10 OCTOBER 2006 WO 03/088723 PCT/ US03/ 10936 APPARATUS AND METHOD TO
GENERATE AND CONTROL OPTI CAL TRAPS TO NMANI PULATE SNALL 1PRRTOBERZ006
BACKGROUND OF THE | NVENTI ON 5 Throughout this application various

publ i cati om® @resmef er enced. The di scl osures of these pubtt/sdsiioss in their
entireties are hereby incorporated by reference in this application in
order to nore fully describe the state of the art to which this invention
pertains. 10 1. Field of the Invention The present invention relates

general ly to optical trgppaRATESANS MIrHOD POICERER O rel ates to an
apparatus, system and nmethod for applying optical gradient forces to forma

plurality of {4 -lﬂﬁL l\ﬁﬁﬁlli’ 1 #ﬁéﬁ ﬁlﬁi CE:E?‘CUSSi on
of the Rel at%@BAdg(?ng&lé%gﬁ%%m\?eezeﬂlés an oB???é#g 00 L Ic I utiTizes the
gradient forces of a focused beamof light to manipulate particles with
dielectric constants higher than the surrounding nedia. To mnimze its
energy such particles wll ] electric field is 20
the highest. Stated in ter :?G&r MG%%Wbeam of |ight produces
radi at Pon pressure, creating small forces by absorption, reflection,

diffraction or refraction of the light by a particle. The forces generated
by radi ation pressure are al nost negligible--a light source, such as a

di ode- punped Ndhwnghawidkis applédation veriens publ@atipnsiee [refsrangedor Shieidisclasuresvof
PI coNewt ORRese Mﬁé@&m i tﬁequelﬂhgt?m R&ébyglgmgrﬂér%%d'b%' r%i’éfrén'cg i Bis gp%liggt{ynpu' ate

smal | 25 part
in order to more fully describe the state of the art to which this invention pertains.

10
1. Field of the Invention
The present invention relates generally to opﬁca.l traps. In particular, the invention
relates to an apparatus, system and method for applying optical gradient forces to form a
plurality of optical traps to manipulate small particles.
15

2.  Discussion of the Related Arts
An optical tweezer is an optical tool which utilizes the gradient forces of a focused

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

media. To minimize its energy such particles will move to the area where the electric field is
20  the highest. Stated in terms of momentum, the focused beam of light produces 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 lasér operating at 10mW, will only produce a few

picoNewtons. However, a few picoNewtons of force is sufficient to manipulate small
25  particles.

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 a different principle.

An optical vortex produces a gradient surrounding an area of zero electric field which

30 is useful to manipulate particles with dielectric constants lower than the surrounding media or
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 area where the electric field is the lowest,

namely the zero electric field area at the focal point of an appropriately shaped laser beam.
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t 481  rpasfickes,”uSsésnge 2959 1etidpdP @l i ﬁ@xs class of tool may be useful for manipulating

non-spherical particles and driving MEMs devices or nano-machinery.

The light cage, (Neal in U.S. Patent No. 5,939,716) is loosely, a macroscopic cousin

of the optical vortex. A light cage forms a time-averaged ring of optical tweezers to surround

a particle too large or reflective to be trapped with dielectric constants lower than the

20  surrounding medium. If the optical vortex is like a doughnut, the light cage is like a jelly-
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

b

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
25  of as the less bright area which lies between the plurality of optical tweezers. However,
unlike a vortex, no-zero electric field area is created. An optical vortex, although similar in

use to an optical tweezer, operates on an opposite principle.
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.
30 Patent No. 6,055,106 issued to Grier and Dufresne describes arrays of optical traps. The
Grier and Dufresne patent teaches the use of a dynamic optical element and a focusing lens
to diffract the input light beam and generate an array of movable optical traps. The array of

optical traps is formed from a single input beam by having an appropriate shape at the back
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S hl%wn fr Om’ﬁxecﬂrgs%ﬁt invention provides a novel and improved method, system and, apparatus.

for generating, monitoring and controlling an array of optical traps. The optical traps
separately, or in concert, can manipulate small particles. .

The present invention employs a first phase patteming optical element, to shape the

phase profile of the an input beam of light or energy upstream from a second phase patterning
20  optical element which in turn diffracts the input beam into a plurality of beams.

By patterning the phase of the input beam with the upstream phase patterning optical
element the patterned input beam’s cross section can be selected to have a substantially even
intensity (FIG. 2) even near its periphery. The substantially even intensity of the patterned
input beam can be transferred to each beamlet. Accordingly, the plurality of beams produced

25 from the second phase patterning optical element can both have a beam width which
coincides with the back aperture of a focusing lens and generate optical traps with greater
intensity at the periphery of the optical traps than those optical traps produced from
unpatterened input beams which have less intensity at their periphery.

To alter the position of a given optical trap, the beam forming that trap may be steered

30 to a new position with only the second phase patterning optical element, thereby altering the

positfon of the optical trap resulting therefrom.
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15  pathway of the optical data stream thus reducing this noise which can disrupt video or other

monitoring of the optical data stream.

Other features and advantages of the present invention will be set forth, in part, in the
descriptions which follow and the accompanying drawings, wherein the preferred
embodiments of the present invention are described and shown, and in part will become

20  apparent to those skilled in the art upon examination of the following detailed description
taken in conjunction with the accompanying drawings, or may be learned by practice of the
present invention. The advantages of the present invention may be realized and attained by

means of the instrumentalities and combinations particularly pointed out in the appendent

claims.
25
DESCRIPTION OF THE DRAWINGS
FIG. 1 is a chart of the intensity of an unmodified gaussian beam’s cross section.
FIG. 2 is a chart of the intensity of a modified gaussian beam with a square cross
30  section.

FIG. 3 illustrates a preferred embodiment of a system for generating optical traps to

manipulate small particles.
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15 “Phase profile” refers to the phase of light or other source of energy in a

cross-section of a beam.

C. “Phase patterning” refers to imparting a patterned phase shift to a focused
beam of light, other source of energy or beamlet which alters its phase profile, including, but
not limited to, phase modulation, mode forming, splitting, converging, diverging, shaping and

20  otherwise steering a focused beam of light, other source of energy or a beamlet.

A preferred embodiment of the inventive apparatus for forming a plurality of movable
optical traps, generally designated as 10, is shown in FIG. 1. A movable array of optical
traps is formed by generating a focused beam of energy, such as electromagnetic wave
energy. In the preferred embodiments, the electromagnetic waves are light waves, preferably

25  having a wavelength of from about 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 guassian beam output from a laser beam 12, as shown in FIG. 1.

The laser beam 12 is directed through area “A” of a first phase patterning optical

element 13, situated upstream from the second phase patterning optical element 14, in a plane
30 conjugate 15 to the planar surface 17 at the back aperture 18 of a focusing lens 20. The

preferred embodiment of the focusing lens 20 is an objective lens. The phase profile of the

laser beam 12 is patterned by the first phase patterning optical element 14 to form a modified

laser beam 22 which is directed at the second phase patterning optical element 14. The
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The second phase patterning optical element may also work in cooperation with the
focuing lens 20 to converge the beamlets. The beam diameter w of the beamlets is
substantially coincide with the diameter of the back aperture 18. Altering the variable surface
medium 24 of the second phase patterning optical element selectively patterns the phase

15  profile of each beamlet. " '

The working focal area 2000 is that area where a media containing particles or other
material to be examined, measured or manipulated by the optical traps 1000 and 1002 is
located.

