁet%w%ﬁonf,{)éené%s[r%%oo? claim80 wherein at |east sone of the

plurality of small particles 25 are biological material. 91. The system of
claim 80 wherein the light source is a laser and the focused beam of |ight
is alaser beamdi tTheays%ﬂv@rféhgpMiwe@%ﬂger%w syplaeq issHbstagiably comtirioyslyt em
of claigm8Q,wherein the light source is a |laser and the focused beam of
light is a [dséf beamwi th a wavel ength selected fromthe range of about
400 m to about 1060 nm WD 02/093202 PCT/ US02/ 15351 27 93. The system of

Chanating f1om Be BRAEEIHOF eI A YHISTaiE e RbPEHBARTHAE SPisabapmgr i
emanatingfrom e . i'or to
The Syab eniclpiiE) ORIt Biq Sfe BRAD G oDl HAEHOh PhrinEl Seflceuvé-
downst r eamgrdtingsn ttanemssisivglgeatingn shodogtatefstaneils, hight shapiigrigldgeaphic fifers;The

syste f claim80 wherein the nonitor is a huma ni t.qr 10 96. The
systemr  Epfichiogttbel i Agishn g pasds JATENe o JPlosHmS The syat em
of claim80 further conprising converting the optical data-streamto a

digital data-stream 15 ) )
The system of claim 85 wherein the phase patterning optical element is

dynamic.

15 88. The system of claim 91 wherein the phase patterning optical element is
selected from at least one of the group consisting of variable computer generated diffractive
patterns, variable phase shifting materials, variable liquid crystal phase shifting arrays,
micro-mirror arrays, piston mode micro-mirror arrays, spatial light modulators, electro-optic
deflectors, accousto-optic modulators, deformable mirrors and reflective MEMS arrays.

20

89. The system of claim 91 further comprising a computer to selectively control

the dynamic phase patterning optical element.

90. The system of claim 80 wherein at least some of the plurality of small particles

25  are biological material.

91. The system of claim 80 wherein the light source is a laser and the focused beam

of light is a laser beam with a wavelength in the green spectrum.

30 92. The system of claim 80 wherein the light source is a laser and the focused
beam of light is a laser beam with a wavelength selected from the range of about 400 nm to

about 1060 nm.



98. The system of claim80 further conprising a spectroneter for producing
a spectrumof the optical data-stream 99. The system of claim80 further
conpri si nyoazomput er for receiving a digital 20 data stPeamsobissned by
converting the optical data-streamto a digital data stream 100. The
system of claim80 further conprising a cogputer for receiving the optical
data stream and processing it into a digit data stream and for changi ng
the location of at |east one of the optical traps based on the information
in the optical data-stream 25 101. The system of claim 104 further
comprising a cogput The fsgsrterﬁi of 8t 9 flﬁ'tl‘{agggrggrliﬁn%r NableInilof & skdigpdeam ets
emanating from tthe phase patterni ng optical elefen as a group prror to
over | appi n@eiiRtsxgratathg fidoin tho phirrglsttemiig dpticaladlerhdie ab e @usipgidrens. 30 102.
The system of claim 102 further conprising; _ a conmputer for analyzing the
spect rum  &verlanpingthy heampletsatthe kagk anergig of thg facustigdemser for directing a
nmovabl esmirror to steer the beam ets emanating fromthe phase patterning
optical element as a group prior to overlapping the beam ets at the back
aperture of the9odhsispgehefislaith 80ABrthefRompyising mtelbsoobaicis 8stém dotvastream
conprising_a lari zi filter o band pass filter placed within the
pat hway of f{qq‘gﬁgﬁqgieaﬁgaaq%‘égfjéqeééﬁ&)cg}@agl e systemof claim80 further
conprising a shutter to selectively block the optical data-streamwhile
the focused beam of light is on and unbl ock the optical data 10 stream when
t he focused bea®5of The gystern of ofaim 80 @8ierelinthegsyeritomisod hwhari mosidorf ur t her
conpri ﬂ)ng a shutter to selectively block the focused beamof |ight when
the opttcal data-streamis being nonitored. 15 106. The system of clai m 80
wherein the sounge f1ag spi&e€LRin 80 WheksethelfgiMop s a lidednonfio2 | aser and
the focused beamof light is a |aser beam 107. The system of claim 110
further conprising: a first shutter to selectively block the | aser beam
when the opti cal,-d -stre i i nitaored: .an n ter
o sel ect i vel y B odteeRebEa bl sfdvaf SRRk P B e oRCa 2af '8

a digital data-stream.

