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o PRIERIS T FPPTeraiablres pREARPICALNS: The resul ting

noti on can be used to drive fluid flow and thus
transport -1 BACKGROUND OF THE INVENTION

[0004] It is conventionally known that holographic optical traps may be used
for manipulating small objects dispersed in fluid. For example, material
transport can result from a process resembling peristaltic pumping, with a
sequence of holographically-defined manifolds of traps resembling the states of
a physical peristaltic pump. In all such conventional approaches, transport
transverse to the optical axis cannot be accomplished by a single optical
intensity pattern, but rather requires three or more separate patterns of optical
traps to be projected. Other approaches based on generalized optical traps
(commonly known as optical vortices) trap small objects on rings of light
transverse to the optical axis and drive them in circular orbits around these
rings. The resulting motion can be used to drive fluid flow and thus transport
1-
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pl ane transverse to the optical axis. Such indirect
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carry out e optical trapping effect needed
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formof the optical tweezer 10 is to project qne or

em@@sﬁdo\bm o ithe tptainoieo e eRties! yeerapaertieddraripRd
f a.c | el ement (such as an
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relative to an optical axis he light beam12 is
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and output froma front_aperture 26 substantlall
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optical tweezer system 10. [0007] In the case of t he
opticphteldraant {iskichedsgn bjedtiventena £0)ashe nedeehimfiG. 1, the light
beam 12 has a width, w, and has an input angle ¢ relative to an optical axis
22. The light beam 12 is input to a back aperture 24 of the objective lens 20
and output from a front aperture 26 substantially converging to a focal point
28 in focal plane 30 of imaging volume 32 with the focal point 28 in near
association with an optical trap 33. In general, any focusing optical system
can form the basis for the optical tweezer system 10.
[0007]1 In the case of the light beam 12 being a collimated laser beam and
having its axis coincident with the optical axis 22; the light beam 12 enters the

back aperture 24 of the objective lens 20 and is brought to a focus in the
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having its axis coincident with the optical axis 22,

the light beam 12 enters the back aperture 24 of the
w@bjoeoricee | ens 20 and is brought to a focus iPCT/0820082028535
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20. A telescope 34, or other relay optics, is constructed of lenses L1 and L2
which establishes a point A which is optically conjugate to the center point B
in the prior art system of FIG. 1. In other forms of the invention the relay
optics can include other conventional systems, such as multiple optical
elements to minimize aberrations. In the system of FIG. 2 the light beam 12
passing through the point A also passes through the point B and thus meets
the basic requirements for performing as the optical tweezer system 10. The
degree of collimation is preserved by positioning the lenses L1 and L2 as

shown in FIG. 2. The transfer properties of the telescope 34 can be chosen to
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passi ng through the point A also passes through the

point B and thus neets the basic requirenents for
w@eoooessssg as the optical tweezer system 10. HEEUS2003/028535

degree of collimation is preserved by positioning the

| enses L1 and L2 as shown in FIG 2. The transfer
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created by the diffractive optical elenment 40. The

be wpderstoashthaieapluralitynet sleeh beamsid canfhe araatee by the
.aptical t 40 ' f

cifificsf ostc Somepn 4Pact be ottt i T inucdsitom, the
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emanates fromthe point he out put beans

clairactepiatie dfftheugttutdef tipodiffraBtias omtmahema{nmmmpéad:ﬂnef which
downstream optical elenents described hereinbefore.
emanatef froma t,bueu RAINEA dhps rtaetq%%b%ram4%|aaeemssmrepgh the

pajat a4 Sole oo oh e o AiRHRach Bet bieBitup gbrive

hé:grnbgmgpl e, inthe prior art systemof FI G 4 the
i ght beam 12 arrives at an oblique angle Rrelative
[00d HheThptprioraert sliff@active opdtcahelsment 4@loftldG I8eis shown as

diffractive optical el enent In this enbodi nent
being ngrmel 1R tlaet nHght e ?fathtﬁdnwmﬂb%r AranGeEts are

R T SRR 6.3 s v 1
arfiVe8RE QRESBlicRfe Ahgle PPEdISt@le to the optic axis 22 and not at a normal to
the diffractive optical element 40. In this embodiment, the diffracted beams
44 emanating from point A will form optical traps 50 in focal plane 52 of the
imaging volume 32 (seen best in FIG. 1). In this arrangement of the optical
tweezer system 10 an undiffracted portion 54 of the input light beam 12 can
be removed from the optical tweezer system 10. This configuration thus
enables processing less background light and improves efficiency and
effectiveness of forming optical traps.

[0012] The diffractive optical element 40 can include computer generated
holograms which split the input light beam 12 into a preselected desired

pattern. Combining such holograms with the remainder of the optical elements
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tweezer system 10 an undiffracted portion 54 of the
i nput |ight beam 12 can be renoved fromthe opti cal
wo e peieesyst em 10. This configuration thus epPeblUs®03/028535
processi ng | ess background |ight and inproves
efficiency and effectiveness of form ng opti cal
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fuoptiooally equaiysiesd.optjcab d8yicen suble aspt Fussinet lest ¢o converge the
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plw%m‘ aplar Fertainingnaist A. p0| nt A conjugate to the
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art system arbitrary arrays o ical traps
embodibeentribatdiffradtiveodpticalelemehb d 0t eérebeqﬂac&ﬂdurbatly in the

such an_  enbodi nent the diffractive optical elenent 40
plang, cpatINIASRPIAT Pect ly in the pl ane cont ai ni ng poi nt

00415 cal t ste they.
1007151 rbind PrtiCg sref sy e i, St SThes or ity Elpmgpgent
difffactp/e Htics @dembRts ﬁodd’d?fiﬁ”é ‘Elseer Fdr"ﬁedgﬁ%"kgeéﬁtlme dependent
version, one can create tine changing arrays of

vansrbncahetcraapsreﬁ@e vihe bhargingeerger of tfe ap’sqa;ltteaps 50 which can

utilizing such g feature. I n addition, these dynam c
beoB@rt&.fla g‘é?'f@ﬁ%h'it@z'@@ Ueh ddeaiseer 19 aQét’q%ﬂpeﬁ@,Wnamlc optical

o5 AES A0V TR R BT b s A8 A g
todond thd)ﬂher. For example, the diffractive optical element 40 can be a liquid
crystal phase modulating array that imprints computer generated holographic
patterns onto incident light.

[0016] In another prior art system illustrated in FIG. 5, a system can be
construéted to carry out continuous translation of the optical tweezer trap 50.
A gimbal mounted mirror 60 is placed with its center of rotation at point A.
The light beam 12 is incident on the surface of the mirror 60 and has its axis
passing through point A and will be projected to the back aperture 24. Tilting
of the mirror 60 causes a change of the angle of incidence of the light beam

12 relative to the mirror 60, and this feature can be used to translate the

resulting optical trap 50. A second telescope 62 is formed from lenses L3 and
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crystal phase nodulating array that inprints conputer
gener ated hol ographic patterns onto incident |ight.

WO 0@10256680 anot her prior art systemil | ustrat eBCT/nSIDEA28535
5, a systemcan be constructed to carry out
continuous translation of the optical tweezer trap 50.
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applications requiring a genera trans atlon

feetpabibuldybe paftidilaihesaful dgr kirgé Bealepiniovemdntdps/ondOthe range
al so can be transl ated vertically relative to the
of theliectivelpns( digld ShaidYy- by noving the sanple st age

[06r1t9? ’r?gweeze?ﬁ'o&%zt gg%t%ﬁ}j?ﬁcgwg\ ﬁl@ag)g?thp r:hcatl system is

arkx’ll{g%ﬂad Tﬁeﬂnﬁlt i Whhd i@nédh% %Hﬂtﬁ:lé&/trgﬁﬁéd‘%yﬂ% §|§‘tr'@él ecweezers

st age. feature woul d be particul arly "usef ul
10. anﬁgdlmglk:daemsmﬁt&r THeyondthenequivaient o;btld:ﬁdoeamsphtter, is
of vie 0019] I n_another prior

m%ﬁf{tei%’éf\&ﬁ%eg E@ﬁwerpwedene 2Qq ﬁ@h 6}39.%6%@@@# the omlcal
BTSSP " [ ing PR DRRERIRErP N bEL Rl EDS

sefdbtively @éfhﬁfts Ry iwal @18hgPPoT ight BERTEP Forind €he dplical tweezer
érray and transmits other wavelengths. Thus, the light beam 12 used to form
the optical traps 50 is transmitted to the back aperture 24 with high efficiency
while light beam 66 used to form images can pass through to imaging optics
{(not shown).

[0020] A prior art application of optical traps is shown in FIGS. 7A and 7B.
The diffractive optical element 40 is designed to interact with the single light
beam 12 to create a 4 x 4 array of collimated beams. A 100 mW frequency
doubled diode-pumped Nd:YAG laser operating at 532 nm provides a Gaussian
TEMoo form for the light beam 12. In FIG. 7A the field of view is illuminated in

part by laser light backscattered by sixteen silica spheres trapped in the array’s
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i nserted between the objective |ens 20 and the opti cal
train of the optical tweezer system 10. In the

WO boousticeg ed enbodi ment the beansplitter 70  PCT/US2003/028535
selectively reflects the wavel ength of |ight used to
formthe optical tweezer array and transmts other
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traps is shown in FIGS. 7A and 7B. e diffractive
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single light beam 12 to create a 4 x 4 array of

thaw!20 pe kelolbe tims upperl Blicnowtbpe glide.c \ hedsilibd epheres are stably
di ode- punped. Nd: YAG | aser operating at 532 nm provi des

trappedussthaee direpmeionsr eaghoin eme of ithesigeamoptical fwepzers 10.

1068341 oL 7iF 15 hVp, e BV A BnizBd ABaeNent 3 pheres
1/B0 de@nardeer the Sptial %Qﬁé‘é&@?ﬁ@&t@?{ %@Q%&%&%d but before

si xteen primary optical tweezers 10. e 1 Amdi aneter
the spbess bac tidhe pe diffuse awaydirem thedtrppasited i n a sanpl e
val ume _between a gl ass m croscope, slide and  a

[00RREK GPageauasby ntisal IW‘Pﬁéerﬁvﬁe’)éjz@'aT&ﬂrW"?%_t’alpéoug forces
oS5 8 AL PRRUER AP YG Ao dfl o s v
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spheres are stably trapped in three dinensions, each

Imiprecise atinmeat sindt iswertsticharacteeeties of tbe opticebetements of an
oRE Sk heRi SHe bRl eraidt e FES AR BEE, i
o ti ' f. -

o PRy URlRY SAAUHIRN BlralBEY St/ ppgpaEd hror. i

coRPNBAqabtity, tHebbpicdl digvaerty i apiical aradpidg eybtarat are aligned
traps use forces exerted by the intensity gradients

byi systeatatioplly adilssdndeasts elementghposisionrypile observing dhe
ot herw se. nodi mal | ,vol.unes of matter .in . three
aRREREHET ALY O b 2B s HRFEANERS D PRPLUTRGg system. A
wENi§i% & bpBELCEV8dzer MNP t& 8ltigH 1AM PmPhetR fORUL Gl spreads
trappi ng system i ntroduce aberrations Into the
uriiformdy mgdbsanmediicallyi whenidefocuseths Wiyilegsianble rerel, resmsdnably
t hereby degrade its ability to manipulate matter. In
effective, this approach does not generally achieve optimal performance, nor

does it provide a quantitative assessment of the optical train's alignment.
SUMMARY OF THE INVENTION

[0023] The present invention involves modifying the wavefront of a beam of
light in a specific way to create a new type of optical trap useful for
manipulating mesoscopic materials. When the modified beam is brought to a
focus, the resulting optical trap exerts forces transverse to the optical axis that
can be used to transport mesoscopic matter such as nanoclusters, colloidal

particles, and biological cells. The new type of trap is created from a
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common practice, the optical elenents in optical

trappi ng systens are aligned by systematically
w@adjoustiongy each el ement's position whil e obserRrCTgS1008028535

apparent quality of the focused optical trap using a

optical imaging system A well aligned optical

t wee conmes t tight an tric focus
copBRffha BT ot it P esal Ry Wihes? BevEBionss are at least
ap%&.m%rvpblanaﬁd Fbsaﬁﬁa%wc}s a EBE&PWIW? 14RY W3R Afthbrical
does not ‘general ly achieve optinal performance, nor
apgoese i spffmxemmy targaaasuitsain s sirmgedeanmegradiént-ferce optical trap
ical train's alignment. SUMVARY OF THE | NVENTI ON
npgtmf %%p&bff%stwﬁezr%hvmcﬂlaﬁng ﬁbmmerﬁfdﬁhteyvvagetrﬁet with a
vvavefrgnt of xeam of [g in a specific way
phasedpedulatien ¢ é‘anm%‘thé plr%qﬁ@é;fmheff&cused ‘beam, and
mani pul ati ng mesoscopic materials. \Wen the nodified
theredard thebpapgiities of ahe fresulting tapticab tnabpt i Tilge vptiaat is the

PosHPEP e 1o §PE BRALY B S BRI S (o o AR thansverse to

th8 t dal particles, and biol ogical
cg{]'%gltla'lﬁ'h(grﬁp \R/%gygghof trap is created froma -7 WO

[092@]1/ OR56GH jEctoRMBIMRBLI3D tocorvedd bandpréesdmedthod and
ght such as a | aser beam whose wavefronts are at

svsé%\atfor aptdishing apjurglibhat abersatien depesoptical tharam wi t h

10pz5f s P ARGuleh SHie6nt i M RoPityde piitiiel pp&hBE and
sy%f&%oﬂ%s% SPhéFRY ﬁo\“%%?r%‘btm%efrb’dt%st M%rPBBﬁ@alotfrale

the wavefront wth a hase at1on p( can nodi
[00R6] pr e rani zmr:ladlnbnaltm:jémuiselmb beemtioand prlovideorovel htethod
properties of the resulting optical trap. The vector r
andsanRasatysotartysing ceMRUtoRSeBWane teentiartahesrations in an optical
tlcal axis) in a plane transverse to the direction
" propagation. [0024] It is an object of the

[oozw Nt j£a8 af fRurfie\oBjectef tHEINYEAtoARbNABvRitdan fYpFABd method
for establishing a plurality of aberration free

andpsystain faragstablishiadp pluralisy @m@ubetaml:qllgoabanfattdmfree optical
i nvention to ovi de a, nove], nmethod and systemfo

traps aa"ﬁré?Wo FOMMEsEiab ePPHeR R relating g0 ma'aﬁulatlon of small.
paf LieS Fuch' & ?h&%g?cﬁl:lr&ﬁlt 'rﬁarﬂﬂﬁ@ﬂ% rﬁjdg{bﬂa fiteOhaterial

e invention to providé a nove pp eAnGE
apbﬁbawmﬂg‘abﬁﬁ‘aﬂbﬁrof%dWlC dotnSeMidrae] opﬂﬁéfe@‘tﬂdw’l@ detices,

ch%&lgglté:dalblologlcal sensor arrays, assembly of holographic data storage
matrices, facilitation of combinatorial chemistry applications, promotion of
colloidal self-assembly, and the manipulation of biological materials.

[0028] It is still another object of the invention to provide an improved
method and system for constructing a temporally and spatially varying
configuration of optical gradient fields corrected for aberrations to meet various
commercial application requirements.

[0029] It is also an object of the invention to provide a novel method and
system for using an encoded phase shifting pattern applied to a pattern of

optical traps for correcting for aberration effects.
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train. [0027] It is a further object of the invention
to provide an inproved nethod and system for

wesdoalobieshi ng a plurality of substantially abepPeBUSZNG/028535
free optical traps for a variety of conmmercial
applications relating to mani pulation of small.

o3 Rt s afisckPie Rvebion FapiE Pbmaroved
RS BARIS3SEARATANLSin ARANGH RELE 8L, deYKREEve potica

chem cal an ogl cal " sensor arrays, asse

elewleayr agbnverfing letnangan eraiodedesherfation coatction hattern to
conbi natorial chem stry applications, pronotion of
fogml # sHBatangially -absersiionyfree statitandden dinagic aptisel trap.

Il 0gi.cal ials. [0028]..1t. i N .
B0 Bl s R ki PR S oy
mBtHbPHRE Fsteth FAPIBYIHCA Iabr HafiRAIR! foYa AraRRE! cHtlckl

varying configuration of optical gradient fields

element @anddfuitver atsérg aniabesrationneeteatimn patkterrc aritteadieaim
application requjrenents. [0029] It is also an object

sNNiNgLsysieanenabling searnaof amaray afdnie! Araps foy veeRys

chﬂ%e‘r’?ﬁ%ngﬁlﬁca‘?ﬂa %ded phase shifting pattern applied to
a pattern o optical traps for correcting for

[0D32]" att ieral&d g@@faﬁothe& oM A0SR {HE fRBRtion to provide an improved
PCT/ US2003/ 028535 [0030] It is yet a further object

methadhand systerndor eopleyingdelight begmo diffiractiveranticsnand an
systemusing.a single.input |aser beam a diffractive
abSFAtich CORPEHRM SY R oh FBPEINGHONeNER B! UiA R ERlescope lenses
o . ¢ o .
tOREHT B0 HRCRP LSBT uhk et SUS ARl HpBiRbhtro
trg9)311 It is also a further object of the invention to

provide an inproved nethod and system enploying a
[0033r Beisranaiper obigch ofithe irkentian tppredde acnevairmethed for

R S AT

- i | a0 g
ARBEA5Io PhAGS shRiny Aol (SRTTES S MuRRPYHEFRhESE shifting
array)pasou idiifraotivienpptbes dlermenhadd ahsb sy eheoué @an aberration
enpl oying a |ight beam diffractive optics and an
CIFRGt PaHeEbWIHEthalmegdiiam i n conj unction with a

[Ogﬁ]al iI‘ct % ypeft é ﬁhﬁﬁ&%’&ek{a 97 fRe invention to provide an improved set

of optical vortices and methods of making and using these vortices.