For clarity, only two optical traps 1000 and 1002 are shown, but it should be

20 understood that an array of such optical traps can created by the second phase patterning
optical element 14.

Any suitable laser can be used as the source of the laser beam 12. Useful lasers
include 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

25  YLF lasers, diode pumped YAG lasers, and flash lamp-pumped YAG lasers. Diode-pumped
Nd:YAG lasers operating between 10 mW and 5 W are preferred.

The upstream or first phase patterning optical element is used to at least impart a
square cross section (FIG. 2)to the wavefront of the laser beam 12 resulting in a modified
laser beam 22 with a square cross section of substantially even intensity. Accordingly, when

30 the beam diameter w of the modified laser beam substantially coincides with the diameter of
the back aperture 18 the periphery of the modified laser beam 22 has greater intensity then
the periphery of the input beam 12 and the corresponding optical traps 1000 and 1002 will
have a corresponding intensity at their periphery. The first phase patterning optical element
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Suitable phase patterning optical elements are characterized as transmissive or

reflective depending on how they direct the focused beam of light. Transmissive phase
patterning optical elements, as shown in FIGS. 3, 4 and 5, allow the laser beam 12, or in the
case of FIG. 4 the laser beam 12 and modified laser beam 22, to pass through. Reflective

20 phase patterning optical elements, as shown in FIGS. 3 and 5, reflect the modified laser beam
22. The upstream, first, phase patterning optical element although shown as a transmissive
element in the figures may instead be reflective without departing from the séope of the
invention.

Within the two general groups, a phase patterning optical element can be formed from

25  either static or dynamic media. Examples of suitable static phase patterning optical elements
include diffractive optical elements with a fixed surface, such as gratings, including
diffraction gratings, reflective gratings, transmissive gratings, holograms, stencils, light
shaping holographic filters, polychromatic holograms, lenses, mirrors, prisms, waveplates
and the like.

30 The static phase patterning optical element may have different areas, each area
configured to impart a different phase profile to the beamlets. In such embodiments, the
surface of the static phase patterning optical element can be varied by moving the surface

relative to the laser beam to select the appropriate area to change the desired characteristics



opposite the planar surface 17 at the back aperture 18. 26 and 28
are formed as the nodified | aser beam 22 passes through (Fﬁg%gﬁéé@{)nd phase
patterning &p%éﬁgs el enent 14. Each beam et's 26 and 28 phase profile is

sel ected as &m ets 26 & 28 are formed. The beani et s RHEHPOHYIES t hr ough

area "C' at . th apertur nd, are. t onverge t he f cu5| ng
| ens 2EPRaged 69%? gecaﬁgetﬁp‘tq ’cté’l gne def@%ﬂ)l’gfﬁ pa qf,@t%@s{lo% area
2000 OfestiEseaslletg001. The vessel 2001 construct ed of a substanti aI Iy

transparent_nmaterial, which allows the beam ets to pass through and which

does 10 ndixamplesr ok switahie; Hynamic frbesrapRtisming opheal oflements hamssa tithe second

phase t he

Foou rtpARnl kB bt AT 1 onlli, (o RANGRAL Y bl

bednl etasiable phasebshifting ingetdrialss vamablel Bquid tchystah phate ahiftiey amdyst tmacrbamkoaper ture

18. Alterin thevrlabesurf ace t he s phas atterning
opt | colTRp Rt TR R B AT e EBE R ranBlet s eGP R EedeR, beant ot

The V\oarcktnmga-émahocﬁﬂa&&sz&@&xﬂasletdmbrsafeﬂacﬁmMEM& diaglé andC@BliENWIth particles
or other pmaterial to be exam ned, neasured or nmanipul ated by the optical

traps dmewIcpREse paernigs optieal ekement dhe dqaliies: of thenwfarcmawsue@mdedr aps 1000
and 1;}?} Fishy 6o £ o ghg%’f&?iijllaﬂd laﬁere Got BERIH, Sabuteh) 18l H@%ﬁ pf such
traps ca

optic can create e secon phase pat rn| ng Opti el enent
140 Arphasgsi in sl kolo gramrwhichcapafigstictie mwnben of beamiets, the phase prqaﬁé@of dsdeast 12.

Usef u'one%?ﬁlr Sqeamfé% 219 tth caﬁion (Ef%ttfea.lst%ﬁngﬂte? purrped lasers, gas | asers,

dye | asers, exanderi ron aser s, VCSEL | asers, diode
| asers, Ti -Prél’anﬂhdymﬂlaphms ,patllﬂ'm oyfcal eksens malminephaRéoﬂllyEphM éight di ode

punped YAG | aser,s ed YAG, | a ode- ed Nd: YAG
| aser $2 %Iﬁlshﬂ‘ %’Sﬁe%%}“%‘%‘g% IB?IB‘ iﬁ“ﬁ?‘gﬁf a‘ﬂ?@“&ggt Baf or first
phase {aahi SY7HAT QRISIAL 5EIQIBMtbolSmuRBEnked 8 BoBRE! NoARRA! Sfstems of

15  Lafayette Colorado. These encodeable phase pattern optical elements are computer

controllable and multifunctional, so that they can generate the beamlets 26 and 28 by
diffracting the modified laser beam 15 and selectively impart desired phase profile
(characteristic) to the resulting beamlets.
Turning to the embodiment shown in FIG. 4, the controllable optical traps 42 and 44
20  are formed by passing the laser beam 12 through area “A” of the first phase patterning optical
element 13 which is disposed substantially in a plane 46 opposite the planar surface 17 at the
back aperture 18 through which the phase profile of the laser beam 12 is patterned to form a
modified laser beam 22 which is directed at a second phase patterning optical element 48.
The second phase patterning optical element 48 has a transmissive variable surface
25 medium 50 which the modified laser beam 22 passes through at area “B” which is disposed
substantially opposite the planar surface 17 at the back aperture 18. Beamlets 52 and 54 are
formed as the modified laser beam 22 passes through the second phase patterning optical
element 48. Each beamlet’s 52 and 54 phase profile is selected as the beamlets are formed.
The beamlets then pass through area “C” at the back aperture 18 and are then converged by
30 the focusing lens 20 to form the optical traps 42 and 44 in working focal area 2000. The
beamn diameter “w” of the modified laser beam 22 substantially coincides with the diameter
of the back aperture 18. Altering the variable surface medium 50 of the second phase

patterning optical element selectively patterns the phase profile of each beamlet.



square cross section (FIG 2)to the wavefront of the |l aser beam 12 resulting
inandified |aser beam?22 with a square cross secti ol QFT@BER2MMt i al | y
even intensity. Accordingly, when 30 the beam di aneter w of the nodified

| aser beam¥WOWPEA3i al |y coincides with the diameter of tHEI/Uisaskoapert ure
18 the periphery of the nodjfjed | aser. beam 22 has %r eater intensity then

the peri phéioy chfrity, ipaly tyoueptisabisapsA2aand 44nae shvme Spbit ghord dstunderstopd aps 1000
and 1 ' CAOr ' i i LI perinhe he first
phase diaray of 8 UERI RS Rar oAl P St aPhss Rt B e

