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This invention was made with U S. Governnent support under Contract No.
DVR- 932023 82essa31ded by t he National Science Foundation, péTr/osgimaéte MRSEC
Program of the Nati onal S\éﬁ Found tlon under. Award No. DMR-9400379,
and through a GAANN fello PéRﬁr YINEnt of Education. The U.S.
Gover nment al so has cert ai ©OPFICA: GRth)ItEM REAS on pursuant to funding
under contracts NSFDVR-978031 and NSFDVR 980595. The present invention is
directed generally to a met hOdgﬁ”d apparatus for control of optical traps.
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cﬁum whose refractive index is smaller than that of the particle. The optical tweezer

technique has been generalized to enable manipulation of reflecting, absorbing and low
dielectric constant particles as well.

The current conventional systems therefore can manipulate a single particle by using
a single beam of light to generate a single optical trap. To manipulate multiple particles
with such systems, multiple beams of light must be employed. The difficulty of creating
extended multiple-beam traps using conventional optical tweezer methodology inhibits their
use in many potential commercial applications such as the fabrication and manipulation of
nanocomposite materials including electronic, photonic and opto-electronic devices,
chemical sensor arrays for use in chemical and biological assays, and holographic and
computer storage matrices.

It is therefore an object of the invention to provide an improved method and system
for establishing a plurality of optical traps.

It is one object of the invention to provide a novel method and apparatus for control
of optical traps and small particle arrays.

It is yet another object of the invention to provide an improved method and

apparatus for dynamic control of optical traps.



of optical traps and small particle arrays. It is yet another object of the
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It is also another object of the invention to provide a new method and apparatus for
inspection and manipulation of biological media using a controlled array of optical traps.

It is another object of the invention to provide a novel method and system for using
a single beam of light with diffractive optics for forming a configuration of light beams for
establishing a plurality of optical traps.

It is an additional object of the invention to provide a novel method and apparatus
for using holograms for generating an optical gradient field for controlling a plurality of
particles or other optical media.

It is a further object of the invention to provide an improved method and system for
establishing a plurality of optical traps for a variety of commercial applications relating to
manipulation of small particles such as in photonic circuit manufacturing, nanocomposite
material applications, fabrication of electronic components, opto-electronic devices,
chemical and biological sensor arrays, assembly of holographic data storage matrices,
facilitation of combinatorial chemistry applications, promotion of colloidal self-assembly,

and the manipulation of biological materials.
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optical element and a diverging or converging optical system to form the trap configuration
at a selectable location relative to an objective lens focal plane.

It is still another object of the invention to provide an improved method and
apparatus for using a laser beam and an obliquely positioned diffractive optical element to
filter out any undiffracted beam for efficient utilization of only a diffracted optical beam in
constructing an optical trap arrangement.

It is yet another object of the invention to provide a novel method and apparatus for
using a laser beam input to a diffractive optical element to generate at least a two-
dimensional arrangement of optical traps out of the focal plane of an objective lens.

It is also yet another object of the invention to provide an improved method and
system for employing a light beam and diffractive optics in conjunction with a plurality of
telescope lenses to scan an optical trap array.

It is yet an additional object of the invention to provide a novel method and system
for establishing an array of optical traps using a single light beam input to a diffractive

optical element and an optical system for controllably scanning the optical trap array such
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met hod and systemfor a single, steerable optical tweezer;

i |1 ustrhbtesuseralstthmigboud. system using a diffractive optical elenment;
FIGURE 4 illustrates another nethod and systemusing a tilted opti cal
element relative to an input light beamp FIGURE 5 illustrates a

conti nuously translgm%&ﬁﬁlémmimﬂwgy using a diffractive

optical el enent;
FIGURE 1 illustrates a prior art method and system for a single optical tweezer;

FIGURE 2 illustrates a prior art method and system for a single, steerable optical
tweezer;

FIGURE 3 illustrates a method and system using a diffractive optical element;

FIGURE 4 illustrates another method and system using a tilted optical element
relative to an input light beam;