[0035] Other objects, features and advantages of the present invention will
be readily apparent from the following description of the preferred
embodiments thereof, taken in conjunction with the accompanying drawings

described below wherein like elements have like numerals throughout.
BRIEF DESCRIPTION OF THE DRAWINGS

[0036] FIGURE 1 illustrates a prior art method and system for a single optical
tweezer;
[0037] FIGURE 2 illustrates a prior art method and system for a single,

steerable optical tweezer;
-9-



to scan an optical trap array while maintaining
substantially aberration free traps. [00331 It is

wa@ar@ilozieeobj ect of the invention to provide a POWEB2003/028535
method for creating nultiple independently steered
optical traps using a time-dependent addressable

(0BRRTT; RPORELYIRHEE AR o rhshbdnd H/tphThaBog firtractve

optlcaPelem@iicode an aberration correction pattern wth
that nedium [0034] It is yet a further object of the

[ODB%nt FIGURB 4illosirdeesaanotiner gvied asemetbbéd @odi sydtem using a

.vortices and net hods of meki ng and using these

tiltest ppbieal, e'fr@sssiel@imgrto e@bﬁn@eg dght bgeires and

(04631 ARETRE R IS BLRT S ok HE s Wain g, Helrdtishy
trﬁﬁéﬁbl@gptléﬂmﬁéé@mﬁabherﬁ?fu& dgalseﬁffrabm@bpm@éuépé\mnt
wi th the acconpanyi ng draw ngs escri bed bel ow

[OMddei RIGURE Glllestrates aa:mrIarkma’tb%mﬂdssys}tewughduampulatmg
BRI EF DESCRI PTI ON. OF THE DRAW %LOOSGl Fl GURE 1
pgr F'F'L?§tqsé'?%§‘”a°$f9% tWEEZeBT RV Y '§9sfpéﬁ‘i‘1”?% gn d”%aigﬁgfloé

V.&R,ﬁ,{% ohVESIZE5e SE,I%S(??] FIGURE 2 illustrates a prior

and s for a single, steerable optical
[0042¢Z eFlGUREV)lA A4/ d185ah8nTAgt ¢S 903/ B Fbab arrkQWGi&ptical

FIGURE 3 illustrates a prior art nethod and system
tvuzﬁzags frapg) fysing ithe prl@ptar'rcaptl@ﬂeav(smm qfoﬁ@]G,Far@Uﬁ@uRE 7B
ustrates. anogher rior st em us

et i Taed ok Ong Bismefe ABTAISt STian SPRBLAS biSanded in
wheaBy 106 |cé‘_llt%$@e5s b |FV(F“7 [ @d%&élgraf?éﬂtl'@/ﬁﬁﬁﬁ%g

w th ‘a continuously transl atable optical tweezer

llllamlrmborahaabeens iexginguishietly bat betorepthiecsihesbe it diffused away;
004 FIGURE 6 illustrates a prior art method and
[0 leanQ)lp'Rﬁeﬁﬁ pl!usa'tatﬂg a Grlpylp dagnw /§ aarfdepwremal vortex

o EERBlachl et 2 B IR B BT bt e of e
satfe VBREK & FIG. TN b QY WitHherE&tér F tHEtdlﬁ?éctlve optical element
encoding the vortex displaced by 5 percent of its aperture diameter; and
FIGURE 8C illustrates a more extreme displacement of the vortex—forming
phase mask from the optical axis, in this case 10 percent of the aperture
diameter;

[0044] FIGURE 9A shows an undistorted vortex; FIGURE 9B shows a vortex
uffering from 10 A of spherical aberration; FIGURE 9C shows the influence of
104 coma aberration; FIGURE 9D shows the influence of 104 of astigmatism;
FIGURE 9E shows the influence of 104 of field curvature; and FIGURE 9F
shows the influence of 104 of pincushion distortion; and

[0045] FIGURE 10(a) is a schematic diagram of a dynamic holographic
optical tweezer system; FIGURE 10(b) is a phase mask to be applied to system
of FIG. 10(a); FIGURE 10{(c) is an image of an / =40 optical vortex obtained by

placing a mirror in the objective’s focal plane; and FIGURE 10(d) is a time-lapse
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tweezers (traps) using the prior art optical system of
FIG 6; and FIGURE 7B illustrates an i mage of one
wor@ropwter di aneter silica spheres suspended POT/USEN®028535

by the optical tweezers of FIG 7A imedi ately after
the trapping illumnation has been extingui shed, but

fore spheres have .diffused, gway: 0043] Fl GURE

14 5 SR sl SRR ere HORAF bR ¢ =0

Wg%rtéyth topol ogi cal charge = 100; FlIGURE 8B
ilTustrates a calculated i nage of the sanme vortex of

[0D4@&] BARIGUBRE W fllusttates tiné¢ dependére df Bhraptidal @ortex's radius R
optical elenment encoding the vortex displaced by 5

opespsioyical chagyeapand uhe idsenaHars aaimluthallBdderéged intensity at £
illustrates a nore extrene displacenent of the
=v8Ptfemf thenimage ivhiblse 18k from t he opt | cal axis,

14 P REUBR P i Nistfices S Rrdpitebior %@ab%é@%%
c YEdBf bPInfddRBal YorteRf ﬁﬁt}ﬁ%'d“%lheﬁt@fr(/@& iflcate
Frkfiehe K of IER,

ows the I'nfluence coma
sadiayr@tedioned By@GE&E 19D shiotke $dl cumrfvleuerlesalt dforb (i tof Egs. (20)
astignatls FI GURE 9E shows the influence of 10A of

and &1 with/eerandengrfrT Gren depolerisnat chaeaq farn fendO@mW and
E of pincushion distortion; and [0045] FI GURE 10(a)

thes'née'éli'h'é?fﬁtlpﬁ shoxy sAregatediipyiansity Aistdeytipmiagound one quarter

of Bie, Rl Fe60e o e BrPO P tipL ofg g SasirBErE regliggd intensity,
oA pffhd a@%ecé%&%%?ed SAflgPRLt 52 AL B OBhAINSHh g FiGURE

cing obj eéctive™s cal

1g%¥#}§?%%%§erﬁ:et Jl)im?‘(bﬁgﬁ%fp ég ﬁ%gp%/@z% |th the dotted

mage at sec Intervals o

cér‘v@%@luﬁ%ioﬂﬁ HilUPRE ¢ aﬂge@h%‘t'%oﬁ%ng"tﬁgl o& ét‘?&\k/s

vortex, FI GURE 11 ['ustrates't epen ence of
patentipt enedgywiantiscarse caldulfﬁetﬂ?(ﬂomrfltsapdihegia:talm dhar ge(a) and

and the inset shows azinuthally averaged intensity at
FIS.402(b) don £ FelDramgePin FOGMWO(c); [0047] FI GURE 1

Bl o P RE b e EHg prane offPeBdFon Anumaten qhptical
RRELARY =% KOO0 S p; ng prec ot o by & (1

[0049] FIGURES 14(a)-(i) show the dependence of modulated vortices with
£ =60, a =0.17 and B= 0 with m changing from m=2 to M= 70 in integer
steps;

[0050] FIGURES 15(a)-({e) show the dependence of a modulated vortex

m =4 on the changing amplitude modulation a=0.7, 0.3, 0.5, 0.7 and 0.9,
respectively;

[0051] FIGURE 16(a) is a representation of the time required for a colloidal
sphere to complete one circuit of an optical vortex, with the inset showing the
corrugated intensity distribution around one quarter of the circumference of an

£ =20 optical vortex measured at reduced intensity, compared with calculated

pattern at /=40 at the same scale; and FIGURE 16(b) is a representation of the

-11-



and (21) wth dependence of T (P) on topol ogical
charge for P = 500 mWand the inset illustration
WG beoM®23568 r ugat ed i ntensity distribution arounBCDNS2003/028535
quarter of the circunference of ant = 20 opti cal
vortex nmeasured at reduced intensity, conpared wth
cal qul ate tern = 40 he scal.e;
depf & 53 (hP) oRRtechanteder bF (wth&%eaaaﬂ Hpwing the
for 19 with the dotte curve incl udi
o AP AT 1B PpRI A BHS fropyfitste daf in R Shmeand 160

| d I I d f
ob LTS AP CRGT R, € 25 STn O L' S
log@&l W\Fld@ﬁéﬁb(ﬁi @Bﬁcﬂémlak.btmé?@rﬁ%ftah@f%m Spstlal light

epéndence and i nmages of optica vortices with

m3BuleiStnAihoHAK thOPAGe Eﬁé&éﬁ&%ﬂ%(t) 7) ofto tiEhwavetent of a

epen ence of nodul ated vortices w't

TEVS la8er bfay, WhdreheHegtraasforaivdbean i§ ‘Belﬁzed lﬂl a melescope to
integer steps; [0050] FIGURES 15(a)- ow t he

thdem@tkd@&rwrefofaa nududssopd aljective Iems4t @h fomsaﬂqlan@ﬁmgn optical
i.tude nodul a

traTo 8@ FoRYg bR BRE NG villes CaiaeR (aite dABks g pbiects

in qraﬁtﬁcFag% t#l@%ﬁ&iﬂ?:&t@. %1 fv?é tfe g;?mtalgggﬁgé\i}g? Bngreﬁc{)ﬁmlghan £=40
oftiEHE VoPRIWFIGUREE] 7@ "shblﬁfstﬁfé re3URIY bpfuéawdrtéw&nﬁfensny in

around one quarter of the circunference of an =20
thefocabplaner aed AEHRE ¢d(dtshosds thl tiajectory 0f 2 siogppH@@ Nm

W th cal cul at ed patfern at at t sa scal e;, and
dipmetpiesitieq sphere Hav@meegm%%ﬁdc Heortergs gseuniference,

méggtﬁjeggast%/% Eeq%gn%si%qgr%l%zgééssts%ﬁBﬁagence of T1(P) on

power Set show ng the

[00B3INt FREURBETSNY) bROWsCHRepIEaeCoauRAidn o d hicdulsted optical
data in FIGS. 1 6(a) and 1 6(b) for = 19 and P= 500

varx Mﬂﬂsm] Bl GURE. 1; Fﬂ@eMRE 48ib)sefrmmathe p@e@agteﬁwaﬁnalaprofne R(6)
o SpsbabTohon 5 oo REEABPEr el ek T R - 0.1
oA RE Bt SR8 S TR BEP LB AEA Y phase
moelLRgionvior |l emd duliibd foptieae vortexi with AR Bpd =al ;

[0054] FIGURE 19 shows modulated optical vortices at a=0.1 with m=2, 4,
and 6, (top) and at m=4 with «=0.3, 0.5, and 0.7 (bottom), wherein

additional lobes appear in the lower patterns for a>a ~0.25 with the direction

of tangential forces indicated by arrows, and wherein all patterns wére created
with £=60 and scale bars indicate 1 pm;

[0055] FIGURE 20 shows two particles’ transit around a modulated optical
vortex, where data points show the positions of two 800 hm diameter
polystyrene spheres measured at 1/10 sec intervals over 10 sec;

[0056] FIGURE 21 is a plot showing the implementation of a transverse
optical accelerator, wherein the phase junction is plotted modulo 2x;

[00567] FIGURE 22 is a plot of the resulting intensity profile in the focal plane
of a trap-forming objective lens;
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trap and a conventional illum nator and video canera
create imges of objects in the trap; FIGURE 17(b)
W@ baom®236be phase nodul ati ons encodi ng an =40 PEI/USEN3/028535
vortex; FIGURE 17(c) shows the resulting optical
vortex's intensity in the focal plane; and FI GURE
d) shows the trajectory of a single 800

17
[0aF&he SEURE Piisc Al ehomingIthAg NS P AR olgeTL e phase

\Y) ' i ~C . u . .
AR R FIOCAT FEEE. o RS Mebmbd B SRFAIg fooa plane
antihe phase nodul ation for a nodul ated optical vortex

with me5, a=0.1; FIGURE 18(b) shows the predicted
[0058] al FIGURE 124 8(d plot shiosyvinghtbepnhtansityoeattermn ant the phase

dul ate ti.cal vortex with m=5 a = 0Q.1; nd
maeiERen 1AB) ZnEsahE bt Renictpmiesersrtiioy HE focal plane.

di stribution for the phase nodulation for a nodul ated

OPt | CRETAESDESERIPMBGNPOFATHE FREAEHHEH EMBBIMERTS
shows nodul ated optical vortices at a = 0.1 wth m=
2, 4, and 6, (top) and at nF4 with a=0.3, 0.5, and

[0060] ( bBh¢ @ctristemdemagnatidifieldmeaf alheaes odipigbficanrbe Hescribed
| ower patterns for a> acz:;0Q.25 with the direction of

ast RgER @gValusdcienctinn ROV arrows, and wherein al |
patterns were created with = 60 and scale bars
indicate 1 m [0055] FIGURE 20 shows two particles’
transit un dul d optical vortex, wher at a
points s &1%@8%& ;Ji?g;g)‘i of two 800 nm di arns\tere(}”]I
pol ystyrene spheres neasured at 1 /10 sec intervals
over 10 sec; [0056] FIGURE 21 is a plot showi ng the

ove! Lo | j
wheRl %@n&%quamae& raﬂﬁﬁnaaé%&dgggﬂlg@kh@?&a @a@g&bhase. The

ei'ri the phase junction is nmodul o _
orh PR e Pl RS, RSB b Bl 90, of an
'“?@%@%M@d@ﬁs -12 WD 2004/ 025668 PCT/ US2003/ 028535

23 is a plot showng the intensity

[0D&!1] er Theferare bendtitasss imiprihtlngf a dieliohl phdse prbfileregesh input
in a plane 5 mcroneters above the focal_,pl ane; and

who8d A avieff3HRE ptévicashy Iphdtoabemi phasbe (oi( @si This can be
pattern fromthe phase nodul ation of FlI 21 i maged
dasaribegltgne 5 m croneters bel ow the focal plane.

o.lr)= ¢0, (2)

[0062] In Eq. (2) the variable 0 is the azimuthal angle around the optical axis
in a plane transverse to the direction of propagation, and ¢is an integral
winding number known as the topological charge. The resulting helical mode
of light focuses to a ring, rather than to a spot. More importantly, the helical
beam also carries orbital angular momentum that can be transferred to trapped
objects. The resulting trap therefore applies torques and is known as an

optical vortex.
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DETAI LED DESCRI PTI ON OF THE PREFERRED EMBODI MENTS
[ 0060] The electric and nmagnetic fields of a beam of
wo c@ht2ssesr be descri bed as a conpl ex-val ued fRETUSING/028535
of position: E(r) = A-r)exp( icpr)), (1) where A(r) is
the real -valued anplitude and (r) is the real-val ued
. The referredfor of. _the invention jnvol
(oBRTF, TS SoklFn Ramnsu Flug in pn oty Vor i AHkE8 6 Jprm of o
trér‘néil}é?se Egﬁ%%em%;f%rérb%aﬁ?g%etaﬁ nﬂfmbﬂﬁfrh 'ﬂd)@fha% tends to drive
heli cal phase profile on an Input whose wavefronts
a traapedmelryclbaaioundSharttptm:laasertex% m)'cmnﬂere'rﬁbes Szamdlnswcal

descri bed by, yPe~r)= (2) [0062] In Eg. (2)
theary demengtrases Haataqqqmt)lh%nondﬁgst@haa dgam ﬁﬁetramtp%aﬂh to the

apswver t he rec
ol ahayleh e hERS e ForaP -8 bl HeoRidB o thestapotosical
cf%?gé h? bARPLa8sERbe ey SSWeT'Pe an@iseh ttlhé‘gadﬂ@k'ﬁa" ofr@féeoptlcal
ght focuses to a ring, rather than to a spo

deﬁi)@ ds' RIS ¥he liRfnaké S Bbjeckaspdcat %cﬁﬁre'h'n@j)roperties.
orbi'tal angul ar nonentum that can be transferré

[0064) pe Receilecit hasTheenm determimayl thatpan bptleélwmt@dplradms of
torques and.is knovvn as an gqgptical vortex. -13

mzémwozem'wavwaew O%sh\ebne?r@os\s&h 1orelasical sharge
momentum flux in an optical vortex takes the formof a
transverse conponent of the beam s |inear nmomentum

flux that tends %o dpive a trapped particle around

the opti &al= t+s—€), rcunf erence. Semi cl assi cal(3)

t heory demonstMAtes 4ohat each photon in such a beam
contributes h to the total angular nonentum flux. The
total torque thus depends on the t opol ogi cal char ge,

whre 408 AR gt BT RPN s Rie Ml e A5 the

& Ot Pl

BB AR SR B L8 2 R B

optical vortex's radius of maxinmumintensity scal es

d%f'?'ﬂﬂeaMryquM\éM'lgw Rieem’s prepagAtion thirgehdherapticalarain.

Tﬂls Tln(egp dependence results from diffraction by the focusing element’s
necessarily limited aperture. This linear dependence on / leads to scaling
predictions for optical vortices’ optomechanical properties with which one can
probe the nature of the angular momentum carried by helical modes. In
particular, a wavelength-scale particle trapped on the circumference of an
optical vortex is illuminated with an intensity /, « P/(271R,), where P is the
power of the input beam. This assumes that the photon flux is spread
uniformly around the vortex’s circumference in a band roughly A thick.

