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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 laser 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 an 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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ZBI urality of diffracted | aser beans focused t orman array of optical
r apBusosngding\ipedivm; Hé thg eptiaal gortex 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
plurality of optical tweezers forming the doughmnut “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



30 Patent No. 6,055,106 issued to Grier and Dufresne describes arrays of

optical traps. The Gier and Dufresne patent teaches the use of a dynamc
optical eWwemsfss7and a focusing lens to diffract the i nputeClritugas/1dde@am and
generate an array of novabl e.optical traps. The array of optical traps is
f or mégeftgracamsliameter. i Specifibdbntlioy alpavssig EEMapppwdeseabears Bapdd atvd he back

2 WD,03/.088723 PCT/ US03/ 10936 . t beam di ageter. Specifically, -that
2 gavsan bl kit ittty CoulRil kit Waetn S Bedur rtarerer whi oh
subst ant i abheylieafiéd B2 8aviht Bhd e @ARLE! ofof gh&%mﬁapﬁwgw ia%er[ B?ag% or beam

limtation of having the beam di aneter of a gaussian I npu
substsabitaially cosicifies qath thietdiameter of thedtack apdrivrhiés thatks stpevdt fiom 4 srokhat as

5 . [ Fl G . i TENbO b h
o Tl ReB@RS, 1% SRhP TR b Pl dof RS A e Rt hepe R | have

a si mdultingooptiesl tspetwillhaof a siddiRMAStdsY seofioh of Hitdiglty, there has existed a need
to have an input beamfill the back aperture and produce optical traps

with greatdcoidipglkdhers has exinied sareed tehave aniepys besmill thewbask roartsanidf i es

t heseahde 8LREN 1 j r el-ated adyvant ages. .10 SUMVARY

OF THE | NE\:/EkITI ON ?ﬁ%&r%@%ﬁlﬂn@rﬁ\?e t% i ghlrlié I%)erg@?rg'esﬂg pﬁ%%?&f/l%{lﬁ Sa&’ﬁgessyst em

t o uthesgradipdnt ndeds,ced pravidgeheahatrelagdchdeaniges] an array of optical traps.
The present invention provides a novel and inproved nethod, system and,
paratus for generating, nonitoring and controlling an array of optical

traps. The optical trapsuvieRaticH YHIPINVENGGDHRE' t, can manipul ate snal |
particles. The present invention enploys a first phase patterning optical

el enent, to shape the phase profile of the an input beam of |ight or
energy upstream from a second phase patterning 20 optical elenent which in

turn dif f Taetpsesthieinkexpion freaides Atrovel Retodbid Yysefm Be A5 or-BYenP &6 B N t he
phase of the.i nrﬁu beam wi.t h, t he upstream phase patterning optical elenent
t he PETHFABRYCP @@%&W%O@&C@k@aﬁcu on can be selected to have a

mibst ant i qht ¥)ré%¥1?crlnyédi‘itoﬁgl§.b{/iﬁe%( E ln@vel%deﬁfl?fbvgg Hethd > s%?tér'npar}l r%@g&?ues,

substantially even intensity of the patterne I npu eam can
t r anffreganetiting, ezpitotingrindt contitlorglamgiriay dtheptidalirteps.t yThé ga4lstrggsoduced

PR SO R e PR bRl SRR ur e of & focusing |ens and
gener at e Tht ipRbnttihAfSion dokblGYLAFRS:t phase patterning 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 there periphery.

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

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

position of the optical trap resulting therefrom.
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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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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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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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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 scope 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



Sui t abl e phase patterning optical elenments are characterized as

transm ssive or reflective depending on how they direct the focused beam
of |ight.woreanssmssi ve phase patterning optical el enentspcagsehoassin
FIGS. 3, 4 and 5, allow the | aser beam 12, or in the case of FIG 4 the
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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
95  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
clement 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
beam 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.