PCT/ USH3/ 10936 may al so inpart different sel ected waveftonts dependi ng on

t he paranet.gr of t.he st e i.ch.may, incl.yde vefront which is npst

i ntense at een}})é)fl%%gg%ﬂwrmﬁl quserﬁg}?%ﬂ%aﬂg\%ﬁg\ﬁﬁsﬁpégmefﬁ%estcﬁ% type,
nursbermiimizetiehintsd aRaligasentsi OMraifer &ptits @fali keapartitwdarlyl QR wHIQ 2hean be

selectively controlled by the_hol ggram encoded on the 5 variable surface
vedi urfiepmleds 6 prd @b%rsrg_aneg#a% 8t gereflertiP iesoB phesa patiareing RPtical elgmesh of s used to
pat t erghdnedRaRemb Afibl ®ehd %%c&ﬁ%%&tobséﬁadoﬁ ofttir! aQH{riH GRAE obgau ure of

the invention that novement of each trap, be it rotation in a Tixed

posi t i toaps 66 endi68 srdepirpua. non-fi xed position, two- di mensional and three

di mensi onal, conti.nu nd ste . is _sel.ective contrql |l able. .The
control in‘tRPE* £r1r%n(§jd)l%ler§}%s§?pei 5 Stﬁ@hpfocej\%iéfp gifdif&fe%%bié s\%m Iﬁ}jﬁf R@%ﬁ%fl%gr am

f ldnorreobpitiaalten@nemnaaﬁ@a é)&ﬂn rggxﬂﬂtamzmﬁfbeﬁxhepm&f apds &hﬁlﬁﬁct&&lbf grdmh' ﬂﬁca opt ihcal
el ement, 14. Moreaqver,, depending, on the type of optical trap desired, the
phase TRigor. R ogRang (8P TS0 A EO%F%{’E?InP%h%ﬁE%I@&CEWEH? beggn py

i ncl udglinavef eRBlivel APleRtd thePhAREngth drlishiused Rl B8H 'ﬂ{égopti_@hl\"t%pg! _
convergl n% to formdifferent classes of optical traps including optical

t weez &9 rechiransonitsioghes wapglengthy sug et thesmagipg ilvatinationatdarreyided ght  cages,
4 nlaﬁélé so%frce ﬁfi?abtobg {h 'f{)&%g)%%nscéoasﬁag ox%"éh%%%%ﬁt x@ﬁé‘&?d ﬁgrtnttﬁer ning
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and co '1 <
optical ‘ele ar e characterized®as trans

15  beam splitter 72, which is used to form the optical traps, is then passed through an area “C”
of the back aperture 18 of the focusing lens 20.

The imaging illumination 74 passes through the working area 2000, along the optical
axis of the focusing lens, forming an optical data stream 78 corresponding to the phase profile
and location of one or more of the beamlets, derived from the location and position of a small

20  particle contained by an optical trap.

An optical filter element 80, such as a polarizing element or band pass element, is
placed within the pathway of the optical data stream 78 to reduce the amount of reflected,
scattered or undiffracted laser light passing along the axis of the optical data stream. The
filter element 80 filters out one or more preselected wavelengths and, in some embodiments,

25  all but a preselected wavelength of the optical data stream 78.

The optical data stream 78 can then be viewed, converted to a video signal,
monitored, or analyzed by visual inspection of an operator , spectroscopically , and/or video
monitoring. The optical data stream 78 may also be processed by a photodectector to monitor
intensity, or any suitable device to convert the optical data stream to a digital data stream

30 adapted for use by a computer.

To trap small particles an operator and/or the computer will adjust the second phase

patterning optical element 14 to direct the movement of each optical trap to acquire a selected

small particle and trap it. The plurality of optical traps with contained small particles can



refl ective depending on how they direct the focused b qﬁg)%
Transm ssive phase patterning optical elenents, as sﬁg\r/\'%éfor# GSG. 3, 4 and

5, allow the | aser beam 12, or in the case of FIG 4 th am 12 and
modi fi ed 1V%Q83/08888m 22, to pass through. Reflective 20 pﬁgi@%@%"?‘gr ni ng

optic | enept s, , as, shown in-ELGS. .3 and reflect the nodified |aser beam
o MhenhePRBaTed R BrSHnidd, Tome tF P B Fitar HleanbioNan idsTY 2hown ae
a trangehést Mbre & theRApet Rrdall Pafticld ceS béhidnitdted, 884l video cahé@Cipeweuny t hout
departing fromthe scope.of the invention. Wthin the tw _genéral groups, a

phase %paR OBYGH Aafa speare Hhicky mawdes & sempicropiplling fhsraelestion pf propessands i ¢ or

dynam a I ] i.1abl i -Qti}gs p er i ﬁﬁ | el ements
inclu en%ﬁ rgﬁﬁ?@oﬁaﬁs%&gﬁa{éﬁﬁﬁﬁm Ha@;g |x21§ %f%f;‘g@glé C %% gratings,
i N8l udbniginediiblyf thacdiptioal tyapst i Ahs movemeniceanvke {rackednbpsed tonaprsditersiined gr at i ngs,
hol ograns, stencils, .li,ght shaping hol.ographic filters, polychromatic
ol ogriiveineft it gheh pipti oy oSRRL b ol ROIRNRRS pioRhE e TR ¢ ot ¢
phase muitiopally Bgompitecmhay dkerEhio mMmivtaliey eecoidf Jfasacn prode @aktained Gl esvhea
configured to inpart a different phase profile to the beamets. In such
enbodio_ﬁjé?i’gg?l’-t he surface of the static phase patterning optical element can
be varied byndPanies daedoHith@s S f tHeSréehiiBvenfod W] b&SR ToRE M AP i8S BleeCt the
S\Eﬁroprl ate area to change the desired characteristics 7 10 CCTOBER 2006
03/MdegspicnsPehichSHBllawosed | thpartcothparying crpyuings, e vdherein . &ie | preferrsdange t he
desir P i . : . syl & i e Exanpl es
of - surERBnarRgRht bkl BrenbiBte SRR ddSnoblbd W Bt Eles
dependpprert 3p eladse tskilled dm ithef amh aporo axamindtiod eof\the fadlolwéng detpilddedesgéptimnat ed
diffractive patterns, vari abl e ase shiftin terials, variagble liquid
cryst A4¥eP LS WEipR Ivsht& tg? F(éﬁpg}p%leg ar_amqg{sbqr may Be féaamed by practice of ﬁne

present invention. The advantages of the present invention may be realized and attained by

15 means of the instrumentalities and combinations particularly pointed out in the appendant

claims.
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arrays, piston node mcro-mrror arrays, spatial |ight I

el ectro-optic deflectors, accousto-optic nodul ators, a@%fh&%ﬁ&&% rrors,
reflective MEMS arrays and the like. Wth a dynam c phase patterning
optical elenent, the features of the surface can be encoded, as previously
not ed g%aﬁﬁréﬂﬁ aqL_ogr amand altered, for exanple, by a conputer, to effect
a 10 “=hol ogram whi ch can affect the nunber of beam ets, the
phase profi]e of,at |egst ne .of the beand ets, and the |ocati.on of at | east,
e of "t he beant AR eoPaBREs for RBEPIRG RFles SR ALE AL BB s GERPENEe ! cront s

i ncl ude phasg-onl y spatial light nodulators such as the "PAL-SLM series
X7665, manud Bt phase PBYCTRRGOPHEY ¢lespent Whigh reggivesagiasgrbeam and oag @f pajrapns a
512SA15" both manufactured by Boul der Nonlinear Systens of 15 Lafayette