15
98. The system of claim 80 further comprising a spectrometer for producing a

spectrum of the optical data-stream.

99. The system of claim 80 further comprising a computer for receiving a digital

20  data stream obtained by converting the optical data-stream to a digital data stream.

100. The system of claim 80 further comprising a computer for receiving the
optical data stream and processing it into a digital data stream and for changing the location

of at least one of the optical traps based on the information in the optical data-stream.

25
101. The system of claim 104 further comprising a computer for directing a
movable mirror to steer the beamlets emanating from the phase patterning optical element
as a group prior to overlapping the beamlets at the back aperture of the focusing lens.
30 102. The system of claim 102 further comprising:

a computer for analyzing the spectrum; and



on and unbl ock the optical data-streamwhen the |aser beamis off. 108. An
optical systemfor nonitoring and mani pul ating small particles 25

conpri si Nyo 6a/0sx202 ce of a single beam of focused energy; PaTdiSeglssbeam of
focused energy; a dynamic diffractive optical elenment; a plurality of
converged beamnl ets produced by directing t?% single beamat the 30 optical
el enment; a focusing | ens; WO 02/093202 PCTfUS02/ 15351 29 a beamsplitter

pl aced in the path of tkfleqféron\(erged beam ets creating two steans
?

t 5 Of
beam ets and r efCOEINEY erting & movablgnyroptosiges the begmicts emapatingdresm the
aperture o [ OCLS] r ]l]ﬂ%ﬁ mets
to form anfp(})%gtéﬁ)ggfmgéﬁé %’? irﬁg%ﬁfﬁ%gﬁg\?é e dsr :ﬂgﬁ%ﬁ@ﬁg‘l@?g@g@%g{eﬁgﬁ t he
optical el epemire afithettheusbedmmsplitter to 5 direct that beanmlets to the
beamsplitter; at |east two optical traps forned by the convergence of the
beam ets through the focusing lens; and a nonitor for the optical data

stream 510 109. 1pbe $HSERWBPES Ahidh BY fktheVBGhFidng Q?gﬁﬂﬂfn@?ﬂ@f ollaa BadiGlRs beam

of focused energy is s€lected formthe group consisting of solid state

| asers, di didier plangkwithinghe pathyay of thaoetieal ddtpestieamer s, al exanderite | asers,
free electron | asers, VCSEL | asers, diode |lasers, Ti- Sapphire | asers,
doped YAG | asers, doped YLF |asers, diode punped YAG | asers, flash

| anp- punped YAG10aseThe systebf 1Rint 80 AGtHRE @&ﬁ%misi%&'sﬂnhﬁmo SR kivERDISHKARES
with integrated 15 collimating elenments. 110, e systemof claim 112

wher ei n t heptiesd dstacstisarivitle the feus¢dsbeamentlighirismeandgmblaek thgoptizl data-  The
syste f [,.In ;H_} P(gqﬁr | i cal .t raps nove corresponding to the
rmverremrllg o%ﬁ%% mﬁé e F‘gér?g})te%f?? tegg{/étem of claim 112 wherein a change
in the location of an optical trap results fromat |east one change in the

optical elenent. . . .
105. The system of claim 80 further comprising a shutter to selectively block the

focused beam of light when the optical data-stream is being monitored.

15 106. The system of claim 80 wherein the source for producing a focused beam of

light is a laser and the focused beam of light is a laser beam.

107. The system of claim 110 further comprising:

a first shutter to selectively block the laser beam when the optical data-stream is
20  being monitored; and

a second shutter to selectively block the optical data-stream while the laser beam is

on and unblock the optical data-stream when the laser beam is off.