Assuming that each scattered photon transfers an angular momentum

proportional to ¢ # , then the particle’s tangential speed should be proportional

to ¢ /R?. The time required to make one circuit of the optical vortex should

scale as
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0O where Ais the wavelength of light, NAis the

nunmeri cal aperture of the focusing elenent, and where
W@2M04/085648 and e ;t~9.8 are nunerical constant SPCT/US2003/028535

describing a uniformy bright beam s propagation

t hrough the optical train. . This |linear dependence

results fr iffractyjon by the focusing elenent's

necessari Ii@fﬁi’f@% E'%jpert ure. This linear depeﬁ&énce

on .e leads to scaling predictions for optical

vortices' optomechanical properties wth which one can

probe t nat yre of the gul.ar nomentum carried b
Th?e‘l’?*@alr'q:re{@dgﬁa)l ﬁho‘ﬁa‘ihtait% r),é%ewg'éﬁ ﬁ&@ﬁ‘r‘ ’s‘E%ﬂ’é’”}/g to Egs. (3)

particle trapped on the circunference of an optical
andod) &¥r isrged Valiepafed . Wi th an intensity /e cc

P1(2n2RQ), where P is the power of the input beam

s assunes that the photon flux is sprea uni form y

(OGBBE noFore 600 Howiearr B Paria 8 sy tehaSalv. i §rep

thick. Assum ng that each scattered photon transfers
pradicmcgusanilmbm%; (fth sqalespwiith Brasl prediciedh for inuer pawers, but

particle' s tangential speed should be proportional
: D ' [ Chul] j i fort
e P ol [Pl S, W Rafitio ThAFe Biglipr ¥¥the
paridle USREREA Hih3er. BQXKH B theseRhéxmdited £)ffelite cdatlse ascribed to

FIG 16(a) show that Te (5’2_ does i ndeed scal e ) .
thg despitRchstrueturg Lf qrgjcal yertigep) cregied ¥yige pixgliptad difragtive

.. [ 0065] FEar <40, .however, t ri 1S e e
ontisel SiRoTtay | 18 s RIS Bresris vk gBRg firytiss for viization of
BroRni&® da@Spbit i ModdlRes Poséshisor | ower povers, but

Increases as P increases. In other words, the particle
[0066¢s ¥Vlmwepraisctedeontoathiei abjective pansh éuputapaieil,. edddt éffective

of these unexpected effects can be ascribed to the .
phaseixeleransyeughly dProNumgricolhy trapstorpingisighyn gpodized

pi xell ated diffractive, optical elenments. The .
beagt FRrRalsraRatterm ef AewirdBRoiY GRIrURatong, agiehpywyin BiE. 16(a).

of. Brownian transport in nodul ated potentials. [0066]
Thafserestablisit a e aolyt sinusaidalbpetentiabthrengh whieht theupérticle can be

each effective ase pi xel spans_roughly .102, .
driyeReby the Tcgpql @aﬁgpacsrrnp i asdﬂgeéﬁelwos dependence on

arclength s around the ring is modeled as:

1,(s)= 27;/? (1+ acosgs), (5)
£

where o is the depth of the modulation, and g=2¢ /R, is its wave number.

For¢ >¢ 0%10, g is approximately independent of ¢ .

[0067] This modulated intensity exerts two tangential forces on the trapped

sphere. One is due to the transferred angular momentum,

F(s)= A, R£(1 + @ COS gs), (6)
£
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beam reveal s a pattern of 2e intensity corrugations,

as shown in FIG 16(a). These establish a nearly
waRowszieeml potential through which the parti cPer/vsmwobe2ss3s

driven by the | ocal angular nmonmentum flux. The

intensity's dependence on arclength s around the ring

is nodel ed as: /e(s)= P (1+acosgs), (5) 27rARe where

ais the depth of the nodulation, and q=2e /Re is its

wave nunber. For e >e 0--10, q is approximtely

i ndependent of e . [0067] This nodulated intensity

wBER 4 fodaMangaRgenbhtnthier 862 oP? hPeF bABRSis 8LIRNEd. The
One is due to the transferred angul ar nonentum Fe(s)=

' pré%rzp ?fs%%g‘?@gé%%éﬁ eg?neetéé lfé\?tcﬁg %Aé/ t&%ﬁ?&ﬁ%cle s scatt}grmg Cross-
se%fclo hTI?(?'bt %% b tiEa gﬁ%nt -mrece reeft@‘fﬁg izable particle’s
I'n (?lﬁe, par PO &8

des” suc geonetri cC act ors as

re§|§@ﬁ§ei‘fd Ritat Mft8Asity eeadients: The other is an optical
gradient force due to the polarizable particle's
response to | ocal intensi ty gradi ents: Fg(s)_-sAC2;
rAal e(s)=eA0 P aS| ngzs s . RQ where F. sets the
relative si nf_&gr ng, Conbi nizmg
Eqs. (6) ahd (7) ylestdsé’-she tan@eentlal force F(s) =
AOR (1- 77 cos gs), (8) e where an irrelevant phase
angl e has been dropped and where q = a(l1l + e2 )2 .

enif a r an unj.ty, . both and .
whb s ks it SRRyt ehas ofahien: iR5Ce- deompinige EAS. (6
f th dul at | at
A R R AR gEalRRLd O (T fnd the particle can

become hung up in the |local potential mnim. The
nodul at ed potenti aI thus increases the effective

drag. F(s)= A, ——(1 77€0S gs), (8)

é

1
where an irrelevant phase angle has been dropped, and where 77 = cx(1+ 82)5.

Even if o is much smaller than unity, both € and 7 can be much larger. In that

case, reducing ¢ at fixed power increases the depth of the modulation relative

to the thermal energy scale kBT, and the particle can become hung up in the
local potential minima. The modulated potential thus increases the effective
drag.

[0068] A particle’s motion along an inclined sinusoidal potential with strong

viscous damping is described by the Langevin equation:

ygg - F(s)+ (), )
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[00681 A particle's notion along an inclined

sinusoi dal potential with strong viscous danping is
walemaneisesl by t he Langevin equation: 7 dt F(s)RE(/U%2003/028535

(9) -16 WD 2004/ 025668 PCT/ US2003/ 028535 where y is

the viscous drag coefficient and IF(t) is a zero-nmean

WG o8 e EBous, 025" oot HE! B @ TR midah, fftord Shermal
fo?ceFTTﬂ_e a‘é’@@élﬁtecﬁ%&bllﬁq’u tad e d¥predded ast he

topol ogi cal charge at which the nodul ati on reaches
kBT. Gven this result, the transit time for one cycle
should be: 2 T,(P)_T, Pi (11) P ujuyu where T, = AO

I (2i,RP) is the expected period for e = 1 at P=P1 in
the absence of nodul ati on.,2The sollid curve in FIGS.

16(a) and fu 6(18)2} a—m—%ﬂe—hﬁg&— (10) and (11pD)for
T, e T and q. The reedult:s, T®PL/P + 1 nsec, e T-1.7,
and ij=19, are con ,g7stent2w.ph+th strongl y nodul at ed
potential shown in the inset’ to FIG 1 6(b). Rather
than snoothly processing around the optical vortex,
the particle instead makes thernmally activated hops
wherteneer: AgP Hpizk)T Wl the iapotogidalr aiergerat hivhishctheymblalation
optical vortex's torque. [00691 Replacing e le T with
re&tHd? ksV.EGivdrlfis yeshitsthentransit oigoa $or eselcycleoshoulthde:
period' s dependence on applied power for fixed e , as
shown in FIG 16(b). Here, PT = 4lre r1kBT/Ao is the
power at which th?iz%dul ation reaches kBT. Using i
and P1T OszgPD] FIG 16(a), the sphere' giqptions
above P= War/%y/s ower even than the nodel
predi cts. The period' s divergence at high

where T, = A, /(2myR,P,) is the expected period for ¢ =1 at P=P in the

absence of modulation. The solid curve in FIGS. 16(a) and 16(b) is a fit to Eqgs.
(10) and (11) for 7, ¢ _and 7. The results, T P /P=1msec, ¢ 1.7, and
n=19, are consistent with the strongly modulated potential shown in the inset
to FIG. 16(b). Rather than smoothly processing around the optical vortex, the

particle instead makes thermally activated hops between potential wells in a

direction biased by the optical vortex’'s torque.

[0069] Replacing ¢ /¢ T with PT/P in Eg. (10) yields an analogous result for
the period’s dependence on applied power for fixed ¢ , as shown in FIG. 16(b).

Here, P =4nt nkBT/A0 is the power at which the modulation reaches k7.

Using n and PlT1 obtained from FIG. 16(a), the sphere’s motions above P=1.5
W are slower even than the model predicts. The period’s divergence at high
power is due to a localized “hot spot” on the ¢ =19 optical vortex resulting

from aberrations in the optical train. Such hot spots have confounded previous
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power is due to a localized "hot spot" on the a =19

optical vortex resulting fromaberrations in the
w@pio2d66s rai n. Such hot spots have conf oundedP@r/@$10081628535

-17 WD 2004/ 025668 PCT/ US2003/ 028535 attenpts to

study single-particle dynamics in helical beans.

?lﬁ:ﬁg.’r@et x Hdzz%?rlti ep@rﬁ&e%}%&g%hﬁe&?&@@aﬁhgg e%vz\:ﬁrae hot spots
alsesdereewithniBsreabitty boihalr, tHayNEdthint mlchﬁcﬁﬁ"@ﬁexﬂ_&r@ntlally
=T (P) + THexp(P/ PH. (12) [00701 The data in FIG

incs¢ayinaresidenee simes. IheHoTaltransistineabecdmes270 M
Localization in hot spots becones conparable to
corrugation-induced drag only for powers above P=1 W

and so doe in FIG 16(a)
Consequent fr}ﬁ?t héy(;)9 g’f %Qg({csfi/g&we)1 nsights into i e

nature of the helical beans angular nonentum
density. [00711 Egq. (3) above has been generalized to

[GRZOLNtTHeodatahiaa [FIGS ST Bib) iaty cbhsisterith@itRel i €8l mBBashd P 270
profile mght not have a uniform pitch. The radius of !

midlxi beoalizatiensi hyt BpOLs becameb\cmparabk:  terrugheibdnduced
t o the wavefront's azi nmuthal phase nodul ati on
dfag 90'Q{hf0r Rayyers abayg =4 W aaé;qcsﬁc%aeﬁ affegt The dlata in FIG.

1%g{)l o %@qﬁ_[elﬁygs tﬁ%%%@%hﬁr ﬂﬁllélf ?ﬁsme ?o_t e%lf'l(élct c())ff the helical
béarmlsehdul@l Indrhéhturh YehdkyThe resul t I ng modul at ed

«optical vortices do |ndeed have mfold nodul ati ons of
[Q021} adiq. (Rhabeve dyastbatepgentyatizecht@adcodnosir the possibility that
' depends on R Studying the notion of

Or ent tlon A .
¥ belieal phase piptle g nel b e ey mPlﬁ@p}péfd\eoWdlUS of

t, th t
exerP BiteRBty RN A0k ST AR [RAa 1P et shapy
aZRAhBRSIREE fobiutaeiDerBa8R35 [0073] I'n one opti cal
trapping system shown in FIG 17(a), a reflective

liquid
A 1 do(8)
G —_ ——

() ANA[1 £, de} (13)

This formula was utilized by modulating the helicity of optical vortices

according to:
0(8) = 46 + asin(mo + B)] (14)

[0072] The resulting modulated optical vortices do indeed have m-fold

modulations of the radii whose depth depends on o and whose orientation
depends on B. Studying the motion of micrometer-scale colloidal particles
trapped on modulated optical vortices confirms that these still exert forces

tangent to the periphery, R(6).
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crystal spatial |ight nodulator (SLM is used to

inprint a desired phase profile rp(r) onto the
woanwefessst of a colli mated TEMbo beam of | i ght PERUS2003/028535

532nm). The nodified beamis relayed to the input

pupi | of a high-NA objective | ens rmunt ed in an

o7 Foonr BhsichEapBmtbsvatemossai Fig. 1 Alnd Teflective liquid
cr%t%tl 'shAHE ﬁﬁht%ﬁhHQZW(é ) PLi&Rto Eﬁnﬂg (%%sﬂreﬁ dﬁmjse profile -

ge on an attac eo caner a.

(n)mrﬁalthahnseefrans&sf anadithat: RTENRS bea ¥Pliglex (W 6B2nM). The
40, and FIG 17(c) shows the resulting intensity

mddifted bedrnds reféiyed $bNhbdspat gupil oéat high- I‘dzAfoh}e@mue/Ianfs
rou}(g)%jn 50% and the central spot in FIG 17(c) is
mebRtachin amivesiad bght mjgreseepe céhm;fr@a piacednia f@,@tlpam focal

ot e e LS ARG BOEMR BB ¥ pbOBH s«
foriear adge @nt &n %Yt@chéé%d’étﬁ cafldfa.PIFIG €6 t7es) sﬂ’ﬂﬂﬁ§ a typical phase
function waps around at (p = 2t to create a

maslalehopdnhgaqrpeatlaalc‘eort@m(v\?ml} N%eﬁoaandpfﬂﬁcél7(v)osmcms|tlae
pro | oi dal,.__m crospheres

reap@k@‘:éri%ns'w?f Qb e 7108 SIMASCR i FoE0. Bffgney of roughly
5(5%6.92{&*5‘( élhtgﬂes dt! |Hq:l@f lf(@g Qﬁvé&?or%?%i%al tweezer

rrent um em around

ceHtedde &ﬁél opticabagisdormed frire ther@BuffraTét@dr;ﬁﬁﬂbhl d¥0the input
notion entrains a flow of both fluid and particles in

beama\Bdoadise 4he @.deaamrdgemn‘ose phasei shaftanol the xange O to 2x

xtrenely smal | VO| unes. 0075 FI GS.
ra%s?(\é) tﬁ%{%snegmmﬁ% ﬁérrqttsm WABP at P2 Ao create a
hase affects its geonetry. The
SERLbE eppt B, o P LS ety

1 8(a) includes an m=5 fold

[omml aWWieen ah cptilal VoeiRxds projebtsd prbi ATBASRE 6 calloidaF
60 helical pitch. The radial profile predicted with
miggosphaps @ms@ imvwater, a{dsl anadientéorees diew spiteres onto the

S S RSB 3  BBd E 2 lm sroun n
mﬁﬂﬁﬁfé’i‘éH@e Jar sﬁ’@\ﬁHl ﬁtF’?é h@'](_ﬂ)cah’h@h@&ﬁﬁm?ﬁroh@n'@rﬁréﬁs a flow of

and a= 1 and e = 9 shows I ntensi t

bgutht fl @it rend pblttmllmaem @wva/samdlmmg dedmﬁagEedodﬁph’rpm@ and mixing
m)dulatlona and bi/ varylngavvlth fixed m
extfﬁmeb/swng saERie¥Qlre®n beyond a.= (e Qe +1)/m

s ({.‘1§ g?aqs18(c?s}4mw298€'v/ 8é2r| c?calR/ mo%s%sgccl)r?g/ 9"21 %I al

vortex’'s phase affects its geometry. The phase mask in FIG. 18(a) includes an
m =25 fold modulation of amplitude aa=0.1 superimposed on an ¢ =60 helical
pitch. The radial profile predicted with Eq. (13) appears in FIG. 18(b) and

agrees well with the observed intensity distribution in FIG. 18(c). Comparably

good agreement is obtained with our apparatus for modulated helical phases up

tom=12and a=1and ¢ =60. FIG. 19 shows typical intensity patterns

obtained by varying m with fixed depth of modulation a, and by varying a with

fixed m. Increasing the modulation beyond o =(¢ 0/e +1)/m causes the locus
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of maximumintensity to pass through the origin and to
create | obes of negative parity, as shown in the | ast

wo wdiopmees in FIG 19. [0076] Just as unif or mrPOpUSAL/028535
vortices exert torques on trapped particles,
nodul ated optical vortices can exert tangenti al

of PRET BT ibets bRss Beuphabe SiHin s Pt s of
nedativedShrityN astdhotvi §iHA Rt tg\)@irﬁ%g‘m ﬁ'Gﬁ.mPé.ﬁr

pol ystyrene spheres dispersed in water are shown
[00761ul dusthgs antfionth @ptidal eerficddexerdubedet optrapgpled particles,
vaortex, each conpleting one circuit in about two .
medulsiied optial Yomicesrancexert fangential fatcesar F bese Torsos can drive

. i.Lh =.6 = 3, .and = 0. 00
4R e b gtk beFadlices laachorB: A€ emiafiiefn Fie. 20. in
thisVhsalstd, [ HONR BOBPRG! Gianfi6r hoiyBRRENe TRheRNY 83pkdsddlin water are

the undiffracted central spot. ereas spheres travel

showie cinculdtigsanonintdoa bhngediotil b dulatedvegrtic ab valrteop teiachl
vortex, such as the exanple in FIGS 17(a)-17(d), .
campleting g pireyit (yeRPHT KyerSecoRda: | harfuve sphenes; indicated by
smallest in nodul ated patterns. This arises both .
arfRv gy vendong ghirapavitgdt %@eﬁ‘éﬁ 3aendsgg((. draty 300 MW, in the
and al so because artifacts due to the SLMs finite
diggeiitonaindicgaded oyt thencurerd arcowavewa ardslidopal@phenesdre trapped

mBFRf IS, g erkelEr e ed Gantialsger. MbFchs syeren iravg! more or
e BHRBrRERtd ARG cRhyERGTE ARIGH JoHeR? 56 asfthe Aifilo in

FIBISQ) €0(R)-pNd), chep tehd e cheulte ieshepily vah&’s Rtd1a® smallest in
circulating them Such optically nedi ated
mgdylated petiennsr d his afises both heeaysd the ightsiarppstintense at
m crof |,ui di evices. Unlij ke distributi Jret hods .
salTagi fhd A5e bheisemeitp GG to it SLRSFANES Spagal
. . i ! !
reSORABN' APPICAY A HoRepidRERl difect Ty fe 1R Sd5fprtures at

latgertradiisDahinighipgittetbities dthardevrradi atseetdrebltdweaken the traps
nmodul ated optical vortices can be used to distinguish:
atdganes|regdylations spgbias droserrbiowniin £1G. $Hadaeepldnodulated

tical properties. Conseguentl ul ated. optical . .
38§ deol 8ol HapRRR dEFPhs dp AR GFaBl B iR circulating
theh®C SRR pHikhIFEReaRIES didthibatiéR Gresehil Fof marifQia8hgAamples

nodul ated optical vortex can be rotated to any angle
inbmicraflyidigd@vices. Riplikeldistribhitionametheds basedpacdiranslating
conparable in extent to the trapping pattern can be .
disgreb® optisalii\yrez9is, F1a PEaSENS appHRaGh sk bedmplemented with a

siﬂ{}lieeﬁ'éﬂg io‘?ﬁracccEWer SHigé:i ek?é(ment.