FIGURE 5 illustrates a continuously translatable optical tweezer (trap) array using a
diffractive optical element;

FIGURE 6 illustrates a method and system for manipulating particles using an
optical tweezer array while also forming an image for viewing the optical trap array;

FIGURE 7A illustrates an image of a four by four array of optical tweezers (traps)
using the optical system of FIG. 6; and FIG. 7B illustrates an image of one micrometer
diameter silica spheres suspended in water by the optical tweezers of FIG. 7A immediately
after the trapping illumination has been extinguished, but before the spheres have diffused
away;

FIGURE 8 illustrates a holographic optical trap system including a movable knife
edge feature;



FIGURE 6 illustrates a nethod and system for mani pul ating particles using
an optical tweezer array while also formng an inage for view ng the
optical twap2esonaty, FIGURE 7A illustrates an i nage of a PODUSQys2i€ur array
of optical tweezers (traps) using the optical systemof FIG 6; and FIG 7B

illustrates i one m,gcr ter _dianeter silica spheres suspended
in water by ﬁ@%ﬁ%ﬁ%g{usﬁr&ﬁ%i éﬁ’%ﬁﬁrﬁ ‘é(’p’?‘ﬁgﬁfﬁﬂ’éé?%‘?eéll Qna EE‘FSéWaﬁeﬁe ltor appi ng
il lum j . i i L r i.ffused
oy PEg e PG, RS ENGHHCA Ebs il o RS RO D s hndt= 0
movabl eth&diiftheoweafgmpticalatapsds exposdd 02 i 48 barficles UBIGE. 92 Al6fstrhtc SalREhed A

illustrates % 10x10 array of optjcal traps fornmed on a gl ass-water
i nterf a@im 8 pf eartiglgsicoppated 4o £1G o BB ivwith fillipg oF th; qighth rew @l sheensical wapsi cr ons

above t ' i.ea] . I S. osed to a flow of
parti cl %@;ﬁggﬁ g@gtlr?tfg%]gtc ?fgpfggé 1* ﬁﬁ?‘ﬁé%t%?# Pfﬁjler?éhgﬁs%{g?t ?E}E es conpared to
FIG 9B wit lFFIGURENG illistidie i qphicdl trapveodirol §8tedivith dhictdsadife imABfhgH G 9D
illustrates a conpletely filled pattern of the optical traps; and Fl GURE 10
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In order to best understand the inprovenent of the invention, FIGS 1 and 2
illustrate several prior art nethods and systens. These systens will first
be reviewed, and then the invention will be described in ternms of the
preferred enbodi nent exanples of FIGS. 3-7A and 7B. In prior art optical
tweezer system 10 of FIG 1, optical gradient forces arise fromuse of a
single beamof light 12 to controllably mani pulate a snall dielectric
particle 14 dispersed in a nedium 16 whose index of refraction, nm is
smaller than that of the particle 14. The nature of the optical gradient
forces is well known, and also it is well understood that the principle
has been generalized to all ow mani pul ation of reflecting, absorbing and

| ow dielectric constant particles as well. Any of these techniques can be
i npl enented in the context of the invention described hereinafter and w ||
be enconpassed by use of the term nol ogy optical tweezer, optical trap and
optical gradient



force trap hereinafter. The optical tweezer system 10 is applied by using a
| i ght beam 12 (such as a | aser beam capable of applying the necessary
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mani pul ate a particle. The objective of a conventional form of the optical

tweezer 10§ noLe. shaned be | |nto the center
of a backméﬁmaﬁ ﬁQ&Q&f.‘%«*’%* QMJMS an