Preferred dynam c phase patterning optical elenents include phase-only
spatial |ight nodulators such as the "PAL-SLM series X7665, manufactured
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20 pa:rtlcle contalned 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



traps 66 and 68 is desirous. A conventional telescope system 70 is di sposed
bet ween the second phase patterning 10 optical elenent 14 and a beam
splitter WD.03088I2hbeam splitter 72 is constructed of a di clCEIUS03/0986 Or ,
photoni ¢ band gap mirror, omi directional mrror, or other simlar device.
The Bhsanke copificpiredrand zecsaligredy dising dkloptital datistmamethengishionfantiiigdititpsed t o

f i ts. 62 and 64) t its oth

wnvePbads PR e APt P ST B taR B moihioB i iicro ey, svetrum,

i I unt nabbticel s SeambwakavRo¥iles i@@ﬁgﬁt@%&&%ﬂjr?gothe-g@}%ct@ b %%tb% apd 9ht
) Cc or

reflected fromthe 15 beamsplitter 7 ich is used to e opti cal
t r ap€eRGTLAh&f qPlisale fraph rinipghation awefal 't adjwting htbe biypk @pembllirgarddenf t he

frocusi.ng: : [ [ illymnation,74 passes through.the woyking
o ca duaea S AR, oL B, "l rAOVOR BT sE DeRRET Rl oF afseigaept | aa
dat anstveman @8 cadr ogtipbndbngutal bienphEse iy phdsk Sat@Rfind 8paLd UleBEntone or

t he beam ets, derjved fromthe |ocation and position of a small 20

nor e ,af.. :
parth’%fjgmBBW i RERVY Y Bpedao meiajin Asecspt PE sachi probe cortpimnérin ¢80, such
as aoﬁl‘iﬂa@{rhﬁ.i ng el ement or band pass elenent, is placed within the pathway
of the optical data stream 78 to reduce the anmount of reflected, scattered
or undi f f Pakardentings end higintagensihegreseongvértionaxillheakt fdith, @ppire ah Hdat a

re .The filter_.element. 80 filters aqut one.or nore presel ected
%Ve eng 11r?f)snsar?’éfll}lczfil nfoilé’% aé’ﬁb&g‘? nfPEPanyBe a&r,awmﬁs, aVprsde| the t BiglEiEsdel engt h
of t &rabediieaf| oftk Brédene afVierBon TREIRBEbERINAIH S Lh§ ﬁét ngﬂjbté};%ﬂqebe
viewed, converted to a video signal, nonitored, or analyZe y Vi sual
i nspRRAETSHh tofthess skpledandhe artspromt exaaynasionad the foldewlingrdeviikbd aleseptionor i ng.
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trapeihighsacquire a selected small particle and trap it. The plurality of
optical traps with contained snmall particles can .9. WO 03/088723
PCT/ US03/ 10936 then be configured and reconfigured. Using the optical data
stream the position and identity of one or nore of the trapped small
particles can be nonitored, via video canera, spectrum or an optical data
stream whi ch provides a conputer controlling the selection of probes and
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generation of optical traps information useful to adjusting the type of
smal | particles 5 contained by the optical traps. The novenent can be
tracked baoadossT2predeterm ned novenent of each optical PCapsoxuded by
encodi ng the phase patterning optical element. Additionally a conputer may
be ud¥ecleonmai ntain a record of each probe contained in each optical trap.
O her features and advantages of the present invention will be set forth,
in part, in the 10 descriptions which follow and the acconpanyi ng
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f 1 onbraangh BoRcns 3 St s Sidl] SR, Sggond phase
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b ts and establish th dj ditions to f tical t
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wher go thd @rdup’cohsiBRASE tRAkinseRdd Ofldctpd. €l ement, is selected fromthe
1Lgl_]roup consisting of transm ssive and reflective. 15 3. The apparatus of

aim2 wherein the first phase patterning optical elenment, is selected

3" wiir ot n T REPPERETOERR0 e ey SR R g ekl e BRPEITR 1T

from the group consisting of static and dynamic.

4. The apparatus of claim 3 wherein the first phase patterning optical element is selected
20  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.

5. The apparatus of claim 3 wherein the first phase patterning optical element is selected
25  from 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.