[0077]1 In addition to translating particles, the forces exerted by modulated
optical vortices can be used to distinguish particles on the basis of their size,
shape, and optical properties. Consequently, modulated optical vortices can
also provide a basis for sorting and fractionating mesocopically sized materials.
[0078] A modulated optical vortex can be rotated to any angle by varying p
in Eq. (14). An asymmetric object comparable in extent to the trapping pattern

can be immobilized on the pattern’s asperities, and its orientation controlled by
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-20 WO 2004/ 025668 PCT/ US2003/ 028535 varying the

phase angle. The negative-parity | obes of deeply
woeediozateesl optical vortices exert retrograde PCT/US2003/028535

tangential forces useful for canceling the overall

t or que on llarge illum nated objects. Conparable
L t h ted, b :
val bR AEge Ainelf: (108 DR B A HOBEE &1 P homgdulated optical

vogl]ﬁ’(% |ngéJi(%rg ltr%{j'sglg{ e @Jﬁglgﬁy L&@Eé 'ﬂlgeﬁ.ﬁtbe BhnELIARP 1 blerall

Using this approach,
tottdue o &ppediiwbjrested @ihjtadﬁte Coraparbldygoatrsilediretaieanhas been
light w thout mechanical adjustnments; the intensit
imgleppentedt by inteeisring anappiea yrartex wikh @&p@yﬁeaoga'nw%c%

h h )
ewZARBE Al BY oo hEticaiied WD P RaRT EBldtksBIy. Using
thfghéjﬁﬁoﬁé‘ﬁi‘aﬂfeeﬁa ppED ¥iddtidSb@brientePBY i £ ahigRBed@rof light

| at ed' Optl ca VOI‘{I ces I n actuatl ng
W|Mnmnmmleehanm:abbdjmlsmbn'es_;iherime(nmysjis‘simmoascqm bpdadered to

valves in mcrofluidic and_| ab-on-a-chi p devices.
the darasted sapple’srdane, Kouah 59 E@nta“@r ﬁﬁgamﬁ\ﬁamr%ws can

Créé}]%efgpﬁgﬁ ##&ﬁén%n &atgl% mLﬁ{gn%tOr%rg%oTﬂg%g %Eﬁanced

S an uses. n one

capaBilitiearalloev applictbrisofc? Mbdlagnepttalcy@dizesfin actuating
open-ended optical intensit patterns. In particular,

mlcom&letiem@hlanml syateme(MEMS surh appuseps ard yakies in
ogQrdinates, this |line has the

| a
m'&ﬁ%‘{!\lﬂ Btﬁ’nan‘g lay- on%o?ti'g)& e\M¢eRy Substituting this into
1 .
OB75) L T ISP g i o

be( 4L ula@8B O3 athieveptwisetetiatéédterarnidsugpdnt iredne rentbdalinizht, Eq.

In practice, this function nust be encoded on a
(18 vho desarpliesstaapnasegeneal slags oflonargendemhaatigalgntensity

o Rt SRBRPYG R CHEABip SsRARRC 1B PS 488k istance
b. ' M Bararr%fd S’nﬂ%spocﬁ%shné R8s eh@%Quatibs: pPhase function

otte nmodul

b

R(6)= sind

(15)

Substituting this into Eq. (13) and solving for the associated phase modulation

yields.

0,(0)=b ¢ OEA In(tan -92-) —£,0. (16)

[0080] This phase function is plotted in FIG. 21. In practice, this function
must be encoded on a device such as a phase-only spatial light modulator

(SLM) capable of modulating the phase of an incident light beam. For
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wi t hout | oss of generality. [00811 The resulting
intensity profile in the focal plane or a trap-formng
w@bjoeoricee | ens is shown in FIG 22, together PET/0S2003/028535
arrows 210 and 220 indicating the direction of
transverse rmrrentumtransfer al ong t he Iines of
tenS| act ] fnes

e Dehorboses, Inesetote it bhis thitian BiderieduPBBbi s

wi%Pfd)@t 1939 of neggmrylty s sake, the calculated intensity
has been nmultiplied by x312 in FIG 22. [00821 The

[OQBi'I rar YhebssultingiiotensitytdrafileSn. thel®cat ptaressr altrap-forming
lenents a linear intensity distribution transverse

Ot’dQPttW?e|98§t'$ hPvIXInsFiGh 42 ctogether Wi AEe WS He Angng 20

m&ﬂ':gﬁlq% §dlr%%gbﬂ tht?bﬁs&eQQé 'n%m{a n.g“ﬁe tﬁﬂmfgrlg g\'\melclﬁes of

enh used S gn Si nus

maaammﬂtnﬁfén@nv Clal preefité Cfe lu@éss Ontchshyerals off 85 1/ with
desi gning nore general intensity distributions for

distanee gefrmnanheamﬁlcaiammﬁéo Foreclefitt’ e sake, themealeulatgd intensity
b | desi ted di

nabdesy UG QY Pvet BIC P Gosi 1 ad phace modul at i on

[obg2) 4 fﬁggﬂ(ﬁsﬂr& ?s%f@éfl&y% a:éﬂ;'(?%)%h‘é Qéscf\ﬁég‘?ﬁiupié?ﬁents a

typlcal suc ar ab

linexpritbasity distABatiofltfEmsvédsetb ﬂ’i‘éJWptlb@I axis @Rat txrries angular
pattern fromthe same phase nodulation of FIG 21

momgHtdaM alopy diselengthy M‘r@@'@ﬁ@n%\ﬂ@aﬂeE%nﬂl JeMdhich mseviously had

be}ceﬁ?@s!éadgﬁ)ﬁg hegﬁa ér},tiﬁ%ﬂ(ﬁﬁ] %{Jﬁzgé %lp]&g:ﬁgvg)f)lces, also is useful
f r . .
folebion “‘”“5% 2 RRARY!diptrbthic (18} Mgfe 6 hore] applications.
THerefws e cirsgevgrtal Eql (‘e:&)cmrebatsmlveipﬁﬂaa giveh degignhatedfradius
counterpropagating lines in order to reasqnably handl e
veicher, | Ogty solveifor theplesited phase nodul@ti6n, hekleteipafter, various
of transverse optical accelerators do not share this
exXamplesiare provited [fonegicaldR () pdoflppesucinas a pawbiota Andm
the limted resolution used to calculate this
hyperbolact i on pattern. I n particular, the phase pattern

ofkal, 168, 29784 h3ufingind Bt ARV o EBgbnese
magtiRatishWT FISeD T tndgedN$ blarles B MisroreétepsliabBlE -and below the
focal plane. These illustrate aspects for the three-dimensional structure of the
intensity distribution of the beam of light forming parallel accelerators in the
focal plane.

[0084] The linear transverse optical accelerator appears as a pair of
counterpropagating lines in order to reasonably handle the logarithmic
dependence in Eq. (16). Other types of transverse optical accelerators do not
share this limitation. The lines’ mottled appearance results from the limited
resolution used to calculate this diffraction pattern. In particular, the phase
pattern of FIG. 21 consists of a 480 x 480 square array of phase pixels,

chosen to accommodate the physical apparatus used to demonstrate this

embodiment.
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-22 WD 2004/ 025668 PCT/ US2003/ 028535 [00851 This type

of preferred transverse optical accelerator has
wa@adwantswsegeous applications in sanple handling POT/US2003/028535

mcrofluidlic and | ab-on-a-chip systens. Because the

l'i ght whose |nten3|ty 'S pI otted in FIG 22 also

rt | i near along the.lgci o imum
10PEBE <7 bi5, PRCYLPTRTE RS MR ataeL PR gl TR o
aceraﬁE‘é“‘ngUJs af?ﬁlﬁ:ra'tl%h§ ih Rahifte fh‘éﬁ@hné’lf@rr‘ﬁncﬁ@ﬂﬁdlﬁﬁah@ma% -on-a-chip
I ncl ude, for exanple, manipul atinhg and passi ng
sylstmnsmBubeshedrglhlt avltiede jpaensit) ssplomeadoiol kIS 23 also imparts
bi ol ogi cal cells, and the Iike through mcrofluidic
lineap ARINENtUM alopg the ipciof maxmwptntesityy thesaigeasitypattens

oo BEEnE RBoPY Pk a b o ke and: dfaicariogagiuce. for

ex@xife nﬁian.ﬁmet;ﬁglaml @absﬁcdﬂmomm&neéoe;@mml%ma@s

are inpractical. Unlike such other approaches t hat
namqtustersehtdogaﬂal pellsyantythe lilkd durougbahicaotiestic channels. In
ort with verse optical ,accel erators

tra tr ans‘
p%a@afe@%wﬂ%ﬂﬁr atgrs €88 by ueRb 10 Nt Oplasts g regions
Wﬁél@ eld tchRt{bﬁJ,sﬁjs MRl G v, fr%ﬁﬁ\é%@'?orgglg%r%ﬁtep &b

sone a ages over ear eSscri be apove.

maalpmaiw»ascl@faé@baﬁnot B§|a fledf 6F aRXiipraeticaRr BPAké such other
centered on optical axis R(9) = a (17) 1l+cos9 (P(9) =

approaghes that requive extargpl phwynamraelemwak aepesspitrangiport with

ol ool o S iy 31
[06@%/ O@)QQQISPIP ﬂéyﬁ?@oﬁégﬁ t{cgpﬁ%]'ls% i ceﬁ%‘é‘?‘cﬁs with

eneral transverse rators
some advantages over the linear form described above. Particular examples

include, for example:

parabola: centered on optical axis

(94
R(O) = 7
() 14+ cosé a7
¢(0)=£0[%|\%tan—2——9] (18)

hyperbola: focus on optical axis

R() = ﬂg——l £>1 (19)

1+ s£cos®’

o (e~ tan?
ol0) = £ =7 £22 (62 —1)tanh™| ———2 | -6 (20)

g2 -1
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created using a dynam c hol ographic optical tweezer

appar atus and have been denonstrated to transport
w@aootiozdees in a direction determ ned by the sipeor/ok200se28535

anplitude a. These patterns have a substantial benefit

over the linear formin that the defocused intensity

pattern retains the overall pattern in the focal

pl ane. Wth appropriate control over aberrations,

[00BF1ef Both of 1RESe MHBYRIFA tr Ir§& AbeEIRrapes alsd Fdve been
optical traps in the axial direction, and so are

cragtefdubisihgra dymannini haloignap matoprtical swakoergagparatirs and have been
trajectories in the m ddl e of & t hr ee- di nensi onal

demebeiatadossBRNFROT AAFEeIer iR HisrGHT detsmingd RYit6s, sign of the
argBﬁt?Jg?Pé. H‘E%SS g:\‘?{érﬁé‘lhagéaaogub&%{ﬁhfal Qén%ﬂl &%Jab{ﬂté' Ifhear form in
y nodifie o]

tweezers, are advantageous

theY ehé @éﬁo@séﬂ&hk@iy’gﬁgaﬁﬁfﬂ Ferhingbidle! G\dral pattdPney ehe focal
as wll be describe ereinafter, the nethod and

plepe: aifitbeapareptpis ¢antrolooenaheretionst thenefors, tbgse trapsverse
In.the preferred farmof the invergis)i on, .force

aqepleraRrs RPeateRY PPUFELTaRs b EMerExiab ATERERAR: fad Sgare useful for
. _ . e
m3Rting FRREALIR JOAE phElK FBCINIERNA RERNIAIOLY By e-

ditreeristortsl gygtémio a diffraction- linmted focus.

Aberrations degrade the quality_ of focus and thereby
[0Q8R1adén atpreferfrd feryn of thednyendian, igigdient dews erhealdraps, such

s hiborathE SRRar tiReEub Al erdeiapPUy ahEU i fbosroome a
VARG c}?e@d"f&aﬁfablehghbﬁ.lo HowbPerORisi WilESe %Ebﬁﬁéﬁl hereinafter, the

trapping. The particular inplenmentation involves

methadibat isygtem plfansiee appli¢d g advdrigtaatfi apticnl aystams. In the
encodi ng the corrections to neasured aberrations, and
prgfesyed formy of the inventioyJorens greaexarted Ry 3rgnalvfpeused beams

oYt RO 2ol FaREREL o EMRAaPFoter
OBtifidl R@dPpMY réfitds eciEBEarS MigHtae! 186 bblidhtato a diffraction-
comput er - addr essabl e devi ce such as a phase- only

lirsjted ifatus.i gtierragituisadegradeithvg quatitys of focusiapd dhebyadegrade
el R PR TC AT A TN,
Ry AP RS GoR) EBEIRN e i one o
mahél beamisndkg Hasd ayitd b plingize pticae trapfing. The particular
implementation involves calculating a phase-shifting diffraction grating
encoding the corrections to measured aberrations, and projecting this
diffraction grating in conjunction with another diffraction grating encoding a
pattern of one or more optical traps. In practice, the combined diffraction
gratings can be projected with a computer-addressable device such as a phase-
only spatial light modulator (SLM) and so would provide a means for
dynamically correcting aberrations in a dynamic holographic optical tweezer
_system.

[0090]1 The use of computer-generated diffractive optical elements (DOE) to

create one or more optical traps and to imbue each with distinctive
-24.-



WD 2004/ 025668 PCT/ US2003/ 028535 characteristics is
known as the hol ographic optical tweezer (hereinafter,
woiemi/0236ex hni que. Projecting diffractive opti cBET/US2003/028535
el ements with an updateabl e device such as an SLM 90
(see FIG 10), makes possibl e additional manipul ations

Bl Hbabs B SHE ss ik QY RBPhiB RSt AeEz dRlefdharter, HOT)
tetiNiglkl m‘roje%tmsalfﬁa@ﬂ‘\% 8ptivalediBhiepdls bt ¥R D%tipdatéﬁ?fﬂé-device

In a systemusing a static but renovable we can
sucbpsage SLM Y005 esi Il d 0)s tetkies pamsitde additione rpéwipelations and

mask 100 (see FIG, 10 and i.n phantomin FlI
dlaﬁmw#ﬁ@%{ dyRamice ahogrw'm&t@ﬁ‘ BYReRR 18 Gga'qt@ fibin static

TP 1% LRRSPIEAA R0 AORCErTBRloN ABeh8l id Wb HoTs. 1n-
sysfdmaainde stsﬁd Bua refiovabie DUErwéto%hl replXde theoDOEaWith a
be fabricated and incorporated into the optical

statiqivertexdioming aha;@(hmaﬂk tQOr(eee G1Gi $0warstin phantene in FIGS. 3-
)OS R0 AS TESHDBa TR CA] B Bkt go Bt I gOecting
oHERE MR 100 RSERBEREIACof A G, e oS bridhe masi

1080can dmnusdibtd benipuag dthemnszgiccDOEMN entcan dedfdbtieaddd ehd
DCE can be the aberration correcting conponent. The
ingRIposated 'DtE!Eh?)P@fléa'a%ﬂ% am'écipaa@veachmldﬂ @ryeector is used in
n_any 0091) ring

sofh@ FefRarind el bRy TREiassimass 1 Ol Gork e OLAIRLER known

coPRBALibRAI fRRESHEN | h8Neplal tHSVAGHR DER c&'n%'oﬂents (40 in FIGS.
curvature and distortion. hese may be introduced

3-bnaroAdn FIGh&) wrisle tivbeBIO Bsaalaced blaclgl’tb backs| Oghtof the DOEs can

m sal i gnment of the conponents of an _optical train
besthentrag fpﬁ@'rrgepg'gy\ppeﬁ%sa%ﬁwr ethesiDQE cane%ﬁhe iBRefrgiion

co'_g %{frﬂhg}%gnt( bz aﬁ 5,0 g'éﬁk)i‘ﬁ% %[7 ypér%gplgggd in close

pr@ﬁmltﬁéndahlm@ bidekd Vf~~)= A(r)exp(i Cp(r)) (21)
where A() is the real-valued anplitude and cp(r) is
[008d1r edhefideupringibalsaheraatjonsaimea beaimont light ateecharacterized as

| ight 130 may be descri bed .as ial variatio s in
SPIgTIPA) AT E0AN 1 FRIM BB lieRY dIAH CUPE A 0dHigEdem These

mgy(;—yeLﬁ%%g%/cQaEfﬁ?bBan otherwise ideal beam of light by slight misalignment
of the components of an optical train such as the relay lenses and focusing
element in the HOT system 110 (see FIG. 10(a)). Describing the wavefront of
a beam of light 130 by its complex-valued field

w(7)= AF)exp(io(7)) (21)
where A(7) is the real-valued amplitude and ¢(F) is the real-valued phase, any

aberrations in the beam of light 130 may be described as spatial variations in

¢(¥) across the beam's aperture.
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[0092] Wthout |oss of generality, we may characterize
the unaberrated beamas a collinmated plane wave wth
W@ e0ugaists phase across its wavefront. | ntrodurtTyS1008028535
five primary aberrations one can therefore use
conventional formalities applied to this wavefront:
n

IOPQ%(a\Mﬁ 5 égségf %ég%%ligyzt,) \-ll-v%%rpae? L ggtlerggec {aahtnia errated
bejé?r)? Q%i A Qfircfed Plank W%%Ei\ﬂﬁﬁtéo?@té%%sg &cr s HsPRréeBfront.

d curvature (25) +adpcos(0-0 di stortion

Infradéyicing o8] fivde peimapy aberratians Dnieheart dtkreforeruge theventional
beam s axis in units of the aperture's radius, a, and
formalitienappligchfo HglwayefreMe pl ane of the wavefront.

iV fficients, ao through a4, and.the
¢al£§"6£€10£§lelgff§?14ng€ 6:;1? 62 and sgﬁggrlgaln%l?eé{%rgp speci(fg)
t he beam berrati ons. [0094] These coefficients d
anglb@?%‘éﬁ‘géi‘??é@;‘uagd by pré&°88ing one or m)re(zgp
opti cal Jfrraps,using the HOT system 110 and creati
i nagh@zlbzf[z‘f‘}%(e? Jllﬂi ng* |i j%‘it‘gﬂ’ﬁtﬁgﬁ"a i magi ng é?g% em

such as a,mp.deo ganera 120. | tiplying each of
coef‘T@@{%ﬁ%Poy"ljl results |%u‘°'éé ﬁg'WaéHgﬁ"rati on pé%ggrn
rp, (F) whi actly counteracts.the aberrations

al re%@gp?%féwh@fgeam Pr oj ect icﬁllﬁto(fb‘?"('f) with the (8BM
90 in a dynam ¢ HOT systemtherefore will correct the
aberrations in the beamof light 130 and result in an