9 way
obj ective | ) ' ' h wi dth "w'
and havi ng gg%ir%%ut? bgﬁtgl]mé&%%nglq%% |ﬂle Y%ngﬁn%fgoe?i?g%[fiﬁgg? @%Zﬁmze l'i ght beam
12 i s iillpsitate sevardbacibor agtendthods add spdtembe Thbjeasybtens willrfirsiie resfesvedpamit from
a front_aperture 26 sybstantjally converging to a focal point 28 in focal
pl ane §belg§1ei1ﬂ%@itlﬁﬁ W}ﬁlbﬁr@s%@e@/im termg of thepferrsd pmbpdinaeyt s3ampleyofvi t h an

opti cal ~ I f ' thcal t n f.ormthe
basi o Ao, nartnand o IRpEieR an BftalaREHR SRARID RIS T; SR PR cam 12
bei ng aofuek hiis@ireth usesfa sugaehant ohiagtitNg tb contélizbly f@hipaiatenimud t h the
optical axis 22, the |light beam 12 enters the back aperture 24 of the

obj ect idieletein partpler il dispersedinghmedivmal & whoss index oferefaetitm gy isismalleB2 at t he
center poipt. c.of th jegtive le foca | ane .30. Wen the axis of the

l'i ght %’h&’f&oﬁ@eé’ﬁgﬁ%gﬁﬁ%ni‘% Ofgtﬁﬁf)gm@ll \%fatd??“&%rﬁ%]ts Wl Koo dpd c ol axi s
22, be X | | b G int B of
the back oty ar uRgsbOP IRPHEGANCRI: RastReR BRTARRATE b AR L Pon
trap aaefieginghebsorieing and low dieldeyricaconsmanupdrtitloaibs wele idsy afithésbecchnigubsr

magni ficatiqn of the objective |ens 20. The two vari abl es, angul ar
di spl aé@ﬁé’ﬁﬂm@?%‘i‘f‘&t@ ”R&@W@%%@GP@T?@QGI‘F@PZ%Q hgrginafiey apd Wik Pgence of the

wi £hi n SEampened B ot RE Srfind S Dt QR b Baftand B REL BRIRS' 53°Ca
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12 are applied to the back aperture 24 at the different angles 0 and with
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aperture 5)4 of a converging optical element gsucﬁx as an objective lens 20). As noted in

FIG. 1 the light beam 12 has a width "w" and having 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 coinciding with an optical trap 33.
In general, any focusing optical system can form the basis for the optical tweezer system
10.

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 imaging volume 32 at the center point ¢ of
the objective lens focal plane 30. When the axis of the light beam 12 is displaced by the
angle & with respect to the optical axis 22, beam axis 31 and the optical axis 22 coincide at
the center point B of the back aperture 12. This displacement enables translation of the
optical trap across the field of view by an amount that depends on the angular
magnification of the objective lens 20. The two variables, angular displacement & and
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the dianeter of the back aperture 24. For nore general beam profiles (such
as Gauss- Laguerre) conparable conditions can be formulated. |In another
prior artw@yztsmilin FIG 2, the optical tweezer system 10PCEUStvEms ate
the optical trap 33 across the field of view of the objective lens 20. A
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Vol ume p3hek BQRT the telescope 34. In addition, the magnification of the telescope 34 can be

chosen to optimize angular displacement of the light beam 12 and its width w in the plane
of the back aperture 24 of the objective lens 20. As stated hereinbefore, in general several
of the light beams 12 can be used to form several associated optical traps. Such multiple
beams 12 can be created from multiple independent input beams or from a single beam
manipulated by conventional reflective and/or refractive optical elements.

In one preferred embodiment of the invention shown in FIG. 3, arbitrary arrays of
optical traps can be formed. A diffractive optical element 40 is disposed substantially in a
plane 42 conjugate to back aperture 24 of the objective lens 20. Note that only a single
diffracted output beam 44 is shown for clarity, but it should be understood that a plurality
of such beams 44 can be created by the diffractive optical element 40. The input light
beam 12 incident on the diffractive optical element 40 is split into a pattern of the output

beam 44 characteristic of the nature of the diffractive optical element 40, each of which



best in FIG 1). In this arrangenent of the optical tweezer system 10 an
undi ffracted portion 54 of the input |ight beam 12 can be renpoved fromthe
opti cal tweerewsdystem 10. This configuration thus enabl pPeT/PREICLSE ng | ess
background Iight and inproves efficiency and effectiveness of formng