30 6. The apparatus of claim 1 wherein the first and second phase patterning optical

elements are selected from the group consisting of transmissive and reflective.
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20 fromthe group consisting of gratings, diffraction gratings, reflective
gratings, transm ssive gratings, holograns, stencils, |ight shaping

hol ogr aphwo oBiok47e3 s, pol ychromati ¢ hol ograns, |enses, m PCENES3/pMB6Ns, and
wavepl ates. 5. The apparatus of claim3 wherein the first phase patterning
opti cal elBremiparaus elfediiad | defeiromhd fiest GAUECOAMSIhasd Par&hingabpidl e
corrplréﬁer %enerait ed diffractive patterns, variable phase shifting

mat erS.SRES 35 5588 pd oy ile @reupycopsistipgeistaticianddyRynisr r ays, micro-nmirror
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phaseisi fariapg pitosr ndde, ni@dimkios driaysi eptiay ikl Pbagstosd)i dlbdtRGoRd ays,
rricrﬁ- mrror arrays, piston node mcro-mrror_arrays, spatial |ight
moduFSHEHES: AFAstG-Brtinodulatpsy, deforgplle mipersyadyedsetive MBS araiss,
deformable mirrors, and reflective MEMS arrays. 15 10. The apparatus of
claim3 wherein the first phase patterning optical elenent is a phase- only
tpat il&l | iThheprasetus af deim 3 wheféie tipiar gtass pafenthgioptichl eheetedt 13 saphaseast on

of the first .and second phase patterning optical elenment is a phase-only
spatlO yﬁpf‘%ar%thgﬁ]bl&ﬁ?@?g)rr: 20 12. The apparatus of claiml1l further conprising
a nmeans for generating a | aser beam 13. The apparatus of claim 12 wherein
the neans for generating the |laser beamis selected fromthe group

g ; .
consil bt i ndheerrasatg of clate 7 wherein atdeasten plithedirst andetesondyplsast asidersingdye
I as €bptical element is a phase-only spatial light modulator.

20

12, The apparatus of claim 1 further comprising a means for generating a laser beam.

13. The apparatus of claim 12 wherein the means for generating the laser beam is selected
from the group consisting of solid state lasers, diode pumped lasers, gas lasers, dye lasers,

25  alexanderite 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.

14.  The apparatus of claim 1 wherein said focusing lens is an objective lens.
30
15. . The apparatus of claim 1 further comprising a beam splitter disposed opposite the
back aperture of the focusing lens, whereby beamlets can be directed at the back aperture and

12



25 al exanderite |asers, free electron |lasers, VCSEL |asers, diode |asers,
Ti - Sapphire | asers, doped YAG | asers, doped YLF | asers, diode punped YAG
| asers, awo 0Blossks | anp- punped YAG | asers. 14. The appar ataa/usb3/elsas m 1
mhereln said focusing lens is an objective |lens. 30 15. The apparatus of
cl ai an optaat dite streonpan passplandthernptipiliaxisee! the Sposied loppbentiomnt lebadkack
aperture of the focusing | ens, whereby beam ets can be directed at the back
aper BRF&™Snd 12 WO 03/ 088723 PCT/ US03/ 10936 an optical data stream can
pass along the optical axis of the focusing lens fromfront to back
aperture. 16. The apparatus of claim 15 further conprising an optical
f| | té@ s elbe apmratnoa elhian @56@@6@0@@@%@ Rgtieal fisr @srli:czechgomhe BEN® pass

e beam
& TRERR 3P ok uBE i Png B33 lnole Cetbf MR MhsaCBy o 3 BEUHERLS o
teIe@mbmﬂmkbmebaaﬁ@pmmmﬁlsposed bet ween upstream fromthe focusing | ens and
downstream fromthe second phase 10 patterning optical elenent 18. The
apparatus of claim 15 further conprising at |east one tel escope | ens system
di sposed ¥RSGHEALE ATLERE PSRmhEPidiRing 1D 123 oRDSoRRABLAHS (Hliofl ai M 15
furt er conprfsing at least one telescope I'ens system disposed” downstream
f r omiisheset datwespluipstream R0 tHh focapipg des md afovalsaream foonh whe beeond phpeei si ng at
| east one tele e |l ens system disposed upstream and downstream fromthe
b anp st WP%BPlaéﬁgﬁf N The apparatus of claim1 wherein the selected cross
sectlon is substantially square. 22. The apparatus of claim1 wherein the
sel ected cross section is intense at its periphery. 25 23. A systemfor
trappd.ng Ehcalappqsatrusmﬂ elginbyl 5f Girthien gompuisibg eat dpast cuke teleapape leospystsinng: a
phas Sé Sre ﬁg & %eele 18 for receiving a | aser beamand to inpart a
squa 5 o T3t h& Wavefront of the |aser beam at |east one
conputer; a dynam C phase patterning optical elenent wwth a vari abl e

surface encoded, by e
The apparatus of claim 15 further comprising at least one telescope lens system

disposed downstream from the beam splitter.