[0883per [ai&dp-0r M i@fth@%ﬁﬁél frBﬁla‘g'ne hOARY] adidn units ofdthe

aberration-correcti ng phase nask 100 can be conbi ne

apériute'solldfls, (4, afrd 97 i81the BiAf ARgIeIIAThBEARE BF the wavefront.
i nprove those patterns' trapping abilities. For

Thexfivplceefficiansisien thrqlukse:, Eatd drenasgpa{ddedcodjlesy 68 62 and 6,
particular pattern of traps, Wen projected through
conmietgly spgeify dhe Hpane s abeorations. resulting traps all

(09 o of ¢ SRR T hER T it [ REAEEEC By ArBfRopp one or

méRdoptital (tfdps usih@ tHE HOTAEER081 B%&@%@@iﬁﬁqmg of the
projects the sane pattern of traps, but with their

restlitingdighdnsing aris@Eging syetem such as a video camera 120. Multiplying

each of the coefficients by —1 results in a new aberration pattern ¢,(7) which
exactly counteracts the aberrations already in the beam. Projecting ¢, (i’) with

the SLM 90 in a dynamic HOT system therefore will correct the aberrations in
the beam of light 130 and result in an unaberrated form of optical trap.
[0095] The aberration-correcting phase mask 100 can be combined with
other trap-forming diffraction patterns to improve those patterns' trapping

abilities. For example, consider a phase pattern ¢, (F)encoding a particular

pattern of traps. When projected through the HOT optical system 110, the
resulting traps all will be degraded by aberrations introduced by the optical

train. The combination

o(F)=[p,F)+o.(F)]  mod 27 (27
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the nod operator represents the scaling and
di screti zati on needed to encode the phase pattern on

wo b@4fozsses of t he SLM 90. [0096] The sane conmpoBCT/USI008628535
phase patterns can be used to correct any trapping
pattern proj ected with the HOT system 110

or GRAREE b o TR A 0 PR R A8 v,
th@ﬁwﬁob@ra@@f Fefrbséits tABYSTafiAg larm m&&&duﬁﬁdnmd@atﬂoomcde
under software control w thout aligning or otherw se

themhase pattetienptinesiacal ofctheBidr@@. of the opti cal
tral n of the HOT system 110. Such cali brabl on can be
0Bkat Eie sprae; QRfT‘EQ?'F'?”th RRASS %ﬁtﬁer@ﬁt?% e Asef 19 GQyFect any

tra@?)qu ééféﬁ\%ﬁ} cﬁ&t%%i&ﬂ%%h%%?ﬁ%@ﬁem 8. @&ﬁ%ﬁg}ael'ﬁ'ﬂy, the

nam cal é-tunrhg op

corlbigaEN bf BAEaimsQfalipedtfort and per-uebfcurfedtith afdid h emlight-
benefit of relaxed mnanufacturing tolerances and

fonveandt means ¢o soineatt ifes pbyisiceliyrinteoducadsabersgtiormunder software

cobSRE Uk 88 B hAh v SR e o

opf’iegl' G &f ﬁ'RaOHQﬂT §gﬁsﬁg§’1 Oang I'? Ribidti g{ &n BB%Feated

I ncorporatin or O er optic el enen

pefiagiellie tefmahwhrtgoﬂrhal abv@vadgroobrreétibhevienagpingsical
light. This method will be parti cul arl%euseful for

cogpaneniy alignanert %@itéwapmn%e oftvineanicelhe &pertyiningmoptigal
referred form of t entjon v S projectin
alighf55h SR ppfivaBramtinl ol shP audighal Eerfiglod folahda
7 I
ARRSELEREAFRRRAS PRBHALITS0s RIS YR sl HoT
sybtephd. used in optical tweezers for various

a Bl ications, including trapping and mani pul atin
[095 I calhy pr%fﬁsr@.dbfqa@ the me@t'omswnpemed/w%% qugntitative

eate rof i
anffincth oS wtlel shepr B Vs & daraklBuaness g
lnécﬁ‘bmaﬂfng R SEM 96| G &ier OPEEBI ¥lenidits %@éﬁlmghﬁﬂg&he
such as a nodified formof the conputer-generat
wavEfrappdf dod byppmgriggl'rtheTrSsMw@m)od MD@é]paTheulariymaerﬁ@ for
| aser wavefront is descr| bed %/ |ts conpl ex-val ued

alignimogdyrampic-holpgraphic opgce) Sweezsss. . 27

[0098] A preferred form of the invention mvolves projecting a mode of light
such as an optical vortex whose appearance depends obviously and sensitively
on defects in alignment. An optical vortex is a mode of light used in optical
tweezers for various applications, including trapping and manipulating optically
absorbing materials. An optical vortex is created by modifying the phase
profile of the incident laser beam of light 130 with a phase-shifting form of
optical element (namely, the phase mask 100, such as a modified form of the
computer-generated DOE 140 applied by using the SLM 90).

[0099] The incoming laser wavefront is described by its complex-valued
field:

v (F)= 4(F)explip(7). (28)
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WD 2004/ 025668 PCT/ US2003/ 028535 where *)is the

real -val ued anplitude and p(j) is the real-val ued
w@b@gmwts position r relative to the systemn sPOpUSAL/028535

axis in the DCE plane. The phase nodul ati on encodi ng

an ideal optical vortex is (p(T)— M where 0 is the

e IR NG T
A P R b e

moMslEtien iePBodiiy Qrmde“aatlop\ﬁ%t @3rteRPPYF p= 19 Wherd 088k the polar
pl ane of a system 1l 10 as a donut ring of |ight

angRPINOtHeNBOE ylape rehitivle @sam artitraryduefiredtdireftion), @htd, ¢ is an
and with a radius R proportional to the topol ogical

integar §pown s thypitepslogicahphargst Beeausst otthe dpsirueEyve gnd
coRElr-Elte SheliebBhoS Medifi R Hel P ab TR uBIBRE aPipsar vortex
apg%l‘s‘:ff‘ll th\éofotc%}(ﬁ|d?\eaofp sl 86dh V1 1@ he2edo ARt firs |oftl|bﬂ|9p' ng

stem wth an axially symetric Gaussian Tnput | aser

apbe@ﬁmavla“s tiplkeas 2y e wavdléngthnalt leght, padfwithl ayradius R
circular and centered with respect to an opti cal
prop@réipsal tgithe sepeagigal ﬁham@ §an»% typmaéﬁxampé@pf ithg optical

BT PR, A B R B HOHSY ystam 110

is SRBRANHEIG. WMAh the focused vortex The structure of
an optical vortex depends sensitively on details of
[0100] phAsddéalnmpticah vapftEx inl avperfeetly iatigaed roptioal drappoed system
train, such as msalignnent of optical elenents,
W'ﬁ'@@“f%X'ﬁlhésb'ﬁ'é%%"'ﬁr%Wﬁl‘séa'&mplttHé%ert‘P@? \ihould appear evenly

A5 1600 SRR Do sl PR R U B

prB}ébté‘dEWlﬁf ik Qé‘rn'éhéi/é?@ﬂh' Wlse?dﬁgs qo(is)u’-cdﬂ F&ﬁ;usﬁlﬂj up and down

exanpl e, because the SLM 90 is m sdligned) t

thiUdHEtheSvortek @hBuld rdvaial argrapieg aaacs u ey aﬁel% icohBemitic with
asymmetric pattern of bright and dark regions, as

the h‘gmsedw::tte;s Bre azfdcasehceﬁmomlgdl Vatere AePands §ensjtlvely on
f
degah eE; ¢ RbaSerandiie) abt b mRpEREtRRS Bufie BRLFENBhRuch as
lar |
mPapSRDREF BT hRiebpEres RN T s pl2i sil iU kne

vartdies a?’bééildrﬁﬁnemrsek’ﬁrﬁﬁien it R m«séecmodhwdh ipgft) eAE6@iIng the

aberrations into the beam and manifest thensél'Vves in
optital a6ftekiiftthe phHaseahhsloN®Os AdiccanteteRrbRdhe optical axis (such

as, for example, because the SLM 90 is misaligned) the vortex's uniform
circular appearance degrades into an asymmetric pattern of bright and dark
regions, as shown in FIGS. 8A and 8B. Such misalignment would not be
readily observed in the properties of conventional optical tweezers projected
with the same system, but nonetheless would degrade performance,
particularly for complicated optical trapping patterns.

[0101] Other misalignments within the optical train introduce aberrations into
the beam and manifest themselves in characteristic distortions of the projected

vortex's appearance, as shown in FIGS. 9A-9F. The five principal aberrations
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vortex's appearance, as shown in FIGS. 9A-9F. The five
princi pal aberrations -28 WO 2004/ 025668

wEOHSse9H3/ 028535 affecting an optical trai nPCTUS1063/028535
system 110, such as shown in the exanple HOT system
in FIG 10(a), include comn, astigmatism spherical

b ' . f fi Th
afitging e PRusAL HAYT B Stsarhtd 0,806 35Sy Bhang dahote
HOTisyst@ANAIFIGE 1018RLSEubB Wré&@ﬁaﬂ%rhhsbf?@né@tdm%tlon,

descri bed herein. [0102] Each aberrati on conmponent

cun‘aa;tuwe of diahd,pand dstbeiorsi Jhateuare other lwenvenhtionalualeerodtions and
proj.ected optical vortex. Spherl cal aberration )
thP)ﬁ&aBdE IS M@nngp be dxeated; g AGCOFdanGe Wil thesmethods; dgscribed
hér&hensmy gradients, as shown in FIG 9B. In yet
anof her aberration effect coma distorts the vortex

[0302Y fEQEh abbfrﬁﬂbﬁfddrﬂp@ﬂ%tr}% 6 thvbﬁﬁtldmﬁbh&lgﬁﬁtdrbah the
one side is brighter than the other, as in Fl 9C.

stuysitukeeot erpipjeated gnticakvordext &ﬂmnaal/@mreatmrmnm_:raases the
T REEARERE B T olidat B, 333 o
9F§ |§ y‘%treg'ﬂitﬁ&rr LB &G0 e¥fck eéor?na'lchléfd?géE{H’e %HFQon?Sy from

ection, as shown’ and a

curoeuhmemrtdwmdmhbnsest gl smehithene aidieals itighret tivem tHdether, as
g%gl cal abrupt change to maximumintensity is
in tgﬁ?edUnlIkmpma asitignaatisre Wister st @ veriex inthaesyrametric ellipse

e fro the o axi as sh
angfedigtbifes S usen gl <) Fred Bt 5 sho i BT FUE: 8- (Givature
of 8Atba%tiBLTes 3 vb,ttéws%ltwsﬁaubﬁgecﬁ@lrsa.aﬁ irectiBHE ab Rhown in
centration errors. However, the shift due
FIGL StEoand alsodeesicastthafifieosity tabeng ﬂh@r@dlalydldecstﬁan bL’lheonyplcal
around the ring, and . so it can be disti nglw shed fro
abiepf aeRIDEC MAXITYING SHENSHY o sefieped. ﬁ'@qbe]dl%,rhoefshlfts the

Lan oM, e L
ool Y0k e al PP I EERT el By IR AlG; oF. This s a
sh@ﬁﬂ? nﬁHﬁH HRfieQu %%H%bhsto' uﬂehﬂﬁgﬁﬁtlﬁt it PANRACeTB8Embles that
optical tweezers. Furthernore, these distortions can
dtmetamasuna'edn equaisit iHawvever, ;thwshift aluectovadistorvioal does not affect
I.IMA be us

erg e B T reEnd L3 1028 RS S5eheBa rrom
SREIEIT o DR BbyEUber 110, L ernativel v, ane
[0a031ecEgeh iof thesé WRstertidhsCod b irn@adured Fravadniamels d0frojected
vortices more accurately than can their more subtle counterparts in images of
conventional optical tweezers. Furthermore, these distortions can be measured
quantitatively with a conventional computer imaging system. The results can
be used to improve the alignment of the various physical optical elements in
the HOT system 110. Alternatively, and preferentially, the measured
distortions can be corrected in software by computing the phase mask 100
which exactly compensates for the measured defects. The resulting
aberration-correcting phase mask 100 can be incorporated into other DOE's

encoding desired arrangements of optical traps. In this way, the aberration-
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whi ch exactly conpensates for the nmeasured defects.
The resulting aberration-correcting phase mask 100

w@ a4loeses$icor porated i nto other DOE' s encodi neCcTieSton®a2ss3s
arrangenments of optical traps. In this way, the
aberration -29 WO 2004/ 025668 PCT/ US2003/ 028535

cAFRSCRE) 4R AR 90 Sy R0urde BBl A3 308 1kl pBBucec
traysy hod Theedy ikbiddk thBRerfdrAthnEeasur enent and
conpensati on can be acconplished automatically by

[04104dr nAberationoneestnegnenicirid eolnwsnseuo«pa;andcrmacmphshed
intensity distribution under

o BB el o ece Al 6k B s
thBfHE AR .ﬁn%ﬂg.wk%%mm& aﬁqg,sc Rutsicdriifol al i gni ng

he particu system 1 wn schemafically in

[OFIIOfE] 10.s dhexamiple ot thie Approsth's Utnfw,uab@ diseusaeruse for
beam of |ight 130, the SLM 90, transfer optics 140,

aligninchihe padigsarodOdcsysiem 560, shemnl §Ch€tfh@tl¢ail§'el|n BEMO. The

) e PR Bt B NG TR B8t
o;ﬁRIs' £4b, axé Sml%@@sco-ﬂé' &Jb@ﬁ%Q%d hﬁ)teaﬂ?efhé Ib%e%%&ﬁ%#nght 130

is perfectly aligned, e intensity around
cqmrb¢ mhaingipt@ma&suamm@e er samiecatiiee iasiclensvvinl mbde which is
constant. \Wen the gptical _train is aligned, the beam
sygRmefrigAPouBOPEER| %g 160 Thin wsugss thes veoen gbe systaras! 10 is

t.hro t.he center of each
po st bRt b8 HaseltheS A BBuo E et iRl VBled s
cu&:lQl@rﬁﬂelrlér@cé)fmﬂ ne é&?is@&r‘i’d VWHéH‘ﬁ'\elégth&”ﬁ‘ﬁhqg ah?ﬂgd ) 454 beam of
slightly overfills the Iens' input pupil.
lighitt G 3Q 6rikesatheotdritenbédhe S48 Ae araseés lalayiy thhSGptlsal axis 160
i nci.dent on the front face of the conputer-addressed

thegyghyine ¢RatesIRIRACRHIEDF 4P ithd tws&wwtlcs ﬂfﬂgv gstensythe back
ok SRR PR rtBUET BT EPHIARY Bt o tns

|nbugbup|1,35 each with i nd| vi dual | 'y speC| fied
characteristics. These nultiple beans 135 are rel ayed
[03P6] wo!n EKset0(al 46collimated lasee dieant ohfiphtd 0 isrincidenhen the

raRRsRO ﬁt‘e[éorﬁfeaﬁwﬂi‘rsgséqfétﬁﬂaépoiﬁert Hé%«f sERdJation 95 o(7)
ln'nlfp%lg%gl l?]g t%‘%m% gﬁ%%ihﬁﬁg\éﬁﬁmsl-lvﬁg\%flr nt lts Z%Re single input
beam of light 130 into multiple beams of light 135, each with individually
specified characteristics. Thesé multiple beams 135 are relayed by two lenses
145 in a telescope configuration to the back aperture of a high-numerical
aperture focusing element, here depicted as the microscope objective lens 150
{although any conventionally available focusing element can be used). The
lens focuses each beams into a separate optical trap. The projected light 135
can be focused onto the surface of a mirror placed temporarily in the sample
plane. Light reflected by the mirror is collected by the same objective lens

150, passes through a dichroic mirror 155 and forms an image 160 on the
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| ens focuses each beans into a separate optical trap.

The projected |ight 135 can be focused onto the
wawotazwenf a mrror placed tenporarily in thePCEIPL083/028535

pl ane. Light reflected by the mrror is collected by

the sane objective lens 150, passes through a

At SR SElste AT L SR Al M ek Sty Benrat the

mtéﬁgty-ﬁ(‘i‘)soﬂﬁéﬁ*ﬁlrpﬂw%sfdﬂaﬁ fireect neasurement of the
Intensity 1(r) of light in the focal plane. [0107] Any

[0T6Y] atAy devRidnofem Rieabalgithehtisceadilyydetetesnt adthen
the appearance of an optical vortex. For instance,

appegraace of ail pgtieantortéx.t Fer insitagce,| imnsesiseAignaent; gfcthe relay

h |
leniges 1 ERleie Go e oruical e eBuBR TR +Btta AR hadFdi@ffae
pro;élgterdev@téi/ Qsl Ftlﬁe gept *Tﬁgll\? tRS Iénddit { #94ERSive to the optical

has ferent appearance.

axisﬁ'ﬂﬁfoﬁiacbs a%tigﬁfmi%nﬁ i ghicrshas at&ﬁekaﬂs&mc—ﬂt&nm imperfect
SLM 90 can introduce distortion or spherica

suefBee rfmurwoné@@rieme%ﬂ@mmﬁ\@ Su on acnEadice distortion or

Spﬁﬁﬁﬁr%&é@twﬂ%%gﬂb‘f n‘é( trh'é%tsr Pﬁf lcvﬁé%egatlg aY)?)non |Cr‘15§ea-rrhese
de'f%(ﬁéagiﬂ(%n%@ O\'FQ @rﬂﬁ(“ﬁﬁbé%e@%d’t&%}nbﬁ\eﬁiﬁeaﬁw | FR@€ so, a

storted vortex to a nodel incorporating the
nogfiheart iserativeeseiareh algordhmocarabd uded fo fitanpmagei qfadi distorted
aberrations. The paraneters_obtained fromsuch a

VOEt@X t9ea lﬁ%@@?'t'@cm@@ﬁ%ﬂs the eff@f:tsceﬁpﬁawaﬁn&rmfr%‘ Hbe five

o BB BRI Bbclfod o S B8 be use 1

CORYSErRELE 3 BEntrIaHY eFkobY aRb Abesdrhpateeie B&éﬂ Whase mask 95 to
corrected optical vortices and characterizing their

codiest dot btirer. aljeddRIns| nTlae suscess ef this caethoidoaindevistean can be
parti cul ar. order of, %) rform ng the . aberratio

ge0gPHB Peies oL BRCCo BRI R TCAIOLLCS: a8l gharacterizing

te the Optical Axis on the Video Canera:
thé d&]gr%llj-(grﬁ orm phase pattern . such as cp(P) =0 to

[0108] SLM 20nosthpreféced lehsbddimens iangareiculaidriienof edrforming the
beam being projected by the SLM 90 onto the mrrored
abepratiaoecattectinn iviolvas thesklloxring sesige ©fdeRSont o t he

w‘i9§Z°0E3€%%am%§§sve%ré%§%}‘£ G¥Ro EafnedT ol form phase
pzatt’lcqeernospzltclhcrfilsI (p?3l )—-O to the SLM 90. This results in a single undiffracted
beam being projected by the SLM 90 onto the mirrored surface of the mirror
155, and thence back onto the video camera 120. The location of this beam
on the face of the video camera 120 defines the location of the optical axis.
We will refer to this position as 7 o= (Xo,.Y0.0).