Col or oplmse fiofibeofesatiddsen bbam, Hnd impamd ¢ solevtedpowavedfiionetoesaizhiager beamyp onput er
controllable and multifunctional, so that they can generate the beanlets 26

and 28 by Qbééoﬂégfl::}aféwpiﬁéﬁﬁﬂ@ iptit@14ASRIdiRAEA dawARrbaRCBAT 58 fifst t

desi red phase pro (characteristic) tothe resulting beam ets. Turning

to the enhedi L ELG I ' d 44
20 ar 2‘3‘?“& n"é%gﬁ%%‘lp%sm ngb@hcgl r?caesuge;s Sgieaglran&i%%’ﬁr%gg gﬁ?@%&@'aéﬁﬁg %@ﬁ? rggt
phase erning optical elenent 13 which.is disposed substantially in a

pl ane %%ﬁ&ﬁ‘ﬂ@@ﬁ@%ﬂ%\ﬁéﬂ“ﬁé&ﬁ °P‘7‘°a’ta‘4ﬁ§e'b5§‘3k aperture 18 through

whi ch the phase profile of the |laser heam 12 is patterned to forma

nodi fi ed | awkareibahlpastawatbeamlatssarg formed &epny said lasecheam; grdise pat t er ni ng
optical elenent 48. The second phase patterning optical elenent 48 has a
transm ssi ve focasingéms kavidg e dron? andwmdback dp@riufe) ciidtfbeusingllehs ddirigadieposedam 22
passes through at area "B" which is disposed substantially opposite the

pl anardwHstrasis frbfn @id sdeendpdse pRRIhinE Qpiidl eRapMtet s 52 and 54 are forned as

the nodified | aser beam 22 passes through the second phase patterning

i | | . ', . i] e ct.
the. boant ot e 8 sckAf bHIEE Biiming sprfl it 123oBlldn ith SoRCREELEE °°
R Bt i e A S T B G4 e Tk ol o

traps capable of manipulating the particles.

2. The apparatus according to claim 1, wherein said first and said second phase

patterning optical elements are each one of transmissive and reflective.

3. The apparatus according to claim 1, wherein said first and said second phase

patterning optical elements are each one of static and dynamic.

4, The apparats according to claim 3, wherein each of said first and said second
phase patterning optical elements is selected from the group consisting of gratings, diffraction
gratings, reflective gratings, transmissive gratings, holograms, stencils, light shaping holographic

filters, polychromatic holograms, lenses, mirrors, prisms, and waveplates.
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beam di aneter "w' of the nodified | aser beam 22 substantially coincides with
the diameter of the back aperture 18. ' Altering the V%?FEB%%Rg%Wface
medi um 50 of the second phase patterning optical elenent selectively
patterns the phase profile of each beamet. 8 10 OCTOBER 2006 WD 03/088723
PCTI US03/ 10936. For clarity, only two optical traps-42 and 44 are shown, but
it should be understood that an array of such optical traps can created by

t he second phase patterning optical elenent 48. The enbodi nent shown in
FIG 5, using additional transfer optics, in sone cases can 5 mnimze
beam et m salignnents. Transfer optics may be particularly useful when the
beam ets 62 and 64 are generated off a reflective second phase patterning
optical element, or when a data streamto allow behind the focusing | ens
observation of e activity of, the optical traps 66§ and 68 [s desifous. A
convent i ongi t elT8E AppRraly afcording o §?%Ps%d@&e%€?aéégdﬁh&5§ PREOPG Bhase
patterning 10 optical element 14 and a beamsplitter 72. The beam splitter
72 i spedemmnguentisal elementsi tshdyramic raindr selectedhfromnthe Browd cpmsisting rof rvariablei
directional mrror, or other simlar device. The beam splitter 72

sel ecbmphrgr seferfted diffrtivedréranotafiable pha@ vhifting endieridlg\ariitie liquidi eydalt r aps
(beamets 62 and 64) and transmts ot her wavel engths such as the inaging
i1l um i Q0f: i ; i 1 i tdaee: f1o i ng
| en B AR B, AR abrhys B0 006 MR BmiRr RN, PRIACGER T
s us rmthe [ PSind Sa | ed t hpough area "C' . of
the pAchicrRy Mot BRAeqdsEl Jeah bl BBSDRERS "B HAH, B 4 %4
passes hnougﬁnkge wor ki ng area 2000, along the optical axis of the

f ocus FrtfeH RS PH*¥y an optical data stream 78 corresponding to the phase
profile and | ocation of one or nore of the beam ets, derived fromthe

| ocati on and position of a small

6. The apparatus according to claim 3, wherein at least one of the first and second

phase patterning optical elements is a phase-only spatial light modulator.

7. The appararus according to claim 1, further comprising:

means for generating a laser beam.

8. The al:;paratus according to claim 7, wherein the means for generating the laser
beam is selected from the group comprising solid state lasers, diode pumped lasers, gas lasers,
dye lasers, alexandrite lasers, free electron lasers, VCSEL lasers, diode lasers, Ti-Sapphire lasers,
doped YAG lasers, doped YLF lasers, diode pumped YAG lasers, and flash lamp-pumped YAG

lasers.

9. The apparatus according to claim 1, wherein said focusing lens is an objective

lens.

12



20 particle contained by an optical trap. An optical filter elenent 80, such
as a polarizing elenent or band pass elenent, is pl ao’é’d)%qum‘ﬁﬂe pat hway
of the optical data stream 78 to reduce the anount of reflected, scattered
or undiffracted | aser |light passing along the axis of the optical data
stream The filter elenent 80 filters out one or nore presel ected

wavel engt hs and, in sonme enbodi nents, 25 all but a presel ected wavel ength
of the optical data stream 78. The optical data stream 78 can then be

vi ewed, converted to a video signal, nonitored, or analyzed by visual

i nspection of an operator, spectroscopically , and/or video nonitoring. The
optical data stream 78 may al so be processed by a photodectector to nonitor
intensity, or any suitable device to convert the optical data streamto a

parti ol es 3 opaharep s EAER iR LT SRR SRRRRE (nC secon phase

patterning tical,.ele nt&é4 to,direc%q&he m)vemere}g of each optical trap to
3 i
P

acquire a 2efeam; apfivier isposed oppesite theqbacka aperiure pf dhe| fopusing Jenss whstsbyal
traps with contained small particles can 9. 10 OCTOBER 2006 WO 03/088723
PCT/ Ubernlenoss hehdinedtes alothei bpgk caperivmd andcam bptipal deta stesamgcanhpase plongathedat a
stream the position and identity of one or nore of the trapped small

parti optical axis obéhe focusingrles froth Frovt fetack a . Spectrum or an optical data
stream whi ch provides a conputer controlling the selection of probes and
generation of optical traps information useful to adjusting the type of
smal | particles 5 contained by the optical traps. The novenent can be

tracked based o redetermn e of. each optical trap caused by

encodi ng tﬁg phi@ a@ﬂ?@%ﬁ"ﬂ’?’bﬁ)ﬁqﬂfn @’m‘ff@m%%? ‘ional ly a conputer mnay

be used to maintain a record_of each probe ntai ped,in each  optigal trap.
an optr}c:ﬁ flier sefecrad from the grm?p compx%scing popa.rizing anda gand pgss t%lters, P

disposed along the optical axis of the focusing lens and behind the beam splitter.
12. . The apparatus according to claim 1, further comprising:
at least one telescope system disposed between upsiream from the focusing lens and

downstream from the second phase patterning optical element.