gener at Bt SoP el R THF BT T o PO ER B DI B P H o et e

desi r eccapgdcuehice oﬁmér‘abwhﬂﬂ:gﬁmﬂmcbpa&ﬁéﬁmescﬂbédlhéﬂaﬁlbéfwai nder of the

optical elenents in FIGS. 3 and 4 enables creation of arbitrary arrays in
whi ch t he diThe diffraciize optical glemsingA@ of FHG. 3 & showa as beigapemahio theinpfit ont  of

h L f.f t eamin endent|ly. Therefore, .the optical.traps.50 can be
o opos At beh 1, B gy SRRSHERBbmls ARSPG Rler FoniaRble, &8 Fig, @ B8 2R °0) 06
out of : I : - L [ of the
o;ticaIBéta?la%s)E@%’.e P%ﬁﬁf%%%g%?}l ISIB ”ﬂte\i;’\aggggéﬁ%y@'tug%ﬁ%g? 0'1?1 hrﬂ%&éﬁ angk}l, al so
i ncl udetie idiffractivecepsicalgelern@iti40al Inahis RO dinteme tha diffracted bpand 44 emhemiag 20 ( or

other |ike functionally equjvalent optical device, such as a Fresnel |ens)
to convigPgdoildA Wik forgrepticabaph Yuinfacal planetRoldhn ivaaging yelpwe 38dseerur t her,

the tel N QL a0t her  equi nt f.ransfer tic cre S_.a. point A
conj uga ez{;ﬁgﬁt(ﬁé) C ]Pltﬂg% a%%l?gﬁ?l’l%g%’@#&lfﬁgh@é@?e %938%"6’%3;’368?‘8@&@3%9 The

di f fracgdridén S#F @Rl inp@! IRIKE Béandt D2 icin B AESell Froin BlePd}icaIoRcalel Is?ﬁerﬁqont A In
another formof the invention, arbitrary arrays of 'the optical traps 50 can
be cr eEhiedonfigunation thugemblesiprocessing tespbackground light indimprovesdifficencyt he
diffractiyv Of)tical feéﬁement 40 can be placed directly in the plane

cont ai %E?B Tynegs of IoTpiNg PHEALIIAPSt weezer system 10 either static or tinme

dependent difiid &efrictfe it Jemdnt 80BN fcfile %@ﬁﬁgﬁr géxféiiateclf AbloBratenPiic . O
ti me dependent version, one can create tine changfFng arrays-of the opti cal
traps Séplitiecinpwrdighbbegnan® imd agpregedocted desired gatieon.s Combining shtiofograms
addition,_ these dynam c optical elenents 40 can be used to actively nove

part i cl'wh Hegrematnidex O‘Fr@aiqatlegleéﬁlm@és m&/lﬁﬁe 3Mt4wéxabllessfea€sva%mbétrarh e
o 111 ks R abhe SRR SREASA, ROV ARAEA o) GG Pl @

conput ediffgRAeT lagtindepeade@Bi Tharafot& RS optidal BARY STREarekd@shd¥EDhotl dly & I at ed
in FIG 5, a systemcan be constructed to carry out continuous translation

of the hpioceahplanede of thet ohigetise lens 2§ hetalsmeiof gt focalrpanesi? fosform a

three-dimensional arrangement of the optical traps 50.

In the optical tweezer system 10 of FIGS. 3 and 4, also included is a focusing
optical element, such as the objective lens 20 (or other like functionally equivalent optical
device, such as a Fresnel lens) to converge the diffracted beam 44 to form the optical traps
50. Further, the telescope 34, or other equivalent transfer optics, creates a point A
conjugate to the center point B of the previous back aperture 24. The diffractive optical
element 40 is placed in a plane containing point A.

In another form of the invention, arbitrary arrays of the optical traps 50 can be
created without use of the telescope 34. In such an embodiment the diffractive opﬁcal
element 40 can be placed directly in the plane containing point B.