[0110] The intensity of the input laser beam 130 should be adjusted so that
the undiffracted spot is visible on the camera 120, but does not saturate it. If

the undiffracted spot cannot be located in the field of view, then the optical

train is too far out of alignment to proceed, and physical alignment is required.
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W will refer to this position as P o= (Xo,.Yo.0).
[0110] The intensity of the input |aser beam 130
W@ bamlogsebe adj usted so that the undiffracted BEDUS2083/028535
vi sible on the canera 120, but does not saturate it.
the undiffracted spot cannot be | ocated in the

bl Sl S8 S e, R e

I
8 b VA O B i e

Vhe b P?ﬂ??ésf ﬁfﬁf?'%ﬁidgi'"ggggm?ﬁmw'?aﬁ o Sual 95
antsﬁheeag?&@g\g aa;fgtazg?ghﬁa)ﬁtcgw%wm on {he Sﬁ@ '9tbemdoﬁ relative
origRFiAN 8D EH 185 LB OCLAR 3¢ 418 Gamees 2R o Asgme in
th?ﬁée‘ﬁ?ﬁ“ tth%? &,I\é gﬁ{gpﬂ otlJ%et {lﬁgﬁ?g%\ﬂﬁ dﬁeS% %\fe:e Be&t BFeviously

I'S sec IOﬂ

médRGeH ana)/&teetfﬁrfwedbem”e ﬂfrewpaumytemubedn@arwred by
corrected. The three paraneters can be neasured by

sepdingi & dirofrrmdioothe SV 9@, enesdiog acsivwe mjray ef prg, such as a

4 et vl ging anr oy RERR BT S 5B btane
us n%ta?@%tﬂoﬁgtd?% itQf viddInhiRtostdiRO M FatRePatY wd fheasure
Hfadr?& cular, @ the %/ he

We neas positions ‘of each of

th@fwsﬁi‘drﬁdot eagls ob&ﬁé@)r@j@cté&trﬁpﬁttﬂSedfon theeoentey dfantensity for
each focused spot of light. The traps' relative
eacbﬁacased)ﬁgot:aﬁ light.alhieytraps’ rekitivg saRaratienscan be analyzed

CO ti ona eone 0 _der t he t
osRP A8 crRRETRL Rlel FiFel Y S 6 BAER AP B Mo ana
mgea H’F\%toﬁé’ntgﬁohcbeml'hﬁ%lwd EcdiBgacrYInded sotetd Bé‘%’erﬁ?cal if the
I gue angle with respect to the incident |aser
SliM a0 islaligneabat anmddigae amnglé witorespept ite dhetingident laser beam
i mpl erentations, If normal incidence is desired, n
1 %o@ﬁhé?rnWﬁﬂSéhVém 8eMEroPtical dverrehippISMaiations 'éﬂafma'

o) d
inftienfh iz PBhred i ap S&be dprlRentstiol iRt et g and my
hi
o B B G e b I P ot to the
optfuel axa.e visible on the video canera 120, but do not

saturate it. Once the scale factors and r|e ati o
[05r1g]kn5@hth|§|%¢ra@% he |G§%S|’gyoo€ﬂycglqu‘t ﬁger:}? 12?,(2, should

beI delulg?eé sgltﬁap{hé”d‘?Wa%Pedd gﬁ’otrseﬂgv\ﬂsmle on the video camera 120,

but do not saturate it. Once the scale factors and orientation are known, they
can be used to place traps precisely in the field of view and to remove
distortions in the trapping patterns due to the SLM’s alignment relative to the
optical axis.

[0113] Locate the Optical Axis on the SLM: Once the center of the field of
view and the scaling factors have been established, they can be used to locate
where the optical axis passes through the face of the SLM 90. To do this, we
transmit a kinoform to the SLM 90 encoding an optical vortex, taking into

account any scale-factor corrections due to oblique incidence of the laser beam
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di stortions in the trapping patterns due to the SLMs
alignnent relative to the optical axis. [0113] Locate

WO b@40pieseal Axis on the SLM Once the center pBET/URE03/028535
field of view and the scaling factors have been
est abl i shed they can be used to |l ocate vvhere t he

opti cal sesth gh the f f th
on b SRl 2B bORSHE AR MRS 8L 1, ShY'bPdse Ptom

encodi ng an optical vortex, taking into account any
o (et e of sohverts & Geassiansnplitclaser bédmdgoto arfulidehtagudrre-
the | aser beam -32 WO 2004/ 025668 PCT/ US2003/ 028535
Gaassinhée@inMveitl aopoIoEinaI aha:ga ¢ cahidty isi iecugedfiniona nX =
, the phase pattern converts n
CofTbsRRNGaG GPISELNPI e T8 h TS BRHtey Rerioclfiah o 8 siiarahtforward
| a
e R o e dab RE e 2oy AR reVUIE fp Tnd LoEts SR

[o1Tv4] fi\vehehnthe Sticl ardinh os W;ﬁberﬁWd tzm apidcalntorfex should

any asymetry revealed in the previous step. [0114]
foatfeeto ahanowiardatensity maﬁtgrmeméreq/omthgrm'caéﬁxwpwﬂ&lammform

IntEBRIG SERLIh i g eanca 1 HIF cantan G'cI PhAToRafipth is not
aligrg«?(i"o\qtﬁ B Sg'ﬁlﬁﬂf;%)%eﬂﬁﬁrevlaf] thiad ey o@fllgh’f‘?ometo a

ern Ighed with the optical axis,

dlsft@V@d%rnnLﬂdi&wltHﬁﬁohun@om intepbityf Olrasskating the phase pattern on
di storted annulus with nonuniformintensity

thafaess phthe§LMOQuader saftware centrot gan fb&cléselﬁ tq pgtim)igg the
contr ol b
ol R VRS o SaRier B Aoy o S BPUbALAER i Vidéo
i9 he vi deo camara and uni formt
caﬁy{%?ﬁ%ﬁé o stg: p oin the SLM pl ane which optl)/m zes
[0115] proheofist poir ex¢ SLbppaeavbehraptimizdsdte projested

as the location of the optical axis on the face of
vortex’ Sappe@ranchinaybesideatified aﬁetjneti@ceu@@rd of gha@jniisal axis on the

B S g ek B L5 Sy
po%'tfo\eﬂr ﬁg?hé WO NP ORPSo ShAUI Jgﬁocge? REG %dcer{tgﬂéltﬁbn |ts face. In that

ively, the nmeasure set can be used

cage ey pRiviGlis tivonstbps Bhoall béeesdadetiace so that thel r
centers are aligned with the optical axis. This
[04361 oadHernativahnt thecmersereangiiaet eambpdisesta ﬁ%nter other

klr?gfy?rln%aén ?r?e?%iﬂ)i ¥ace so that their centers are aligned with the optical
axis. This approach does not require any alteration of the physical apparatus
and can be applied provided that the offset is not too large. Some combination
of physical alignment and virtual alignment may provide the best results for a
particular application. )

[0117] Measure the Effective Input Aperture: The objective lens 150, the
relay optics (the lenses 145) and the SLM 90 are combined into an optical train
whose effective aperture may not be known a priori, or else may depend on
details of the optical train’s alignment. The aperture’s radius R relative to the

optical axis on the face of the SLM 90 can affect a kinoform’s ability to create
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and can be applied provided that the offset is not too
| arge. Sone conbi nati on of physical alignnent and
wo Rostozde6®l | gnment may provi de the best resul t BCT/082083/028535
particul ar application. [0117] Measure the Effective
| nput Aperture: The objective lens 150, the relay

tics (the lenses 145) and the MO0, are .c | .
a deirg S drpive eatierna pna e g b, (ot B Ehg Eborithm
nWPc i Wolg: $&mmay depend on det aill
us%?tt(t)% opt }é"}éﬁoﬁrgﬁ]f‘og tglrais‘éj?'lrslrneni . yTheloapert ure's e
[0188] uORte & @lsi detetrirtatein het preziowsxstepoa Yitteial apertufe can be

the SLM 90 can affect a kinoforms ability to create
establish@ QOMLORFBRLtHROTOSRG0BNDRBEBETorm iethe previous step by

trappi n ttern, and ideally should be ctor i.nto
Se’ttmgpgﬁ(é’gﬁp amWhege Pq § & 6RP% tEPh&PdrﬁB[%oh'tﬁ:gR ls'iarger than
system 118] Once 0, i rm neqd, in.the previqus . .
nSFByS bR ShEGPe, e e SERE WA g RS RICRISh wit ot
\Vels -
o GPhS YpBealhee P R | 0, o auch
kirfd#brrhs fin wisich R is?rdducel sequsntialigentit harhanglednphegprocted

effective aperture at the SLM plane, then this )
vorigdi § ARREATONCRIl$ Visikle canl be tsed do gsballishnihe apertyre radius.

8L B RS0 B BB I g St

. o o i _
fat?/t?,aﬁ%ﬁeﬂh‘fb EH@HB K §SE®Es DHRR (RS ﬁz@@ﬁ@@h@?é ®flthe effective

can be used to establish the aperture radius.

apefilit®] Orce the effective apertuns hesibeen rheaswrpaitaddrebe aised to

the size of the SLMs face, then thjs, shquld be used .
calpullafet FinofRms SRUBNREIEIBISAPaRdreet T BistYAIWS: 1gH&tHgh avith the

oSG N bR SRR B b ot

exPRefdd aSpeatBhée 01l dnCopliG sidreix. WDebidtidas dfethet dsicalated and
calibration of the imaging system is needed to

measdured appeatancescarebe asedppegaugecandcomechfer ether defects in the

vortex, /Deviations of the calculated and neasured
opdisgbiiaihe SlIgAM®Y- used to gauge and correct for ot her

ct g d L&al i [ . . ,
O8, B L S oL S afPogEBe 1 calo
appRhtditde ¥8H beXised RPpeasaRCtheCpie victisig edsttberk fivermrincipal

the previously described five principal aberrations
abegratioinsHot whighy theepresenh stassfofgrticadtraingimay haypubiect. These
absél#%t%%ts'mw %Sc’aeintroduced by misalignment of the relay optics, the lenses
145, for example through tilting or displacement of the individual lenses
relative to the optical axis. They may be inherent in the input beam used to
illuminate the SLM 90. In practice, they may be introduced by some
combination of these.
[01211 Once the aberrations have been measured, their severity can be used
to gauge whether or not the physical optical train requires realignment. If so,
then all of the preceding steps would preferably be repeated. Alternatively, the

measured aberrations can be used to calculate a compensating phase mask.
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aberrations may be introduced by m salignnent of the
relay optics, the lenses 145, for exanpl e through

wo pooiozsger di spl acenent of the individual | enBe&BUS2003/028535
relative to the optical axis. They may be inherent in
the input beamused to illumnate the SLM 90. In

ti { LNt ' j
1o B a9 BN p Bt G0 RSP 1OPIE spegBbly Bekeihs o
trdfofd E6fect iRl AbSR¥Ehd h BRNrdeRIISE Grappihgpaaerndet her
or not the physical optical train requires

[0h22li ghihemomplexidy of thaorspensatinghehaseemegk b svilkhisnit the
e | ternatively,

woul d_preferably be r ted.. th
C%raﬂges\t\é@fatgértr%ﬁ/nlasa@aé%?ﬁ%@v%gé&apob% BIQiGFiedwith the system.
' . - 566 . .
ERSRHIS A PasfBas R shese Mot 2OAHOZRFORion ot expmining
it b atid i JRFPAtiBn ENSEIB) proaidesrdibthér wayagsdé@ramne ediether or
the aberrations in the resulting trapping patterns.

nqtaheajhysieal eptishkirairy resfuitesseeban®esit i ng phase nask
ofalh Whlades e tauts anY he st 5V paavaPent Rlensity
diSGBREIPAGS Q%tlrgghg% t‘ciiﬁgfbblsteﬁ,ofgﬁe%ﬁhbythe%H_@Qs@%n%ht_ with a variety

exam ni ng corre ion~function, provid

ofavsrtices migit tvoeltimh grovienthevduriunacy of thedistbhiorphezsaa¢ment and
optical train requires realignnment. [0123] Wi]e .
wadkhighightethar dmpegiactioas swich; afcaopyniferan Yimigatige which

. . Stributi ) o o]
wpBlsEast b aeReSinadty SR ABOVE aRal A Toty ot vort ces
(o2t whld tédWﬁdlY@al%Pgs ;b?&lﬁilbﬁ%hdoéaéyhﬁ\e@héé 96 tsQdly the profile of

nmeasur enent and wou i ght other inperfections
thetinboasng tasenibleanmof lightril B8t | Knowhedde abthid profilebeould allow for

ecﬁfvgégﬁ Bog I RUAREMERLS WhEGREY 115 Bealtly AH@AWGRBP & the

' . \ | _

Bt bR T e S A0 o
thRAHOT BBl GehRIRGH ah BBSudpEBh df theaydsHdgrofife, tdhe they are

incident beamprofile is also very useful because the
mpbkhséficiaskif 1be asmttfhmam phefilidysisade \Yihdatasbemethads, such

SRR S B SET PO 120 1L SpeGpLgrthe beam,
o IR pad o9 I SR S8 e or o
potential risk of disturbing the physical alignment during measurement.

[0125] In another form of the invention optiqal vortices can be used for
applying controlled torques to objects ranging in size from a nanometers to
hundreds of micrometers and conceivably even larger sizes.

[0126] Helical beams can be generated from conventional modes of light
using a variety of mode converters, with most implementations yielding
topological charges in the range 1< £ <8. By contrast, dynamic holographic
optical tweezers can generate helical modes up to £{=200, and so are ideal for
studying how optical vortices' properties depend on their helicity.

[0127]1 Our system, depicted in Fig. 10(a), uses a Hamamatsu X7550

parallel-aligned nematic liquid crystal spatial light modulator (SLM) to imprint
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this is non-invasive technique requires no extra

equi pnment, setup tine or a potential risk of
wale@uoeissg t he physical alignment during neasPCEIBIN3/028535

[0125] In another formof the invention optica

vortices can be used for applying controlled torques

ol LS5 St T b RS SHRTELTER, T gromol) o
theé W &defroflefh T ARlank @2TE=582 Mf W6Mmes dRfiehtpPBoubled Nd:

conventional node¥ of light wusing a variety of node

YO YAYek §COheMnt 'Vérapt THE hfsRMaRld Waveitoft & fidnsferred by a
t opol ogi cal charges in the range 1< L< 8. By

tele@Bbpa b the)orew spdrfirefaphion x WA i1Gal oilt waBz2esien obfective lens
generate helical nodes up to = 200, and so are ideal

méuntedsinualiZeiss Axinvept $taDTVdnveded ogiiaap aricrassogepehie
on thejr helicity. [.0127] Qur,system .depicted in Fjg. ..
OB{RRIIY IoasdgH e i OB e S5ica) Hep i Tlp coRE S Sindloptical

P e 85 g A R, Ao b,
arkPaRNGHRbiORICO RSy PEids Idadls has attdthktsvid&e eaRridta.

10(b), for_ exanple) onto the wavefront of a TEMIO .
[0d28h afha SLM3mmshift the lightreghase jo @by fetibNgtistinggdavels in

I Coh t Verdi). h dul d. f i
thedange 03 0g 26, adinearteag pA0U g witle el i e Al &' 40 gauare
o TV oSG, S K g bt
I

irfPh &fdd t 3Rt mi At Falsd mod 2
PR SR LEIDA RGNt thE HeRimbOLRURR 4 3140 mod 2
ont8NhedheRichtbebm, Ugeidstialicar modeeaas/ 0f 00 aRRED percent
particles, and a dichroic mrror relays these inages
efficiemtyat The kéficience és tathred. at] Itighed tapmdogick! chargelitivt the

the light's phase to any of 150 djstinct |evels in
SkMes ieptgd spatiahzesalutionadilGnd O4¢) 8 Al imapaof anker 40
i 0 480 X 0,.sqguare_.array. The [ ibr d e
oot aeeratiby < mikh Bhisefins BReHANE s RO8Eplane. FiG.
Ot : o . : ]
1OMSHEWDA el AL RIARE XboTREC B 2 a8 BODNRE diamoter
coliotdal pdigstyearie spliere mapped &0Ghei afticad vpeteaétircumference in an

efficiency. The efficiency is reduced at higher .
8% oy tbigkdaverahmgaer botween agiayesslin apd @migraseape slide.