20.  The apparatus of claim 15 further comprising at least one telescope lens system
disposed upstream and downstream from the beam splitter.
20

21.  The apparatus of claim 1 wherein the selected cross section is substantially square.
22.  The apparatus of claim 1 wherein the selected cross section is intense at its periphery.

25 23. A system for trapping small particles by forming movable optical traps, comprising:
a phase patterning optical element for receiving a laser beam and to impart a square
cross section to the wavefront of the laser beam; |
at least one computer;
a dynamic phase patterning optical element with a variable surface encoded, by the
30  computer, with a hologram for receiving a laser beam from the phase patterning optical
element; whereby movable beamlets can be formed from a received laser beam; and,
an objective lens with a front and a back aperture disposed downstream from the

dynamic phase patterning optical element; whereby the dynamic phase patterning optical

13



30 conputer, wth a hologramfor receiving a | aser beamfromthe phase
patterning optical elenent; whereby novable beam ets can be forned froma
recei ved wasensgyenm and, an objective lens with a front aad/sobam®ke
aperture di sposed domnstrean1fron1the dynam c phase patterning optica
el emetementineroepyratibe wdmrthembj epthadensyrantseparitaly @pyégalbeardBtsWRd@3(2888Y 23
PCT/ US03/ 10936 el ene i n cooperatio vm h the objectjve |lens can
separt BPYeRiSRpditigas néicaligppg sipgple A manipidatngaralinarieledi t i ons to form
optical traps capable of manipulating snall particles. 24. The systen1of
claim 23 further conprising a neans for generating a | aser beam 5 25. The
syst @ of Tok aysieR df tlaimR8rfudbherpoipiisigga heanfedentiating dispoisach.oposite t he
b ck aperture of the objective | ens, whereby beanl ets can be directed at

e back aperture and an optical data stream can pass al ong the opti cal

aXl s20f t mae kpastai FE1diRNS3 Hir Eérﬁﬁﬁ&ﬁé’a%@ljﬁ spAR&" &1§k5tﬁ,ed dBos48-thd BEcisy st em

of claim23 further conpri m;g a neans for converting the optical data
st r egnsrivse af megthequva dens, sthe mba@tal@twnfhyrdm@dw the baslqapednre @, anThe

o spoBiat dfa B el A o B St o] BR35-50% IR RGERER BT Bei 25

furt bpgrtue@npri sing at | east one teI escope | ens system di sposed upstream
{@om the beamsplitter. 20 29. The system of claim25 further conprising at
ast one tel escope |ens system di sposed downstream fromthe beam

splibger. ig&gpﬁ- r
t el eggbpeTﬁ ggg&gsﬁ%& pose & up tlrS ngn’% g%én%gd\%np({so'tli?ée@g frorﬁg‘f[’il%El CI%eam
spl i stream tozbdigital debeestsopat staptefl fol wie iy 26 ofnputdrer conpri sing an 111 um nation

source. 32. The system of claim 23 wherein the selected cross section is
substantially square. 30 33. The systemof claim23 wherein the selected

cr 0sg7sectrheBystém bmenﬁ%aﬁmhérscoﬂ@hslag Qf Mast 03d te1éscOpt Rad s}s@ém tﬁs%e&dng smal |
articles, conprising : 14
upstream from the objective lens.

28.  The system of claim 25 further comprising at least one telescope lens system disposed

upstream from the beam splitter.

20 29.  The system of claim 25 further comprising at least one telescope lens system disposed

downstream from the beam splitter.

30.  The system of claim 25 further comprising at least one telescope lens system disposed

upstream and downstream from the beam splitter.