In the optical tweezer system 10 either static or time dependent diffractive optical
elements 40 can be used. For a dynamic, or time dependent version, one can create time
changing arrays of the optical traps 50 which can be part of a system utilizing such a
feature. In addition, these dynamic optical elements 40 can be used to actively move
particles and matrix media relative to one another. For example, the diffractive optical

8



placed with its center of rotation at point A The |ight beam 12 is

I nci dent on the surface of the mrror 60 and has its axis passing through
poi nt A awvalompisk3lbe projected to the back aperture 24. TPCTUR@/4H65t he
mrror 60 causes a change of the angle of incidence of the Iight beam 12
relativ Is feature .can be used.to.translate the

to t ' 6 th
Fesal 1 ey iialive gy S i iabe Aoy BndieEuBE Custet TRGREA W Rom | enses L3
and L4 d’&ﬂﬁ\}fu&rf%eﬁ&ra Iﬁlor%%}ﬁégﬁierﬁ\@l ch is conjugate to point A The
e op ele 4

diffracti | ca placed at point A now creates a pattern of
di ffracted Dasamsthédembadimenf illnbirated peEEE S, tatsysteghcapdiervondtrioted toaarmyone of
the tweezer traps 50 ip an ﬁrray of the optical tweezers ga/st_em 10, In

oper at | B ceRtnuqEs Eapltionithe,ppticaliweszer thap 3. r AgFimbal mewped BYEer 6B entire
t _ gt - DR _ . oo
et gy, o OIS 5o s B G 1

sti f f enoftthentbt 6@hnd hanitdikis Passing hrofgRpdinf AR twitlebe 2Djebie@ 36 tHel tAERT Y

di spl acenents, as well as for any application requiring a general

t r ans| aabieghrecibabilting 9f themeirmer 68 \gawses & ighangstaf dhe anglepEinsilendesef thahighte
transl at ed rtically relatiyve to th sanpl g stage . (nqt. shown). by noving
the. samse: S HREuo the Sl ab e anitE BB e Beel 6 iahilae e SR ne

opt i cal o iheIeESS ST Ad¥chtteRsSpeltR it FairiF G 1dmREEL fhhy TASHAH &%aﬁe]@at he
sanple by noving the sanple stage. This feature would be particularly
usef ul paomnt A'awhieh scedmgugatoioepuemt A b &he diffiabiever gpigel elémerntetOofipeedtat peint ens
field of view. |In another %&;mof the invention shown in FIG 6 the optical

syst em #sTQY CERES @ Rager,d ditfraciqdehiapg Grneardoof grhighpasses Eough ol iy t he
opticalg, m%%Fﬁle]tqreeférqfa‘errSQ'i glagﬁgfﬁv\ggfgtoﬁ)ﬁéalégme %si %{E‘ﬁf j@qui val ent

optical beansplitter, 1s rnser | ec ens 20 and the

optical trailh operdtiog ofpiid eabodiveRZeFISY St €@ midror|60 thdislatdslthesertated
enbodi ment the beansplitter 70 selectively reflects the wavel ength of |ight

used t otWeazen T as gpniite al'his wsthodplogy AsyselH dox prgpisely adigaimadhe opticel engt hs.
Thus, the light beam 12 .used t.0 ormthe optical tra | S transmtted
o the Biecter dfiy CURLR B2t siignledpAybeEicaly Wi BBRe o0 b&%ed & o
form i nagasafRueafpid HicAUEt vy dspliaBegien, SOWEE as fd}%ly%?ﬁﬂ%)cion féhdiﬂnl%y ration
of an application of the invéntion is shown in FIGS. 7A and 7B. e

di f f r acganesl tyanslatitin eapebibitt. 40 i s designed to interact with the single

i ght beam to 9 02/,056431_PCT/ US01/ 42465 create _a 4x4 array of
collimated b ?aymf\fgeﬁm éran%ﬁ@saG%ﬁ%eralaﬁ?%fiymﬁﬁserelawe to the

sample stage (not shown) by moving the sample stage or by adjusting the telescope 34. In
addition, the optical tweezer array can also be translated laterally relative to the sample by
moving the sample stage. This feature would be particularly useful for large scale
movement beyond the range of the objective lens field of view.