13.  The apparatus according to claim 10, further comprising:

at least one telescope lens system disposed upstreamn from the beam splitter.

14.  The apparatus according to claim 10, further comprising:

at least one telescope lens system disposed downstream from the beam splitter.

15.  The apparatus according to claim 10, further comprising:

13



O her features and advantages of the present invention will be set forth, in
part,.in the 10 descriptions which follow and the accﬁﬂﬂgﬁy? aw ngs,
wherein the preferred enbodinments of the present invention are described
and shown, and, in part, will becone apparent to those skilled in the art
upon exam nation of the follow ng detail ed description taken in conjunction
with the acconpanyi ng drawi ngs, or may be | earned by practice of the

present invention. The advantages of the present invention may be realized
and attained by 15 neans of the instrunentalities and conbi nations
particularly pointed out in the appendant clains. 10 10 OCTOBER 2006 What
is clainmed,_js...1. _An r or trappin artigles by foryng, optica
traps, con%{r fegftnodleéelf?&g’? 1@%&@‘%&5@?%@&6’8@ &@%ﬁ?‘n\ﬁ%&h‘? E’E@’T’ves a

| aser heam and one of patterns a phase profile of said | aser beam and

i npar R1¥I.se| ect ed wavefront to said | aser beam a second phase patterning
optical elenent disposed dowmnstreamfromsaid first phase patterning
optical elenment, which receives said | aser beam and one of patterns a phase
profile of said |laser beam and inparts a selected wavefront to said |aser

beam wher gg.n aThé eppiratusOadeeiNELS ohdim fi OriREbiA I Boadksbrbasaipliedad) gnd a
focusing lens having a front and a back aperture, said focusing | ens being

di Spoﬁ&tﬁ]&jﬁw&ﬁ?ﬁ@k&rﬁ{ﬁaﬁ is@.\a‘i@.(zond phase patterning optical elenent;
r

wherein the second phase patterning optical elenment in cooperation with said
focusing l|ens, can separately converge said beam ets and establish gradi ent
conditions to formoptical traps capable of manipulating the particles. 2.
The apparatus according to claim1, wherein said first and said second phase
pat t er ni nglbpt i ¢ pPEARAtaccarding 5@ (¢laime 1 oWhereim anicenss-sectign dappiied det thee .

selected wavefront is intense at its periphery.

18. A system for trapping particles by forming movable optical traps comprising:

a first phase patterning optical element which receives a laser beam and imparis a
selected cross section to said laser bean;

a second phase patierning optical element which receives the laser beam from said ﬁr.st
phase parterning optical element, and imparts a selected cross section 1o said laser beam;

at least one computer;

wherein at least one of said first and said second phase patterning optical elements is a
dynamic phase patterning optical element, and said dynamic phase patteming optical element has
a variable surface encoded, by the computer, with a hologram,

wherein movable beamlets can be formed from the laser beam received at the second
phase patterning optical element; and

an objective lens with a front and a back aperture disposed downstream from the second

phase patterning optical element;

14



3. The apparatus according to claim11, wherein said first and said second
phase patterning optical elenents are each one ofrﬂzﬁQQCEQEF%QWQHiC. 4,
The apparatus according to claim3, wherein each of said first and said
second phase patterning optical elenents is selected fromthe group
consisting of gratings, diffraction gratings, reflective gratings,

transm ssive gratings, holograns, stencils, |ight shaping hol ographic
filters, polychromatic hol ograns, |enses, mrrors, prisnms, and wavepl at es.
11 10 OCTOBER 2006 5. The apparatus according to claim3, wherein each of
the first and second phase patterning optical elenents is dynam c and

| BRSNS AR i e B OB B
RGP IR S Y M G 4R T M

acousto-optic nodul ators, deformable mrrors, and reflective MEMS arrays.

6. Th@anq%fam@mp‘demanwbsu aim3, wherein at |east one of the first and
second phase patterning optical elenents is a phase-only spatial |ight

nmodul ator. 7. The apparatus according to claim1, further conprising: neans
for generating a | aser beam 8. The apparatus according to claim7, wherein

the means fior ggMeMitd dcddi@ink 3S Blaim P8 Adhhé caRipRsingd from the group
conprising solid state | asers, dlog% punped | asers,” gas |asers, dye |asers,

al exandrit [ <Y tron |l asers, VCSEL | asers, diode |asers,

Ti - Sapphi r%%aﬁ%@g?}méré%&aﬁﬁ%&e%gser s, doped YLF | asers, diode punped YAG
| asers, and flash | anp-punped YAG |asers. 9. The apparatus according to
claim1l1, wherein said focusing lens is an objective |ens.

20.  The system according 1o claim 18, further comprising:
a beam splitter disposed opposite the back aperture of the focusing lens, whereby
beamlets can be directed at the back aperture and an optical data stream can pass along the

optical axis of the focusing lens from front to back aperture.
21.  The system according to claim 18, further comprising:
means for converting the optical data stream to a digital data stream adapted for use by a

computer.

22.  The system according to claim 18, further comprising:

at Jeast one telescope system disposed upstream from the objective lens.

23.  The system according to claim 20, further comprising:

at least one telescope system disposed upstream from the beam splitter.

15



12 10 OCTOBER 2006 10. The apparatus according to claiml [ r
conprising: a beamsplitter disposed opposite the bacH%ﬂQJQQﬁkéi#Ethe
focusing |l ens, whereby beamlets can be directed at the back aperture and an
optical. data stream can pass along the optical axis of the focusing |ens
fromfront to back aperture. 11. The apparatus according to claim 10,

further conprising: an optical filter selected fromthe group conprising

pol ari zi ng and band pass filters, disposed along the optical axis of the
focusing |l ens and behind the beamsplitter. 12. . The apparatus according to
claiml1, further conprising: at |east one tel escope system di sposed between

upstream f hgm t %Ffsgﬁée{ﬁ%%%rh@gio t?lﬁﬂn 26%&0%%9&‘5{“ m t he second phase

patterning optica € apparatus according to claim 10, further
conprising: at |east one tel escope. | ens system disposed upstream fromthe
beam spl | ¢ BblEast 054 elesioe Jehe SA{eGL Gisposss AP HESTeaTLISI Ao, brott SHERBT  conpr i o1 ng:
at | east one tel escope | ens system di sposed downstream fromthe beam
splitter. 15. The apparatus according to claim 10, further conprising: 13
10 OCTOBER 2006 at |east one tel escope | ens system di sposed upstream and
downst r eam2br omThiaydiemmccading td elaim 20, fufther cdpipaishigus according to claim 1,
wherein a cross-section applied to the selected wavefront is substantially

square. 17, Jdagr SRPRIAEs R RS YALNHiiEd dpstchm YL HSWRStRak! HO8r §RNWeaR
applied to the selected wavefront is intense at its periphery.

splitter.