ABSERE Sho8nHm SesPred gt In ofirbAL oS EEs, &8, gphete once
ardBhacheV@rcumhRFahc®irmBgittIElurder 2 sec at an applied power of 500
mW . The image in FIG. 10(d) shows 11 stages in its transit at 1/6 sec
intervals. The same particle was studied at different topological charges and
applied powers to establish how helicity influences optical vortices' intensity

distribution and local angular momentum flux.
[0129] In general, the wavefunction \p(;) for a nearly-collimated beam of

light can be expressed as a superposition of eigenmodes of the paraxial

Helmholtz equation:

+
or: ror r?® 06> oz
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10(d) shows a tine-lapse nmultiple exposure of a single

800 nm di aneter colloidal polystyrene sphere trapped
worottlozseept i cal vortex's circunference in an BSI/IE2003/028535

thick |ayer of water between a coverslip and a

m croscope slide. Angular nonentum absorbed.fromthe

[Oqugcﬂ:oy%ﬁ(% bderaI %S%n?%astﬂﬂagrb%s fs&%he e‘%%éllﬁ%l Laguerre-

erence 1 n a l'e”"u sec an a

GRM®4Nn AfG 59@|géﬁModé@WHd§6%diaﬁ dEbéindé{Q(éiha§ I‘ﬁﬁé\ﬁo&ﬁ
stages in“ts transit at 1 /6 sec intervals. The sane

particle was studie L@je Jg_’(_s t topol ogical charges
and appl&fe(gl Heny how heli ci t y(30)
i nfl uences’ opt'i cal ot e§ winfensity distribution

and | ocal angul ar nonentum flux. [01291 In general,

thﬁa Wayef 147¢ GeABralied La@Uefe RAYHOMED land At iedthBaRsENgs radius
|ght can be expressed as a superposition of

[1¢i gennodes of the paraX| al Helnmholtz equation: 2 2 a
+1 a+ 1 a-2ik a V(r) 0 (29) art r or r2 a02 az -36

[0\4@ 10040256885/ %jﬁ)?-o@@(/roz%%ﬁﬁézkz? &4%0b), Fﬁév@ &ahfshing

beans, tRé nat ural ?basis’i s the set of heél

gepen%%nce has t%&’s]S %ﬁo'ﬁg l%‘éc%%@tﬁ?%?.emi%ﬁ[ g%l_dgb%y, but also

bécdud@)thelWaivpliteides yan{dt) alongar -geneviatieg edith agdiel inelex p have
pol ynom al and wis the beam s radius Cgl ]. [01311

p qu¢mcemde§|ng& of (rﬁ?nﬁt\uma(mmaz\yhgaep(a ik yaryeywth £- eO)
ave vani sh t t I h t
ExoRrHOSaay AR vehopheal VaHser 66 chAtACtan s bﬁ%&%@@ﬁ"us of

nqﬂr}gg;thgﬁﬁkhf b‘l‘éﬂé gﬁ@'ﬂﬁs@é?@&lyy fidve Mé@ﬁ%d%ﬁﬁe& kRl =

concentric rings or 1ntens

midass fTHI'WdWBéﬁa\n@ﬂ bf paatidlesvtidpped |E>@mrdal‘mbtt$désytherefore have
observed optical vortices are characterized by an

beeminteepreted In light ofntheheropseties pf &e, MadPsconsequent |y
have been identified with p =20 modes. The behavi or

[05F3Har fHoe lexemplepiiedmaxirogin inaensity of edd€54 Hapde aicgurs at a
have

radius R£= w+/£/2. A wavelength-scale particle trapped on the circumference
of such a vortex is illuminated with an intensity IeocP/IZMR/ where P is the
power of the input beam, and we assume that the photon flux is spread

uniformly around the vortex's circumference in a band roughly A thick (see FIG.

11). On average, each scattered photon transfers an angular momentum
proportional to ¢. Thus, the particle's tangential speed should be proportional
to P/ R}, and the time required to make one circuit of the vortex should scale
as:

T,(P) < R} /(¢P) 31
If, indeed, Reoc«/z, then the particle's speed should be independent of £, and

the period should scale as Jerp.
[0133] The optical vortices produced by our apparatus also appear as rings

of light and so might be expected to scale in the same way, However, the data
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been interpreted in |ight of the properties of LQD,e

nodes. [0132] For exanple, the maxinmnumintensity of a
whBm4Qs6tle occurs at a radius RQ=wi / 2 .P@&I/US2003/028535

wavel engt h-scal e particle trapped on the circunference

of such a vortex is illumnated with an intensity

in [ﬂ](gc v (rgggﬁ u%’iﬁa{lv?lp{ed ﬁ‘ﬁ{ﬁr}e}nb%oq\ﬁgr, s Sppg’&' Hrﬁnfr&%ad'fbitized
'"&%5'8%1315@10%3 fﬁ# ﬂ 3523\4’%%%9%9;%\5%am ) g gg Ibgatﬂ}é)ﬁpg radius of
pe%ﬁﬂb%&{sﬁg/nal l%ﬁé)@t r&déﬁrb?;fqﬁfeﬁcé‘%f JIHESE WIHHTBRH SNt values of £

r , the particle's tangenti al

re%@@%ﬁ#ﬁu'&: IP{S RASRRS WittHe t&ﬁblégﬂ:%har@@d ahHQ\dt'é'Qi‘w/_

quired to one circulrt of the vortex shoul
[Oﬁﬁille TA® su &télﬁ)’el ISHis ggnﬁﬁ)can% ekf)lalné@ﬁﬁ'?‘éongﬁé@rng the
he parti cl e S spe oul d be 1 ndependent of t,
oective ledspactiod ovhthd phasmlmodalated bedm. Tba3&id Tﬂnehe focal
optical vortices produced by our apparatus al so a

plare of agsns off forghlengHi’ is rq{atﬁﬁk mb‘é?f’é@(p@éftf@at'% thedieto the field

oy BB R B e PR Be SiuhARR A 3a00R
tr&ﬁJfBﬁhen’rrahgfmm.ﬁP th%éﬁbbab@arﬁﬁurfsf @med aggrelsznslds

I mges, such as FIG 10(c), by averagi ng over angles

and | ocati ng thezradl us of (fpepk intensity. Projecting
a SG(}UGHC’&(@Q)VJJ“”&@FWTZ&? Ferent val ues d82) -

reveals that RE scales lin with the topol og| cal

char 341 .Thi
wapgeCSZyaﬁay pech %Be&ssééi#eacegn eiﬁ@re%ﬁﬁfﬁgwﬁwd is the input

bj ective,.l en act i ?n t& dul.at
PETETE| Sl aflivus, %ﬁé "P%é’g'f I 5dadgr gf”% 9r8h ua?'n?ﬁealv'e

Iength f'is related in scalar diffraction theory to

the field at the |nput apert%re (and thus at the face

of the SLM (i biogug Fqunyer’ g2trréansf or m Transfornlng

t he hel.c%éqe;o?n ’“’% qu) ?g. esyields: ue B0 =

triu(r' -f)54 Jdr' (32F nh 4en [[ECH)nli s the .nth order

Bessel function of the flﬂst |nd and | is the input

aperture's radius. Setting u(r -f) = uo for a uniform
wihlete i=raki(@if)y i Ehelsadius T of the principal maximum in | y£(r,0 O)|

approximated very well by:

A
Rﬂ—aﬂz(H ) (34)

with a=2.585 and £,= 9.80. The experimental radii in FIG. 11 are increased
beyond this diffraction limit by aberrations in our optical train, and are
described instead by a=5, and £,=3.61.

[0135] An equn/alent result may be obtained by expanding the incident
beam's radial profile in a series of LG radial modes U, all with the same /.
Contributions from the higher-p modes are evident both in the nearly linear
dependence of Re on 4, and also in the hierarchy of diffraction fringes
surrounding the principal maximum in FIG. 10(c). Even if a pure LGO,,_, mode
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0,0) _eiE(r)'0 (-1)(n+2) 20+0 (33) ( 7tEz U O
n=ol 1+ +n Q +n)!'n! 2 where = krE/ (2/f). The radius E
w@bootlozseps | nci pal maximumin | wilr, O 0)12, S PCT/US2003/028535
approxi mated very well by: Re =a 1+ , (34) 7r Y, ( O
with a= 2.585 and o = 9.80. The experinental radii in

WE&PGHB%% itanlflgh@ali?]?li%%LB@t ?f‘@nres rp%ﬁ?\ﬁdéé%{ra&% (IéP a rhbﬁ@ Flumerical-
apERfirel ditital @l%tp%ﬁ% BYs@®m Readd® é&nga%tﬁéhné&rls?’ééllir@?
equi val'ent result” nay be obtained by expanding the
[0186]deiThe radaus! sineaddepemdarfcel @n rtmptaiogmal ebagfe 860 affects the
radi al nodes UP, , all with the sa Lrl_ﬁgutlons
t

. ORtGRhVOREXHS [Ae apakHi caomentw Tivht !5‘8t4?t?d Hedp) how
thﬁ\'t Qﬁ@rtlm(g @@qgﬁ‘f%d}%oﬁa t p%der?enﬂc@ e dﬂﬁ%&? one circuit scales

erarchy raction fringes surroun

SR T M S8 e BUFD o DAY B s
stQeI‘rl?lahH rp@ﬁrgef hearbMdidfea. rgﬁﬁlfdrFyt 77 ) ARBIdNVBtHOP &8 predicted

- aperture optical 'trdpping system

fdr%\%r bngé?EPBﬁﬁPér?dsl td‘ﬁt%rreés‘éaé:f POncidykds] The radius’

I'i near dependence on topol ogi cal charge al so affects
[0118Y] oBbitie @lif thesd& exespéotedl eféeys| aan In@aemtlblenl ftb uhe d"élnalled
data in FIG 12(a) show that the tinge
strygtuge of gpieal arttqeéuae@t?dcwm wéa@ﬁedléf.ra@ ive ogélapleglements

"‘ﬁ‘%\(’;‘g@q@ﬁe&?ﬂg Eﬁ?.%%qlz hl gﬂda l}%ﬁ]%‘i?pﬁﬁuﬁ Siithe th ﬂect?\m lens,
eéHT?é’ffE&ﬁ\‘ije phRagé |p’|%fél {)aﬁs (rBngﬁl‘}ad GA. VNGllFlePca%l RfR@F&inSiflg such

| ower powers, tends to i ncrease as

am prdﬁéd&oeah@l@\?dalﬁet;iiattérnt(ﬁfeze intengigct@dugdtiens suclaas those
be ascribed to the detailed structure of optical
shawniie dbe insettpartiantdf PGxi12{ebd diffractive opti cal

[Oell3(3éiE tl'?'le optical vortex's azimuthal intensity modulation establishes a
nearly sinusoidal potential through which the particle is driven by the mean
local angular momentum flux. We model the intensity's dependence on

arclength s around the ring as:

I,(s)= (1+acosgs), (35)

27AR,

where o is the depth of the moduiation, and q=4n£/R£ is its wavenumber. For
£>{~4 in our experimental system, q is approximately independent of £

[0139] This modulated intensity exerts two tangential forces on the trapped

sphere. One is due to the transferred angular momentum:

F,(s)=4, Ri (1+acosgs), (36)

£

where we assume a local angular momentum flux of /& per photon, the

prefactor Ao includes such geometric factors as the particle's scattering cross-
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When projected to the I= 1.7 nmradius i nput aperture

of the objective |lens, each effective phase pi xel
wapan®23setighl y 1 OA. Nunerical ly transform ng BODS20831028535

apodi zed beamreveals a pattern of 2/ intensity

corrugations such as those shown in the inset portion

f FIG 12(a). [0133]. Th ti t ex' i uthal .
seplobghd el PRoK LR e SHi e i hgron
foffgufe K3¢ap RaRiieble Rafisls arisrpanse fo ofastiantH.he Al
in'ée'ﬁtsﬁpsny' s dependence on arclength s around the ring

as.

Q(s) = P (1+a cos gs), (35) 2,rARe where a is

t he depth of the { on, d q=47WR$ is its
\Navenunbng(s):enc:AO%%‘ rgj1&1mdyr?ea><~:.;bfeqmi,m=:nt al sys3ém q
is approxi mately iﬁderﬁndent 8 1. [0139] This

nodul ated intensity exerts two tapgeniial forces.on
where ¢ pefspie relping streegin SR graBT o o (YT PIIGE Eas. (36)

a ar. nt (8).= A0 RPP (1+a cos gs), (36)
aﬁ%&ér%e%'ﬁgsﬁﬁéeg%lo@ e'angul ar nmonentum fl ux of h

per photon, the grefactor_A. includes such geopetric

factors af(@medpgrlitresgshcattering cross- -3

2004/ 025668 PCT/ U52003/ 028535 section, and we have
approxi mated Roc. The other is an optical gradient

whefE G elligd Brdit?edloé’ﬂ\ ﬁr"rélé@&ihtﬁ?ﬁé’sfé t4dter, SariE anne &) £ 1 +e)

gradients 1n the light's ensity: Fg (s) = sAo

Evadraif the CARtR edintensitysmodBEticon ahieneudh ssedler than unity, both ¢
relative strength of the gradient force. Conbining
arihyy.cangdBe rauch ?%Q?r-ylretw qase, reguping ilapt foedd? ingregses the

AOR (1 + 77 cos Qs),..(38 e where we have_dropped an
d#ntheqf_emoﬂH%m %%’1“;5‘?‘% "%H&e m%m?eaﬁietne%\( 63182y 1/ 2.
B'STXTELL[,IE;t %qqgﬂérelﬁlgﬁe; ,egrla{l] &ﬁgsdatr%clgo c%w géc':oorﬂe Athick mjgr]ocal
potential minimum. The modulated potential thus increases the effective drag.
[0140] More formally, a particle's motion along an inclined sinusoidal

potential with strong viscous damping is described by the Langevin equation:

r &= F6)+T), (39)

where v is the viscous drag coefficient, I'(t) is a zero-mean random thermal
force, and F(s) is given by Eq. (38). The associated ensemble-averaged

mobility © may be expressed in the form:

1 5
ZU
yu =142 Im< ] s (40)
a2
¢ . a1

YRR,

tr 2—+i+

L T
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and rl can be nuch larger. In that case, reducing ' at
fixed P increases the depth of the nodul ation

WO edoa2ises t o t he thermal energy scale (3-' = kBIT/US1003/028535
tenperature T, and the particle can becone stuck in a
| ocal potential mninmum The nodul ated potential thus

i ncr ffective dra formal | v
whEIB et A R, B BHG RSP Fb e A HER e OBuationFeaches
ntial.wth strong viscous danping is descrlbedb
k?héfﬂﬁﬂg}g{ﬁ W¥S8tuation: v dt F(S;TEF(?) (39) where yy
is the viscous dra coefficient F(t) is a zero-nean
randomthp Eo e, and F(s) is given by Eq.4{g8).
The associ‘at ed bn]%gmbl e-averaged nobility may be
expressed in the form 1 17 2 yu =1 + 2 Im4 1 (40)

wﬁéreZTj =+ A/(2FyRIP,} AOtHeCe: 2t 0 e6iod fCT/=U32808F028H3the absence
where T= BAOD/(Jf is the topol ogical charge at which
oftriedurgivnat Tiea sbﬁd@lﬂlﬁﬁe irkEfG kaﬁ)nesmi'tsfnomul ﬂit teEgs. (40) and

TQP)=TI Pl (41) where T, Aéﬁ rvik, Pef) is th
(48X fec Ted, delTpdTherresulls,aT1 Tirmsech Ekﬂs@né‘éd w19, are

nodul ation. The solid curve in FIG 1 2(b) results
cansgateat Wwith the Etyenglyampdaladed (p@le;nmajrshpwn in the inpet|to FIG.

1 26hs PR Han HmioRa ¥ B RGIy satend B9 sBtien FareSn g particle
ink{2abNGakes ‘flt\eﬁ'ﬁa@ %1 |\;at3£ik9 sa?étk)\%eﬁ B@ﬁerﬁ@%éﬂsyn a direction

processi ng aroun vort ex, particle

b|b§§d Bgcthevditical hertex!d yora|c|‘e1 Vat ed hops bet ween
potential wells in a direction biased by the optical
[OVdirit]lex Reptamingi /4, with P,/P in Eq. (40) enables us to obtain an analogous

result for the period's dependence on applied power for fixed £, as shown in

FIG. 12(b). Here, Pr=4nl/(BA,)is the power at which the depth of the
modulation reaches k,7. Using m obtained from FIG. 12(a), we find that the

sphere's motions above P = 1.5 W not only are slower than predicted by

" simple scaling, they are slower even than our model predicts. The period’s
divergence at high power is due to a localized "hot spot” on the £= 9 optical
vortex resulting from aberrations in our optical train. Such hot spots have
confounded previous attempts to study single-particle dynamics in helical
beams. Because hot spots' potential wells also deepen with increasing power,
they retain particles with exponentially increasing residence times of the form
T(P) = T.,exp(P/P,). The datain FIG. 12(b) are consistent with 7,, = 5 msec
and P, = 270 mW. Such localization becomes comparable to the corrugation-
induced drag only for powers above P = 1 W and so does not affect the data
in FIG. 12(a).

[0142] Despite intensity modulations' slowing influence, the simple scaling
relation, Eq. (31) is remarkably successful at describing a particle's motions
around an optical vortex. This success strongly supports the contention that
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[01411 Replacing "T with PT/P in Eq. (40) enabl es us

to obtain an analogous result for the period' s
walepenetsnce on applied power for fixed , as shP@IUSI003/028535

FIG 12(b). Here, PT=47ce/ (RAO)is the power at which

the depth of the nodul ation reaches kBT Lbing It

obt |ned fro d t hat

h "G,
caffb pNgHS" 48T oS f{ﬂjte%%xﬁﬁ(efgﬁ?w“ar gt fRREY & hical
e i
oA 05 YR i g o eni.
ThiY¥ 8freavert hlﬁgé@@nt@raobm%mmeméﬂme ildis' oba nrlaetlcalgoptlcal
optical vortex resulti ngI fromaberrations in_ou
votexisnales lingarly sidhitaderalpetcal Rhaege, dbWke AMEE:, mode. The

previous attenpts to study single-particle dynamcs in
cotrepatiahs inh@petizedcantinsd vnmc%@@’gonlgo@r@mqqap realizagion of M. C.