In another form of the invention shown in FIG. 6 the optical system is airanged to
permit viewing images of particles trapped by the optical tweezers 10. A dichroic
beamsplitter 70, or other equivalent optical beamsplitter, is inserted between the objective
lens 20 and the optical train of the optical tweezer system 10. In the illustrated
embodiment the beamsplitter 70 selectively reflects the wavelength of light used to form the
optical tweezer array and transmits other wavelengths. Thus, the light beam 12 used to
form the optical traps 50 is transmitted to the béck aperture 24 with high efficiency while
light beam 66 used to form images can pass through to imaging optics (not shown).

An illustration of an application of the invention is shown in FIGS. 7A and 7B.

The diffractive optical element 40 is designed to interact with the single light beam 12 to
9



Nd: YAG | aser operating at 532 nm provides a Gaussian TEM. formfor the
light beam12. In FIG 7A the field of viewis illumnated in part by

| aser |i ghoobesskxicattered by sixteen silica spheres trappetuselr/£2me array' s
sixteen primary optical tweezers 10. The 1mdi aneter spheres are dispersed
in water and ,placed i.n ) | e vol b en a gl ass., ni grosco slide
and a 17 ?ﬁgé RITGY 94 §O@i8§‘)ag‘?r}£t?qaﬁl.s' ﬁ@?ﬂ@éﬁ%ﬂuwy gﬁlﬁgd g]’roﬁf'gl'}?’@ggupwar d

t hr oughNdYIEG GR¥EbSErhn @Al 30 S Bitvidel A8 ausBiaR TRIVD Sordd-FiP 12
coverslip and nor eﬁ%@lan 20 m bgfdow t he uSper m cr oc')scope t@%%@.ﬁeﬁ"ﬁe Silica
spher edndfl&. §Aathk field alpyped i$ illunkinaed irdparebp laserslight becksbattdred byesiziexh een
optical .,tweezers 10. In FIG 7B js shown the optically-organjzed,

arr ange%]é‘i?tsl’é?r% HRRpedsin thespiTay 8 si¥Epen Primary OREca) Gy eezars ]tQAe'gIZ“eW digmetsraps)
wer e exti ' : 7 | | f . romthe
trap Sﬁ@g&%ﬂg@*{;@%@&&p\ggg@%{}g@g@g?@g Eéﬂrﬂ g’ro #?E%?ét?ﬁ%rg% ﬁ%ﬁﬁ’.“%ﬁ%ﬁé basi c
opt i calslide apd en0oginrthick glies covdislih. T Bideba! Rrf s projeRed! GFFlard Throagh OUS
useful methodol ogies. Furthernore, other enbodinents include apparati and
syst enshogpsaslinaandye pesitienaduistacklaneodm pbgve the severglithanbmorestham R poe
operati,on and use of. the optic tr.aps. .ln particul ar he,optical traps
can be bei%\xhﬂ}eolmpgamé?{asqgga isﬁlﬁlleegj,rh%ﬂﬁ&\‘/%e]éﬁﬁr%%@aiuﬁ?@mi1 %Ef)e()yi ng these

f eat ur efimehfoflSRGatR Bfithe RBHGINTHhiL A twebre¥@ 0 1Y Of new uses and applications
of optical traps can arise fromtine varying construction and dynanic
change of opnild6&l. 78riapheown flienptissliyeorgahized amradigemenodf spfheresilvdlesecomd an
array of_optical ftraps c be advant ageousl ni_pul ated i n_the manner
shown 31T Bleopisal tweegirs 10 grans) stean e pigushed bt hefdrs shegphetcanad i 102
splits ¢ E{@ﬁ‘ﬂ m 104 into several (two or nore) |aser beans
106 andﬁﬁ%%el. o O%I?E‘feﬁgpg%%eral | aser beans 106 and 108 are transferred