26.  The system according to claim 21, further comprising:

an illuminarion source.

27. The system according to claim 18, wherein said selected cross-section is

substantially square.

28.  The apparatus according to claim 18, wherein said selected cross-section is

intense at its periphery.

29.  An apparatus for trapping particles by forming optical traps, comprising:

a first phase patterning optical element which receives a laser beam and imparts one of a
predetermined intensity and patterns a predetermined phase profile to said laser beam to achieve
a selected wavefront to said laser beam;

a second phase patterning optical element disposed downstream from said first phase

pareming optical element, which receives said laser beam and one of imparts a predetermined
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18. A systemfor trapping particles by form ng novabl e qu#&géldﬂrogps
conprising: a first phase patterning optical el enent \/\%’ui ch recelves a | aser

beam and inparts a selected cross section to said | aser beam a second
phase patterning optical elenment which receives the |aser beam from said
first phase patterning optical elenent, and inparts a sel ected cross
section to said | aser beam at |east one conputer; wherein at |east one of
said first and said second phase patterning optical elenments is a dynanmc
phase patterning optical elenent, and said dynam c phase patterning optica
el ement has a variable surface encoded, by the conputer, with a hol ogram

wher eijfteSyiide pReid 8t Srefdéimtifed BRARIpLHERM] BRd! ﬁﬁcj%fbéaﬁﬁm %@lﬁ@i'evg.\?%tﬁér the

second phase patterning optical elenent; and an objective lens w a front
and a , I ownstream from the second phase patterning
opti castgge %%ﬁ%ﬁ&&g‘) %%%?‘%E&zooes wherein the second phase patterning
optical elenent in cooperation wif{h said objective | ens can separately
conver ge bé’ﬁfeé'? §th‘1‘§6“’§% lesarg fogmed Famesaid esniung laserdeam; rd m opt i cal
traps capable of manipulating the particles. 19. The systemaccording to
claim 18, fauocwsing lesfharving rigfronivande bagk aperture,asaidh focusingslens beingndisposedThe
system according to claim 18, further conprising: a beamsplitter disposed

opposidowenstreanbficin sajdeetandephase pdnenfing opicabelbmest; whereby beanl ets can be
directed at the back aperture and an optical data stream can pass along the

optical axiwhegin tHiesdchfid! phile pa@Bshidy Bffidal SRnehP il 86dpeRitidh WP said ¥ocubli
system according to clalim 18, further” conpri sing:
lens, can separately converge said beamlets and establish gradient conditions to form optical

traps capable of manipulating the particles.

30.  The apparatus according to claim 29, wherein said first and said second phase

patterning optical elements are each one of transmissive and reflective.

31.  The apparatus according to claim 29, wherein said first and said second phase

patterning optical elements are each one of static and dynamic.

32.  The apparatus according to claim 31, wherein each of said first and said second
phase patteming optical elements is selected from the group consisting of gratings, diffraction
gratings, reflective gratings, transmissive gratings, holograms, stencils, light shaping holographic

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

33.  The apparatus according 1o claim 31, wherein each of the first and second phase

patterning optical elements is dynamic and selected from the group consisting of variable
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means for converting the optical data streamto a digital dat tream
adapted for use by a conputer. 22. The systen1accordiHﬁo?goﬁﬁ%%WP18,

further conprising: at |east one tel escope system di sposed upstream fromthe
objective lens. 23. The system according to claim 20, further conprising:

at | east one tel escope system di sposed upstreamfromthe beamsplitter. 15
10 OCTOBER 2006 24. The system according to claim 20, further conprising: .
at | east one tel escope | ens system di sposed downstream fromthe beam
splitter. 25. The system according to claim20, further conprising: at

| east one tel escope | ens system di sposed upstream and downstream fromthe

oear i Siprd AR T CHRI L AR bl RS AIPLORAL

an il lunrnat Pon source. h said

sel ected crpss-section is substantially square,.28. . The apparatus, acgordi ng
Uo ol daPteL SR AEE: SRICTo-GUITEE (Y% PSLNSBORe GHicrarmifrAt eRiads. sypapiel Dbt

peri phery. 29. An apparatus for trapping particles by forting optical traps,
conpr iTsedwlators, fdlectro-opties alefleatorsy ricaystoroptic amodhletnrnt defarmhblecoiromss and aser
beam and inparts one of a predetermned intensity and patterns a

pr edetreflestive MENMSeraps.of i l e to said | aser beamto achieve a selected
wavefront to said | aser beam a second phase patterning optical elenent

di sposed downstream from said first phase patterning optical elenent, which
receives said | aser beam and one of inparts a predeterm ned

34,  The apparatus according to claim 29, wherein at least one of the first and second

phase patterning optical elements is a phase-only spatial light modulator.

35.  The apparatus according to claim 29, further comprising;

means for generating a laser beam.

36.  The apparatus according to claim 35, wherein the means for generating the laser
beam is selected from the group comprising solid state lasers, diode pumped lasers, gas lasers,
dye lasers, alexandrite lasers, free electron lasers, VCSEL lasers, diode lasers, Ti-Sapphire lasers,
doped YAG lasers, doped YLF lasers, diode pumped YAG lasers, and flash lamp-pumped YAG

lasers.

37.  The apparamus according to claim 29, wherein said focusing lens is an objective

lens.

38.  The apparatus according to claim 29, further comprising:
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16 10 OCTOBER 2006 intensity and patterns a predeterqbqﬁqtﬁﬂﬁéﬁ ofrofile to
said | aser beamto achi eve another selected wavefront to sal aser beam
wherein at |east two beamlets are forned fromsaid resulting | aser beam and
a focusing lens having a front and a back aperture, said focusing |ens being
di sposed downstream from said second phase patterning optical elenent;
wherein the second phase patterning optical elenment in cooperation with said
focusing lens, can separately converge said beam ets and establish gradi ent
conditions to formoptical traps capable of manipulating the particles. 30.
The apparatus according to claim?29, wherein said first and sai d second

phase pat taelgéyhp ﬁ)fggrl &ishosel ;‘dﬁgﬁﬁé g{ ebf@@&pﬁfﬁc %Z thE SBE; 'lé&ﬁ 351:@ Y. nd

reflective. e apparatu ccording to 9, vvher sal

sai d e pLi el emsnts h one of ati¢ and
dynamﬁgﬁgigIs Pa?hai %Qci%&agtuﬂleg%g %gt d g o da%h A C8L RS oa? first
and sai d econ phase at terning opti cal el enments is selected fromthe

gr oup °BB %?Pgﬂ“’(;?c"é Fﬂ?d‘@m(ﬁmf%ﬁkéﬁemﬁ? -atings, reflective gratings,
transm ssive gratings, holograms, stencils, |ight shaping hol ographic
filters, polychromatic hol ograns, |enses, m'rrors, prisnms, and wavepl at es.
33. The apparatus according to. claim 31, wherein each of the first and

second phage. pJIht eppardtgs syebidisy 10dlANFEIE, Furtlfer dyripiidieg:and sel ected fromthe
group consisting of variable 17 10 OCTOBER 2006 corrput er generated

diT1ractiven RAEA! fifer s\eﬁeueabtr@m%@sg o bbinbtidin &SM%&@QL& fildy! d

crystal phas ting arrays o-m rr ston

o @é@%f‘%@%ﬁ“ﬁ@%@ﬁ%ﬂ? b il | © et ectors

40.  The apparatus according to claim 29, further comprising:
at least one telescope system disposed between upstream from the focusing lens'and

downstream from the second phase patterning optical element.