25

31.  The system of claim 26 further comprising an Illumination source.

32.  The system of claim 23 wherein the selected cross section is substantially square.
30 33,  The system of claim 23 wherein the selected cross section is intense at its periphery.

34. A method for trapping small particles, comprising :

14



WO 03/ 088723 PCT/ US03/ 10936 generating a nodified | aser beam by inparting
a square cross section to the wavefront of a |aser beamdirect at a first
phase patweroijosgy2opti cal el ement; generating at |east twoPoFarRi®3by
directing the nodified | aser beam at a second phase patterning optical

el ement ; -gegaagigs todifdal lagalbednh Bpsmpbrting @ sES @toshYectibh & tHeNBavici®nt aser
beam t hrough a focusi ng | ens; providing at least two snall particles; and
cont &F ALASE 958 direqt Bt pEFY phase Patterningoryprlicdsamenty aps. 10 35. The net hod of

claim 34 I el ec Secit | [ .. 36. The et hod of
claim 35 errgél% %ﬂ%agtet{@cﬁg%ﬂ%gééd@%g%? gdrq\e r@%ﬁﬁﬁagia%%rsge%ta ﬁsﬁieﬁ‘%}n t its
per i phaseyattdiiryloptidahaiedeodt; f or mani pul ating small particles with optical
téaps, conpri si.ng: geperati ng a nodified | aser beam by inparting a sel ected
cPoss secEPyREERE opiEal Hapeih grvessel Y dirgeting g pssr beat though pifpetsighase
patt emngi ng optical elenment; generating at |east two beanlets by directing
the nodified | aser beam at a second phase patterning optical elenent; 20
gener at i ngroypding at leastaws swiatl partickesyasisel by directing the beamn ets through
a focusin | ens; . provj,di at l.east. two small particles within the vessel;
and cont g?%?ﬁﬁlga@gﬁ@ﬁgﬁ’agﬁéesémelw §4%%Fe within an optical trap. 25 38.
The nmethod of claim 37, further conprising altering the position of at

| east one_ optical trap. 39. The method of claim37, wherein the optical

19 apdSar e Tho metepdodf dlaim B whereia the selentrd @rass seoldmriesgyaropt i cal vorti ces,
optical bottles, optical rotators, or light cages. 30 40. The nethod of
claim 37 wherein the selected cross section is square. 41. The nethod of

cl ai B6.37 Theneilvd dfeldrl Bowkeerrhs sclatal ¢ross Rasord e thogbst Alears) dditat its
peri Eher 15 WO 03/088723 PCT/ US03/10936 42. The nethod of claim 37,

y.
wher BSTHPHESEh optical trap is independently rovabl e.

15 37_. A method for manipulating small particles with optical traps, comprising:
generating a modified laser beam by imparting a selected cross section to the
wavefront of a laser beam direct at a first phase patterning optical element;
generating at least two beamlets by directing the modified laser beam at a second
phase patterning optical element;
20 generating optical traps within a vessel by directing the beamlets through a focusing
lens;
providing at least two small particles within the vessel; and

containing at least one small particle within an optical trap.

25 38.  Themethod of claim 37, further comprising altering the position of at least one
optical trap.

39.  The method of claim 37, wherein the optical traps are formed of two or more of

optical tweezers, optical vortices, optical bottles, optical rotators, or light cages.

30 40.  The method of claim 37 wherein the selected cross section is square.

41. The method of claim 37 wherein the selected cross section has the most intensity at its

periphery.

15



43. The nethod of claim 37, wherein the novenent of each optical trap is
controlled by a 5 conputer. 44. The nethod of claim 37, wherein the
novenent wbh oeamsdT2optical trap is controlled by a conput ePCTAGZE93A et hod
for mani pulating small particles with optical traps, conprising:

generating a nodified | aser beam by inparting a selected cross section to
t he vefront of | aser beam direct .at a first phase patterning optical
el engft ; égﬁ@ﬁgtqdré claty p wihereipeash QRtieal drapys dersademly mavabledi fi ed | aser
beam at a second phase patterning optical elenment; 15 providing an optical
data stream generating optical traps within a vessel by directing the
beant®t s The owftvdaffctdmsITnyhedeanthe nurveiniedi ofgcaah opté@bira isontreliéd past i cl es