i nto a AdnsivetlEwenkr dMddel rap in an obj ect plane 118. Each of these several
| aser beans 106, 108 are transferred to back aperture 110 of the objective
l ens 112 by la@thesfonns aof he ientipn Higl bagistoptied! teapreamhpdiraent desaiibgdas t he

tel esc Jorned I es 114 a 116. .The. objective |le 112 focuses
each O!ﬂpe??%égegorsee(@gﬁ)gl “Sg‘giff%arfblé Pse?ﬁ]gmeﬁ%ﬂgg}ogleg.eﬁgﬁé?rgm&& (F{ﬁ%ﬁ trap 132 in
the obj&Bodih@ii§ inthitle appardti rahefs%térﬁsiwmhreaﬁfbefcbﬂstructeaetatap?r@ tBeséHhdtBoRdge
120 is disposed to be novable into the path of the several "l aser beans

106, 108 ,enhinee @pyratinniohd nse efcthe opficad tiapo cki paytioflamye e@icatraw candges) of t he
[ f ti f ti
31? V? L:l %{I r%ﬁ%{ aI{JCf Iglgglfljfggandl \(i)asric;[u(s) e1$n%|o i%;eln}/seél%{plgjr/igg (talﬂetse f(%%ur}gs alzr%r}le(s)crib%dpor 'on

hereinafter.

A variety of new uses and applications of optical traps can arise from time varying
construction and dynamic change of optical trap configuration. In one form of the
invention an array of optical traps can be advantageously manipulated in the manner shown
in FIG. 8. In optical system 100, diffractive optical element 102 splits collimated laser
beam 104 into several (two or more) laser beams 106 and 108. Each of the several laser
beams 106 and 108 are transferred into a separate optical trap in an object plane 118. Each
of these several laser beams 106, 108 are transferred to back aperture 110 of the objective
lens 112 by action of a conventional optical arrangement, such as the telescope formed by
lenses 114 and 116. The objective lens 112 focuses each of these several beams 106, 108
into a separate optical trap 132 in the object plane 118. In a preferred form of the
invention a knife edge 120 is disposed to be movable into the path of the several laser
beams 106, 108, thereby enabling selective blocking of any selected one(s) of the several

laser beams 106, 108 to selectively prevent formation of a portion of the optical traps 132.
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10 WO 02/ 056431 PCT/ US01/ 42465 Such a net hodol ogy and structure enabl es
construction of any desired array of the optical traps 132 by use of
appropri avebyodexi gned knife edges or apertured kni fe edgeCBUSUcLW5e and
| i ke such structures. An illustration of the use of such optical trap

trol th I ' in FILG 9 wherei,n the.optical .t . 132 are
For med BYR4 ROReGRSEH 4 HOE G Al BB S5 ARE Arsied e o BRlicthe

bl [ . . ik th
opt 1 cal P AnE 388 of ebbxBbullr acRigh T ORlecRb abghurl ity B Spfefile L70r (e
| i nes Iidd likasucthsirnesdrebl i shed, and this enables systematic filling of the

optical traps 132 with particles  126. This nethodol oqy allows filling of
the optical A% Hpstration of the use ghsuchoptical traprcogirelmethpdolagy wrshowa imEIG; ¢l es