41.  The apparatus according to claim 38, further comprising:

at least one telescope lens system disposed upstream from the beam splitter.

42.  The appararus according to claim 38, further comprising:

at least one telescope lens system disposed downstream from the beam splitter.

43,  The apparatus according to claim 38, further comprising:

at least one telescope lens system disposed upstream and downstreamn from the beam

splitter.
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reflective MEMS arrays. 34. The apparatus according to claim 29, wherein at
| east one of the first and second phase patterning(nﬂQQ§T8%$%ﬁ@ﬁts is a
phase-only spatial |ight nodul ator, 35. The apparatus according to claim 29,
further conprising: neans for generating a | aser beam 36. The apparatus
according to claim35, wherein the nmeans for generating the |aser beamis
sel ected fromthe group conprising solid state | asers, diode punped | asers,
gas lasers, dye lasers, alexandrite lasers, free electron |lasers, VCSEL

| asers, diode |asers, Ti-Sapphire |lasers, doped YAG | asers, doped YLF

| asers, diode punped YAG |l asers, and flash | anp-punped YAG |asers. 37. The

one. 36, e apphy spbesthd aicitng 300G 25 el B U -l bpRR! W

OCTOBER, 2006 a peam splitt.er di sposed opposite the back aperture of the

f ocusi YrfCIeEYEavElrARhtE gyPStagH ?‘B‘?Ec'can be directed at the back aperture and
an optical data stream can pass along the optical axis of the focusing |l ens
fromfront to back aperture. 39. The apparatus according to clai m 38,
further conprising: an optical filter selected fromthe group conprising

pol ari zi ng 4d DEhedagpmesus iabdordiag todélainp 204 whiereiny af brdsopction|apphied @fthd he
focusing | ens and behind the beam splitter. 40. The apparatus according to

cl ai m gficteli WidvBRbntGO HErse ails péfphkast one tel escope system di sposed between
upstream fromthe focusing | ens” and downstream fromthe second phase

patterning optical elenment. 41. The apparatus according to claim 38, further
conpri si ng:

46. A system for trapping particles by forming movable optical traps comprising:

a first phase patterning optical element which receives a laser beam and imparts one of a
predetermined intensity and patterns a predetermined phase profile to said laser beam to achieve
a selected cross section to said laser beam;

a second phase patterning optical element disposed downstream from said first phase
patterning optical element, which receives said laser beam and one of imparts a predetermined
intensity and patterns a predetermined phase profile to said laser beam to achieve a selected cross
section to said laser beam;

at least one computer;

wherein at least one of said first and said second phase patterning optical elements is a
dynamic phase patterning optical element, and said dynamic phase patterning optical element has
a variable surface encoded, by the computer, with a hologram;

wherein movable beamlets can be formed from the laser beam received at the second
phase patterning optical element; and

an objective lens with a front and a back aperture disposed downstream from the second

phase parterning optical element; .

N
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at | east one tel escope | ens system di sposed “pStrea”‘HhQﬂhkﬁﬁmﬁﬁ splitter.
42. The apparatus according to claim38, further conprising: at [east one
tel escope lens system di sposed downstream fromthe beamsplitter. 43. The
apparatus according to claim38, further conprising: at |east one tel escope
| ens system di sposed upstream and downstream fromthe beam splitter. 19 10
OCTOBER 2006 44. The apparatus according to claim?29, wherein a
cross-section applied to. the selected wavefront is substantially square.
4%. The apparatus according to claim 29, wherein a cross-section applied to
the selected wavefront is intense at its periphery. 46. A systemfor

trappi ng payHerdih e StohdpRAsRDal @% bréﬁiemtfrﬁéb% ERFBA WAt $id Bbjebhivel
phase patterning optical el errent whi ch receives a aser beam and i'nparts one

of a | e to
cai a AR B Lo PO Blani @R RhRANRC BBl EORRTUNIE AAF SRIGH b
second e. patternin el enent di sposed downstream from said fi rst
phase * Eagi %fr‘ﬁ ﬁa?ﬂsﬂ‘ﬁu’g@ %ﬁen whi ch receives said | aser beam and one of
inparts a predeterm ned intensi ty and patterns a predeterm ned phase
profile to said | aser beamto achieve a selected cross section to said

| aser beam at | east one conputer; wherein at |east one of said first and
sai d second7phagtepgsterrrantordingpé tlaith 46) fardker cdnipdising: dynani ¢ phase patt erni ng
optical element, and said dynam c phase patterning optical elenent has a
vari abl e s%gaﬁgﬁ,%@ggg@,ghamertggmcorrput er, with a hologram wherein novable

beam ets can be fornmed fromthe | aser beamreceived at the second
48.  The system according to claim 46, further comprising:
a beam splitter disposed opposite the back aperture of the focusing lens, whereby
beamlets can be directed at the back aperture and an optical data stream can pass along the

optical axis of the focusing lens from front to back aperture.

49.  The system according to claim 46, further comprising:
means for converting the optical data stream to a digital data sweam adapted for use by a

computer.

50.  The system according to claim 46, further comprising:

at least one telescope sysiem disposed upstream from the objective lens.

51.  The system according 1o claim 48, further comprising:

at least one telescope system disposed upstream from the beam splitter.
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phase patterning optical elenment; and an objective |en ] nt and a
back aperture di sposed downstream fromthe second ph&g(?\gﬂ?gﬁgrzm(ﬁg opti cal

el enent; 20 10 OCTOBER 2006 wherein the second phase patterning opti cal

el enent in cooperation with said objective | ens can separately converge

beam ets and establish the gradient conditions to formoptical traps

capabl e of mani pulating the particles. 47. The system according to cl ai m 46,
further conprising: neans for generating a |aser beam 48. The system
according to claim46, further conprising: a beamsplitter disposed opposite
t he back aperture of the focusing | ens, whereby beanm ets can be directed at

the back apgrtu nd _an_aopt.i cal ,dat f r.eam can .pass along the optical

axi s of thgf‘f ocg'g?%@gﬁ”éﬁ%“?‘i‘%ﬁ?‘%‘m@’MEWEBQF‘?%Te. 49. The system
according to claima46, fyrther conprisjng; neans, for, converting the optical
data st reaﬂﬁlF%“Qn%IFebqsﬁ%ﬂeLiE‘&“t%'S@Pr %lee%rﬁ%@wa@ SPiBfput er. 50, The
system according to claim46, further conprising: at |east one tel escope
syst em di sposed upstream fromthe objective lens. 51. The system accordi ng
to claim48, further conprising: at |east one tel escope system di sposed

upstream f 53m t The b@am sqordigg to cldiin 48) fTePBERPANAE: 52. The system
according to claim48, further conprising: at |east one tel escope |Iens

system di spORad SRWBREEGRMeAS SYRtdd Aidpoad SRiehh®ind downsmream from the beam

splitter.

S4.  The system according to claim 49, further comprising:

an illumination source.