108. An optical system for monitoring and manipulating small particles
25  comprising:

a source of a single beam of focused energy;

a single beam of focused energy;

a dynamic diffractive optical element;

a plurality of converged beamlets produced by directing the single beam at the
30 optical element;

a focusing lens;



25 113. The systemof claim 114 wherein each optical trap is selected from
the group consisting of optical tweezers, optical vortices, optical

bottl es, wptooed20z otators and |light cages. 30 114. The sysrdmrovis3si ai m 61
wherein each optical trap is selected fromthe group consisting of optical
tweezers, optical vortices, optical bottle§9 optical rotators and |ight
cages. WD 02/093202 PCT/ US02/ 15351 30 1155 The system of claim80 wherein
each opti cal tra% is selected fromthe group consi sting of optical

tweezers, optic&beeRsplieiplacsdiin &y ratfoet the sonspgsdchramielt sieating ayRsteanytel
cages. 5 13o§am1%.ts”£}d*}9ﬂe&ﬂ1§ftﬂé fﬁs?gt]@ﬁn%lfﬂé Telsho %}erF%V@Q !bgcgpzﬁ}ehﬁfél of{tﬁﬁps’ the
I'ght; dire e

met hod conprising: generating a focused beam o cting t
f ocused bedoeuwsingllemprendatilectingdbesepand streaimnof ippmilatato foemfanroptieal patarstdeamy 10
of beam ets emanating. fro

he phas atterning.optical ele t, each
beant ot havi ng. 4 oYL ats fons SpRRhEPreRdhe A0 Slementanhe BRSBTS ¢ he
phase pat t iRkitfatMRhmEAM todhE BB sillited; POSi tion between the phase
patterning optical elenment and a single transfer lens with the phase

patterni ng opti @hleastitenmptical ttaps foreetlibyghe emvergenteothe heamletsrtrogiothet he
phase pattgrni?t%lg'ggt,ic | elenment with a novable mrror through the single
transfer |éRés Nt p the beam ets at the back aperture of a focusing

I ens; and convenghitor er theapti@l data¥Beah! Ng from the focusing lens to form
a plurality of optical traps. 20 117. The nethod of claim 120 further

conprising noving the mrror to change the |location of at |east one

22} iegf?g t ][ ?g'm 33@9. ﬂfﬁe E%Ee'}ﬁgf 8‘;11& h f"i {)thg‘l%gn ﬂg %(';I%ICQ of Q (saing etbiegrﬁlof o&REg are
energy is selected form the group consisting of solid state lasers, diode pumped lasers, gas
lasers, dye lasers, alexanderite lasers, free electron lasers, VCSEL lasers, diode lasers, Ti-
Sapphire lasers, doped YAG lasers, doped YLF lasers, diode pumped YAG lasers, flash
lamp-pumped YAG lasers, light emitting diodes, and light emitting diodes with integrated

15  collimating elements.

110. The system of claim 112 wherein the focused beam of light is electromagnetic

energy.

20 111. The system of claim 112 wherein the optical traps move corresponding to the

movement of the single lens.

112. The system of claim 112 wherein a change in the location of an optical trap

results from at least one change in the optical element.

25
113. The system of claim 114 wherein each optical trap is selected from the group
consisting of optical tweezers, optical vortices, optical bottles, optical rotators and light
cages.
30 114. The system of claim 61 wherein each optical trap is selected from the group

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

cages.



25 group consisting of optical tweezers, optical vortices, optical bottles,
optical rotators, light cages, and conbinations thereof. 119. The nethod
of cl ai mwp®2fe20her conprising mani pul ating bi ol ogi cal n®Canisat/1538i t h t he
optical traps. 30

30

115. The system of claim 80 wherein each optical trap is selected from the group
consisting of optical tweezers, optical vortices, optical bottles, optical rotators and light

cages.

116. A method of forming a plurality of movable optical traps, the method
comprising:

generating a focused beam of light;

directing the focused beam of light at a phase patterning optical tb form a plurality

10 of beamlets emanating from the phase patterning optical element, each beamlet having a

phase profile;

converging the beamlets emanating from the phase patterning optical element at a
position between the phase patterning optical element and a single transfer lens with the
phase patterning optical element;

15 directing the beamlets emanating from the phase patterning optical element with a
movable mirror through the single transfer lens to overlap the beamlets at the back aperture
ofa fodusing lens; and

converging the beamlets emanating from the focusing lens to form a plurality of
optical traps.

20

117. The method of claim 120 further comprising moving the mirror to change the

location of at least one optical trap.

118. The method of claim 120 wherein the optical traps are selected from the
25  group consisting of optical tweezers, optical vortices, optical bottles, optical rotators, light

cages, and combinations thereof.

119. The method of claim 120 further comprising manipulating biological material
with the optical traps.
30