NIRRT
ov&fc@ﬁ&% ngH%IpBPHB tilted )smus-Bﬁ'('féi %?éﬂ“&ls f5h%o@é\‘itﬁ’al'd%es As a

e consistent with = 5 nsec
préoticanBroutan rarchket, zthis evlsﬂeacprmmsneenpalghm getmanﬁéo such
corrugatl on- induced drag only for powers ?bove P =1
relatecha gaom@eg fﬁotraaw%tbw meleraal mPﬁOfﬁr @oltpge fyoise in

oo i, BB RS I TR 5 ot SRS ugore
Prél‘?rﬁﬁﬁfﬁ@b%e%ﬁﬁfs%ﬂ%uﬁplé%%@f ¢lesngh an pticabl/ertex also suggest
not1ons around an optical vortex. This success

opporamitigs sapperttansitiens fronejanming baicoopanatingy Wl’th mcreasmg
2004/ 025668 PCT/ US2003/ 028535 each photon contr.i
oqqupgtlpﬂé/vqtb@gtegﬂ@l@ ICAHRRS ﬁhPPT'fi?(' Y)qrtlgeﬁgp\' ggylng motion in

m%ﬁ‘g%‘l[o Injlegmmesand not only to the beam s overall

noment um density. This agreenent hinges on

[Ofl|413]0b$ﬁé\q%fde9él ddrﬂ;tef)wees@«hwshefenabeﬁbae:mgau.rrgocmaih and
vortex scal es |inear wth its topol ogical char

usendf eptical oBices nem_be ithstratast by glesEohEG Wear@éiwzéaﬂable for a

t I t d I
oG dopRtal e B BeASionl Bl kB uhBRLIER Bty Min tne
to#B' %‘a ééumty to apply overdanped transport to
st nusoi dal potentials for potential uses. As a

practical Br ovvnf n rat het this system prom ses
i nsi ghts 8erF tldrfu rel ated phenonena as (42)
transport by b notors, voltage noise in
h - .
wégxgdgga@w&:&ééﬁ&h&é{ J ht £ ghé lfgc):(alfllar?él\{h Of {ﬁ/eo Fenlslfocusmg the
béam into an optical trap, and X is the radius of that lens' input aperture. For
an optical train with no aberrations, numerical analysis reveals a = 2.585 and

2o = 9.80. This result differs qualitatively with previously published
predictions, all of which claim R, =4/ . This fundamental result is the basis for

the inventions described in this disclosure.

[0144] Prior art implementations of optical vortices have all considered
helical beams of light with constant pitch. In other words, the derivative of the
phase, d¢(;)/d9 </ has been selected to be independent of 6. This is depicted

in FIG. 13 for three different values of the ( constant) topological charge £. In
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Prelimnary observations of nmultiple particles on an
optical vortex al so suggest opportunities to use

WO c@ad2icsons fromjamm ng to cooperativity w tPCT/US2003/028535
i ncreasing occupation with potential applications for
optical vortices for driving notion in mcroscopic

hi 01431 .Th ' .
o TR 0550 B8 Fadur I n QRHEHRY, GRAREPORUAASrAeAngse radius,
théf@fdrbcrs'sln%ﬁeﬁaehﬂ bpgtrated by describing the radi us
variable for a very general class of practical

[01’@3] C"J\Necé’efﬁérﬁf?fe Wis ‘F@smﬂ?ﬁb%%thh@ﬂﬁ&dgyto%é B gdieral (and not

t opol ogi ch arge RQ =a - where 2 is the

SRR R RS PP 48 v

re{ﬁg!\}dé tp{rhstfg% tbgrbsat érﬂﬂﬁtfoeﬂgé& lﬁgﬁf ik 2 ﬁﬂwﬂ@ta'nﬁﬁlus to a

no a erra I oNs, NUMer | anal ysis reveal s
mdéregehepdop@iite, 0 = 9.80. This result differs
qu;ﬁ itatively with previously published predi ct| ons,

al |l of V\,hchgg cl af RQ-d(A Thi s fundanent al fﬂ
the basi &t jons described in th| S )
di scl osure. [014 Pr| or rt inplementations of

[OQRéhca Vofi s'gfper? e?\ll%g]n&? 69%’? ¢fis ékg‘lérglajﬁpﬂ%ﬁﬂﬁ t8fcrafting

thQ%{ebYr?étW%f Q)fpthBEtraBBaW% coledider tH effectsast béding a sinusoidal
ected to be independent of 0. This is depicted in

mé&dWatios tbahetdtherwisief inges mngutar depesdenge qf arpbaRtgRtyortex:
topol ogi cal charge . In -42 WD 2004/ 025668
PCT/ US2003/ 028535 all three cases, the result is a

perfectl )ﬁ)(‘el rcHSa_l[o(gg @q_mrrgggngo\/\hose radi us, (44)

t her ef or e, i ndependent 145] We generali ze
this result by setting ~ (0) to be a general (and not
simply linear) function of O with the proviso that

HaepX is tbe(lampl.’l_md)emfdmm -fold modulagion; andd setids GFigntation.

the attern, of. focused light from a SI 0
proepiafb P jasp imedul gpLiping g con A‘gﬁ?gﬁﬁﬁ?c’mi%
! ¢ aFIGS. 14(a)-14(i)
i S PR A i, s s, -1
shiRy GPRgesof thedoelisat hsodulateddoplica vorticeofatal = 60, a fixed
depth of modulation & = 0.1, and modulations ranging from m = 2tom =
10.

[0147] Like the regular optical vortices, the radial intensity structure of

modulated vortices is related to the local slope of the phase ¢ (6). However,

the slope is no longer constant as a function of angle 6,

4 _ o[l+ ma cos(m8 + B)] (45)
deo
and this modulation is reflected in the flower-like Lissajous patterns described

by the light. As predicted, the experimentally determined radius varies with

angle as:
-43-



nodul ation to the otherw se |inear angul ar dependence
of an optical vortex: '(0) [qg + ocsin(mO + P)]nod2n
W@ doby/obksse, oc is the anplitude of an mf ol d PCT/US2003/028535
nodul ation, and R sets its orientation. W
i npl enented this phase nodul ati on using a conventi onal
dynam ¢ hol ographi c optical tweezer system
illustrated in FIG 10(a). FIGS. 14(a)-14(i) show
|mages of the fogl S _‘Oz?dul ated optical vortices for
60, a fiRx&) deé;fn frodu edsi mﬁ+a6’)}} 0.1, and (46)
rmdul ations rangf® bmm=2to m 10. [0147] Like

the regul ar optical vortices, the radial intensity
structure of nodulated vortices is related to the

QR ol oo PNl e o83 st

intdddIRF Fb‘-’de'gné'i'oﬁ)'nh tﬁé@ort&@v@%@et%a‘iew.kﬁb'dybehﬂ on the nature

reflected in the flower-Ilike Lissajous patterns
ofiése mdekdatidry. foe thisglibusoldalpsanplegdhe radius depends on the

experinmental |y determ ped radi us varjes th angle .
cg@b'nazr@rv\é"zz@ow'@z@ééél@@ﬂ%@mmmwwm@er%g@am@mn ma

<16 [sI +t'ﬁ%‘f?ﬁé 'Fﬁé’ét%llorfr @sség Mﬁ%h hr} Rapt 'fl‘é’ig:({fferét% shiown for a

|ve hodul ation m ere are a Mﬁ s at

4Lﬁt&ﬁ%dﬂaﬂe@hﬁﬁt@t Quirsl ¢t be 6paRtAE. vmx_ase shape and size
depend on the nature of the nodulation. For this

[@1485 oikddtersaamifl(€) ddeer mhdingtesd®perdzom +ife Therefore,
conmbi nation ma, with additional | obes apﬁearl ng when
paﬂerr@ommasnbnsw FK59, 14@)t(haandc h@(a%d@ panuhﬁwr%a‘ga;des

fect is shown f

h
C%Y!I i Sé‘rd b&YoY"Fé(JJ‘Q/ﬁt ﬁfhe Sangg fo PE @8N ﬁg o%[t@fgg y rotating the
oL B S g 56 ol bRl RSB pdhertia

ore, pat ern SUC OSG

applitatidrisafor (@htﬂﬂlﬁbbﬁrd‘caflﬁg @@ymetrlmubjestamlhynmat@d by a
R The sane effect can be obtained by rotating the

mstthdatedeeirtical youexg voith the searae oheotapiondeginacoatrofigddy the

potential applications for controllably rotating
nggﬁhﬁﬁ %[% objects illunminated by a

[0150] The light used to create a modulated optical vortex is distributed
uniformly along the pattern's arclength. Because the arclength increases most
rapidly where (0) is largest, the patterns' outer extremities are less intense.
This intensity modulation also can be varied through the radial dependence of
®(0).

2z
[0161] Provided that I(dgb/d@)d@ >0 the modulated optical vortex still

carries an orbital angular momentum that it can transfer to illuminated objects.

The local force i exerted on an illuminated object no longer is constant over the
extended optical trap's arclength, but rather depends in a complicated manner

on details of ®(0). This also has potential applicatidns for mixing and sorting

macromolecules and small particles driven by the resulting force densities.
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nodul ated optical vortex, with the degree of rotation
being controlled by the offset angle R [0150] The

wo c@ht2issed to create a nodul ated optical vortPBXI/US2003/028535
distributed uniformy along the pattern's arclength.
Because the arclength increases nost rapidly where

[é%%]l Shj %&% Stptﬁﬂl Sw%%% r_ nng{ Shal Jgtfceamvtolrﬁéesaragwd other

aur At 1on 4o
preRid Ry [dREEHBEd o ?@icéﬁﬂfbébm &h@ﬂdﬁ‘ﬂ 6€ cah beddre@led ahd combined
[0151] Provided that f 9)de > 0 the nodul at ed
waht theadyvamiekokigraphic @pd:@:af tweezar t@cbnicuie, anoduilated optical
nmopentum that it can transfer to illum nated objects.

vaiices 7le9 GPBrQeeCFeaé%H BMRYERROHP 1A nat ed obj ect no
nefpEEns i Bt G ngBY BirobBf et S et il oo, ©

[®TB3Et Avhile Prefird erhbodirmése Mgk beéeiliusatated and described, it
applications for mxing and sorti ng macr onol ecul es

showldsrmbnderstood lthat changas aryd m@h eations pan berpade therein in

densities.. -44 2004/ 02 3/ 028535,
apeAEaANCY Yiith neq oF Vory it i 16 e RAPHD AZP fgmq frgm the
m‘(/%hh'oﬁqﬁ |tsagﬂ1a%‘ep%%pe&rsevv9H§b§/ féi&%?éé Q?%Qlﬂ’i\}é?ﬁlon are defined

pl ng no Ities can be created and nbined wth
niﬂﬁaﬂynaWhgtﬂmhugraphlc optical tweezer techn|que,

nodul ated optical vortices also can be created in

honbgeneous and het er ogeneous arrangenent through use

of conventional nethods. [01531 Wile preferred

enbodi nents have been illustrated and described, it

shoul d be understood that changes and nodifications

can be made therein in accordance with one of

ordinary skill in the art wthout departing fromthe

invention in its broader aspects. Various features of

the invention are defined in the follow ng clains.

-45 WD 2004/ 025668 PCT/ US2003/ 028535 WHAT IS CLAI MED

I S:
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1. A nethod of manipul ati ng mesoscopi c particles,

conprising the steps of: providing a beam of |ight
wobegm2ises ef ronts are at | east approxi nately PCBOS2003/028535

focusing the beamof light with a lens with a

suffi ci ently Iarge nunmerical aperture to create a

VLS 5 ega ent force optical trap having a
transverse op |caI gradi ent conponent; and using the

1Qpt i gamdthad dfamanipilatiny GRS obEGPIeRIrEelelsP cbAfprigig €8 steps of:
axis of the beamof light. 2. The nmethod of claiml1,

further compyidiicng belam of §phbivhase wavatronteare at least
pro erti es olf t he focused beam of light with a phase
'S8 P3N he nethod of claim 1, vvhere t he beam

Of l'ight ige ||'1§Stﬁé tif |l ht With g%glé’ acéLﬁ'flme%’tlg large

wherein the IS cp~r

rmmsericablapeeduaé lwe:réatetahsin@m beain grraehélﬁafm@é obtight trap having a
pl ane transverse to the direction of propogation.
t@nSVﬁéseneph%l q;ﬁdtﬂnaucmnpomr and forces exerted by

the optical_. Nesos LCc.matter

method of Ueing ARyoblifRER, to RERfR EEBet yARskEispad the Sptical axis
FAAB'HeP® of H@ReC! usters. 7. The nethod of claim 4,

wherein the mesoscopic nmatter conprises coll odi aI

particles. 8. The nethod of claim4, wherein the
Z"resos'l'd‘Wpl'm@tlnm oéclaionpr furdler mmbdgiingaﬂhecsilebmf rpodifying the

nmet hod of ecting aber ons that a n an

RipReies e focused el ah habt Pest ahaspHgUulrioBm

corrprl sing the steps of: locating an optical axis onto

B SRR, 1 (IO ROEUAZSE i s opsr poam.

optical trapping system |ocating the opti cal axi s on
# SPAtAmeth&dof TSR Al Aherein the phase modulation is (p(r) and 7is

the position relative to the axis of the beam of light in a plane transverse to the

direction of propogation.

5. The method of claim 1, wherein forces exerted by the optical trap

transport mesoscopic matter.

6. The method of claim 4, wherein the mesoscopic matter comprises

nanoclusters.

7. The method of claim 4, wherein the mesoscopic matter comprises

collodial particles.

8. The method of claim 4, wherein the mesoscopic matter comprises

biological cells.

9. A method of correcting aberrations that appear in an optical train
defining an optical trapping system, comprising the steps of:

locating an optical axis onto a monitoring device;
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measuring the effective input aperture relative to the
optical axis on the spatial |ight nodul ator;

wore@geiongy any aberrations that appear in the BPEI/USEN3/028535
train; and correcting the nmeasured aberrations that
appear in the optical train. 10. The rret hod of claim

9, j i deo
canors SREUTE BeoRt ol e SIGATRRARS Teler!
nmeas loaatingpthe apticesl saxds encmspen&ld@hthyodelatmgni ng the

optical train. 12. The nethod of claim9, wherein the
meas MMeABUAREr et ¢Tdestive InnudaneEtuse relafivette thecpntical axis on the

ensating phase mask; and conbi ni ng
Sﬁﬁtgplﬁﬁeﬁggmaﬁ(g%hase mask with kinoforns encodi ng
patt @ﬁé‘aﬁs&fngtérﬂpﬁbéﬁaﬁ@ﬁé QIsat éé}féaﬁ‘bﬁrthétdp‘i%‘él tr:h%'i ale
nmet hod of claim1l wherein the conplexity of

conpeosEcting thphaeesuradkabesratmmmu a'ppedetrethe nptlcal train.
whet her the optical train requires realignment. 14.
The method of claim9, wherein the nmeasured

ﬁper r'l":P'nte' Meth&l 61 %ﬁ':ln%cé e%herélﬂrﬁ\tenﬂogft?HngB%@fées{:b%nggs a video

spheri cal “aberrati

caudtarat ur es, dlstortlons and conblnatlons t hereof. 15.
The nmethod of claim9, wherein the aberrations are
nmeasured using a conputer i magi ng systen1 -47 WO

13005\',9'2'\3566%(?{5[ Bé: 200? 5@%’%@ gtmggfseurle rmj:goncsl grleng:orrected
Y, i the steps of: sending a
b&l %tg r%atfg%mfédggﬁ ,g]y i ght nodul ator; encoding an

array of traps; and inmaging the resulting intensity in
the focal plane. 17. The nmethod of claim9, wherein
1t2he deenmetiodpf claimod: whareinrthgpnagsuregisaharrations are corrected

%}ntlfl ed by neasuring the positions of each

tFBa chr ap based

calculating a compensating phase mask; and
combining the compensating phase mask with kinoforms encoding

patterns of traps to correct the aberrations.

13. The method of claim 12, wherein the complexity of the compensating
phase mask is measured to determine whether the optical train requires

realignment.
14. The method of claim 2, wherein the measured aberrations are selected
from the group consisting of spherical aberrations, comas, astigmatisms, field

curvatures, distortions and combinations thereof.

16. The method of claim 9, wherein the aberrations are measured using a

computer imaging system.
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upon the center of intensity for each focused spot of

light. 18. The nethod of claim9, wherein the optical
W@x008/02%6$ ocat ed onto the nonitoring devi ce bRCHERINIIORSS3S

a uniform phase pattern to the spatial [|ight

nodul at or, causing the spatial |ight nodul ator to

t & d\p t I
18101 A5 BRIl 9 hartih 1B\ gbotn iy 1R GMICEA mping

sybEneiisiddmeifledday itloe stdpst e beam on the noni tori ng

device defines the location  of the optical axis.
The FERHIFY dKInNAfaimteghegpatial thh@ﬁ‘é@ﬁoéonprl ses a

| aser ' f claim19,. wherein the

I asangggﬁgsa %F@Xsﬁ t@gég usted such that an

undi frhagigethe’ RELRThPAPRENMIBy ANtH O AP Pl | ng devi ce

W t hout = saturating the nonitoring device. -

17. The method of claim 9, wherein the geometry of the optical trapping
system is identified by measuring the positions of each projected trap based

upon the center of intensity for each focused spot of light.

18. The method of claim 9, wherein the optical axis is located onto the
monitoring device by sending a uniform phase pattern to the spatial light
modulator, causing the spatial light modulator to project an undiffracted beam
onto a mirrored surface, which reflects the beam to the monitoring device,
wherein the location of the beam onlthe monitoring device defines the location

of the optical axis.

19. The method of claim 18, wherein the beam comprises a laser beam.

20. The method of claim 19,-wherein the laser beam’s intensity is adjusted
such that an undiffracted region appears on the monitoring device without

saturating the monitoring device.

-48-