55. The system according to claim 46, wherein said selected cross section is

substantially square.

56.  The system according to claim 46, wherein said selected cross section is intense at

its periphery.

57.  The system according to claim 46, wherein at least one of the first and second

phase patterning optical elements is a phase-only spatial light modularor.

58. A method for trapping particles, comprising:

directing a laser beam ar a first phase patterning optical element;
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53. The system according to claim48, further conpri5|@9 CTORBE h@ { one
t el escope | ens system di sposed upstream and downstream from t eam
splitter. 54. The system according to claim49, further conprising: an
illum nation source. 55. The system according to claim46, wherein said

sel ected cross section is substantially square. 56. The system according to
claim46, wherein said selected cross section is intense at its periphery.
57. The system according to claim46, wherein at |east out of the first and
second phase patterning optical elenents is a phase-only spatial |ight

nodul ator. 58. A nethod for trapping particles, conprising: directing a

I b ; 2006
cgﬁﬂ ol F?%ﬂ(ﬁ@l@f bié Oﬁgzp%ﬁsggg ée%gﬂ an | n@eﬂg% 5“35%31- be&é "ﬂsgl§§;]- eam usi ng
cect i BhFE geeti e ?féls?ﬁaerﬂaﬁﬁtc pigte Selfgf troé%%%&'aﬁ%%sv% alEpESatrssElaf r om

said first phase patterning optical elenent to a second phase patter ni ng
opti cheami| ement whi ch controls one of a phase profile and an intensity of
said nodified | aser beamto achieve a selected cross section to said
wavefront directimpcsaidaiaeer hemarmfroge said firsnphasé phireraingt oichicelinefistof 4 cacamdi d
second phase patterning optical elenent; generating optical traps within a

vess emes pahéR iy dmcmaﬂelmbﬁcs\emcb RBMrd16 084 3P aGhhhQCHRERIand &DhiterRfty W dhing a
plurality of the particles;
modified laser beam to achieve a selected cross section to said wavefront of said laser beam;
generating at least two beamlets from said second phase patterning optical element;

generating optical traps within a vessel by directing said laser beam through a focusing

lens;

providing a plurality of the particles; and

containing the particles within the optical traps.

59.  The method according to claim 58, wherein said selected cross section is square,

60. The method according to claim S8, wherein said selected cross section is intense
at its periphery.

61.  The method according to claim 58, further comprising:

controlling movement of each optical trap using a computer.

62.  The method according to claim 58, wherein each optical trap is independently
movable.
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containing the particles within the optical traps. 59. The accordi ng
to claim58, wherein said selected cross section is sdﬁgfgpggégga&he nmet hod
according to claimb58, wherein said selected cross section is intense at
its periphery. 61. The nethod according to claim58, further conprising:
controlling novenent of each optical trap using a conputer. 62. The nethod
according to claim58, wherein each optical trap is independently novable.
23 10 OCTOBER 2006 63. The method according to claimb58, further
conprising: providing an optical data stream 64. The nethod according to
claim62, further conprising: receiving said optical data streamw th a
conputer. 65. The nethod according to claim64, further conprising:

anal yzing said optical data streamw th said conputer. 66. The net hod

according tq cl 'm6§ao erg’;n said (ﬁ uger directs novenent of at | east
one opti cal®’t rap H&% o D&tﬁrﬁiﬂ’v s ERCECHHPYRE-cal data stream 67. The
met hod according to claim®63, further conprising: converting said optical
data streaPrevidiag op gpécal dgfasireans8. The net hod according to claim67, further
conprising; receiving said video signal with a conputer. 69. The et hod
according to claim68, further conprising: analyzing said video signal with
said conputer. 24

64,  The method according to claim 62, further comprising:

receiving said optical data stream with a computer.

65.  The method according 1o claim 64, further comprising:

analyzing said optical data stream with said computer.

66.  The method according to claim 65, wherein said computer directs movement of at

least one optical trap based on said analysis of said optical data stream.

67.  The method according 1o claim 63, further comprising:

converting said optical data stream to a video signal.

68. The method according to claim 67, further comprising;:

receiving said video signal with a computer.

69.  The method according to claim 68, further comprising:

analyzing said video signal with said computer.

24



10 OCTOBER 2006 70. The nethod according to claim69, Jé%f Rﬁﬁgprising:
directing novenent of at |east one optical trap based B OTRER AR ysi s of
said video signal by said conputer. 71. The nethod according to claim®67,
further conprising: displaying an image based on said video signal. 72. The
met hod according to claim71, further conprising: displaying said imge and
directing novenent of at |east one optical trap based on comrands from an
operator. 73. The method according to claim63, wherein said optical data
streamis spectroscopic data. 74. The nethod according to claim 73, further
conprising: directing novenent of at |east one optical trap based on an

anal ysi s ofygsai drpa 69%9%&10%6@%@@?%%1?% according to claim 58,

wherein said optical traps are formed of a p y of optical tweezers,

ctroner zooeie REHT ATl BRtpRTl 6% pay Phaa b ot el VBl Rimel g ™

cross ,sectjon is nost intense at its periphery. 77. The apparatus accordi ng
to cl ahyrﬁﬂﬁicweéi n the particles are defined as biological materials,

chem cal materials, optonechanical conponents, electrical conponents, and
nanomaterials. 78. The system according to claim 18, wherein the particles
are defined as biological materials, chemcal materials, optonechanical
conponent s,71el edheintathod surprdiggiosclaimngy, further comprising:

displaying an image based on said video signal.

72.  The method according to claim 71, further comprising:
displaying said image and directing movement of at least one optical trap based on

commands from an operator.

73. The method according to claim 63, wherein said optical data stream is

spectroscopic data.
74.  The method according to claim 73, further comprising:
directing movement of at least one optical trap based on an analysis of said spectroscopic

data.

75.  The method according to claim 58, wherein said optical traps are formed of a

plurality of optical tweezers, optical vortices, optical bottles, optical rotators, and light cages.
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nanomat erials. 79. The apparatus according to claim 28103@&?&1{12 he
particles are defined as biological materials, chem cal naterials,
opt omechani cal conponents, electrical conponents, and nanomaterials. 80.
The system according to claim46, wherein the particles are defined as
bi ol ogical materials, chemcal materials, optonechanical conponents,
el ectrical conponents, and nanomaterials. 81. The nethod according to claim
58, wherein the particles are defined as biological materials, chem cal
mat eri al s, optonechani cal conponents, electrical conponents, and
nanomaterials. 26

76.  The method according to claim 58, wherein said selected cross section is most

intense at its periphery.

77.  The apparatus according to claim 1, wherein the particles are defined as biological
materials, chemical materials, optomechanical components, electrical components, and

nanomaterials.

78.  The system according to claim 18, wherein the particles are defined as biological
materials, chemical materials, optomechanical components, electrical components, and

nanomaterials.

79.  The apparatus according to claim 28, wherein the particles are defined as
biological materials, chemical materials, optomechanical components, electrical components,

and nanomaterials.

80.  The system according to claim 46, wherein the particles are defined as biological
materials, chemical materials, optomechanical components, electrical components, and

panomaterials.

81,  The method according to claim 58, wherein the particles are defined as biological
materials, chemical materials, optomechanical components, electrical components, and

nanomaterials.
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