i thin th vessel; and containing at |east one small particle within an
\(l)gpti%oé?p‘{?rap. 20 46. The method of claim45 wherein the novenent of each
optical trap is controlled by a conputer. 47. The nethod of claim45,
further conprising receiving the optical data-streamwith a 25 conputer.
48. %he nehhogthor oflckdiom 345 whengint the mayemeni ofieagh aptidal/zémiy dcohgolet bral dat a
S”e@o[nr}leﬁﬁ‘ﬁéh the conputer. 30 49. The nethod of claim46, wherein the
conputer directs the novenment of at |east one optical trap based on the
anal ysis of the optical data stream 16 WO 03/088723 PCT/ US03/ 10936 50.
The nmet hod of claim45, further- conprising converting the optical
$at a3t r eArethodyforynandprlatingranall muticloywitheptiesd treps, epmprisiBg, furt her
conprisin (YA : j We! | I . The met hod of
claim 51, gefd&f#ﬁg\ré Iggcri%l??éaﬁ%%%gﬁﬁ}&?@r%{m%%e%Cctfgloc(%ggiyg)sgé&fonv&o th t he conput er.

wavefront of a laser beam direct at a first phase patterning optical element; :

generating at least two beamlets by directing the modified laser beam at a second
phase patterning optical eleﬁent;
15 providing an optical data stream;
generating optical traps within a vessel by directing the beamlets through a focusing
lens;
providing at least two small particles within the vessel; and

containing at least one small particle within an optical trap.

20 -
46. The method of claim 45 wherein the movement of each optical trap is controlled by a
computer.
47.  The method of claim 435, further comprising receiving the optical data-stream with a

25  computer.

48.  The method of claim 45, further comprising analyzing the optical data stream with the

computer.

30 49.  The method of claim 46, wherein the computer directs the movement of at least one

optical trap based on the analysis of the optical data stream.
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10 53. The nethod of claimb51, further conprising using the conputer to
direct the novenent of one or nore optical traps based on the anal ysis of
t he vi deoweiognsd723 54. The net hod of cl aim 50, wherein thepPeirdsos/sisghal is
used to produce an inmage. 15 55. The nethod of claim54, further

conpiilsi nghemahed af dmnvﬂﬁ\ﬁmh;ertcbmmnsmgezoamﬁmgithee@tlcfﬂglatah:&rela:ﬁi\/termnt of one
or al traps based on the viewing of the imge. 56. The nethod of
cl ai M%@SW rein the optical data streamis spectroscopic data. 20 57. The
met hod of claimb56, further conprising using a conputer to direct the
novenent of one or nore optical traps based on an analysis of the

spectd os C c’fphecnfdhwchof @8im Jhdurtietrlvothpoiking Iredeivnidg thewhdeosignal Wéthapt i cal traps
age f f rned of two or nore of optical tweezers, optical vortices, optical
bot t I° &P optlcal rotators, or light cages. 25 59. The system of clai m 45
wher ei n the selected cross section is intense at its periphery. 60. The
met hod of claim 36 wherein the selected cross section has the nost

i nt efdit y The mathod Q@Ialgh%]r yurthez comprising analyzing the video signal with the

computer.

10  53. The method of claim 51, further comprising using the computer to direct the

movement of one or more optical traps based on the analysis of the video signal.
54.  The method of claim 50, wherein the video signal is used to produce an image.

15 55, The method of claim 54, further comprising an operator viewing the image and

directing the movement of one or more optical traps based on the viewing of the image.
56.  The method of claim 45, wherein the optical data stream is spectroscopic data.

20  57. The method of élaim 56, further comprising using a computer to direct the movement

of one or more optical traps based on an analysis of the spectroscopic data.

58.  The method of claim 45, wherein the optical traps are formed of two or more of

optical tweezers, optical vortices, optical bottles, optical rotators, or light cages.

25
59.  The system of claim 45 wherein the selected cross section is intense at its periphery.
60. The method of claim 36 wherein the selected cross section has the most intensity at its
periphery.
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