126 an . i ' . i 2 ing to
fill pﬁbegiéer?%lnﬁalogiic%l E%p %é?%%ﬁép%)%?(ghz g1c1)11(d k&%@%ﬁ"%ﬁ‘ ocfé(ﬁ%rea%é‘g? %@ gi% traps
132. Swgdm@ndber ankeimbvabld kdifendge 400 bhBI@S @t Bloeke kil bud digeheof24t dTahé Nner
optical traps 132. This control Iged formati on of the optical traps 132 al so

per m t oppicddrapsdA2¢ dhnsysicortionlly mhving éheokniferdge 420+ ¢agh of she linegdRéeas. | n
dditign t ting.detailed t L Ok filli f af th

opt | a1 B RO BT RIS Sy eRRChIRERE i1 eprsiomts BRaH PR of ¢ ne

opt i cal 17l apgs ﬁféﬁlodgﬂfgy?g@{(%%fﬂ’léngt&thgbgica@tfa s S30Wha \;ai’i@t%rtsz i refif ock 128

i ndicative of a devic Ut put selecte particles ee FIG 10),
(2) appypestdfehgparticles 26 28d alsodeoidpthesgpica problewmrafrthe partiClehd 261 ¢ginding to

el ectrophoresi s, | ectro-osnosis), (3)_.apply a tenperature gradi ent and
(ay "t r B icfrentialy (e Pftec PORERE af 24 Ry SF FRPPYFA GG LA < S LRTRIa

cont ai ng ' [ ; < b finghi :

e AP HIE RIS GURS, AR R Tl 1320 T BRIk oo,
filled ofithd @ptidaBtr?ﬁ 13204156 pepstsprecisib@ fdrnagionahd cltangaof bpfical gapcent rati on
of about 10m 3 and a reasonable flow rate of about 100m sec to fill one
row of arBZEAYS.124 or an array pattern in about one nminute of time. A

fully d I f th i cl 126.,. d b
transt err i noberdtion i oRering elnh kel oYETnERE obin FRAY o BRIIERRT Hab 1 s
suspending atNERAeq6%ddPh acduelhi i rRhPoaSABoAl FRWEAPR! HICt i on

of alarge variety of different particle arrays and coupl ed arrays of the
parti cll8§. B26 shawi adundtonalhleck Wsindicdiarof hdayictandrowputsseleckedand

a1 0. baritenEis o BRE ol 68 SoplifE aerinls an Bt e A isaak (UAMEh ueos

electrophoresis or electro-osmosis), (3) apply a temperature gradient and (4) translate the
entire optical trap array through a suspension containing the particles 126 in a manner like
a fishing net. Experimentation has determined the particles 134 can, for example, be filled
into the optical traps 132 starting with a particle concentration of about 10“ym™ and a
reasonable flow rate of about 100um/sec to fill one row of the line 124 or an array pattern
in about one minute of time. A fully developed array of the particles 126 can be made
permanent by transferring the array onto a substrate or by gelling the fluid which is
suspending the particles 126. Such a procedure also can allow construction of a large
variety of different particle arrays and coupled arrays of the particles 126. Using the
previously-described characteristics and functionalities of the optical traps 132, each of the
particles 126 can also be further interrogated, imaged and manipulated for operational uses
and investigative purposes.

In yet another form of the invention the optical traps 132 can be dynamically
changed responsive to a specific optical‘requirement. The optical requirement can be

11



and investigative purposes. In yet another formof the invention the
optical traps 132 can be dynam cally changed responsive to a specific
optical meguoreswmant. The optical requirenment can be 11 WOPOPIUSHIBRIE

PCT/ US01/ 42465 effected by use of a conputer programw th desired
instructiongl information such that..one. or nore of.the optical .traps 132
can be gtﬁatbéf WG QT #\FOmPRIEH PEOSTHR HHEeﬁgF‘fP@PE%tl‘g{aI \Pi‘? n SPch thatet ¢ o
Sites Of AbleQF NAEHRUAPIRMPUA DU &f mBdify, 18ISy RirSfill pafittidse varide O
nore of the opti c%f&trga%s 132aﬁcan %de n%vég”gglgl Yﬁ’g%rr cﬁ’ar actser rVc langed
(such awpticilarap sigs bhelleh apaousanasipuletigistof af singie objeetp ) Furtiter dytresori more of

mani pultﬁti on of an}v/ obj ect, such as a cell of a p]ant i . .This can

or ani nal
be par te OPtgAl raBy{3h¢ Qveshand theik charpeies dyngediesnshas @anging dhe,shape

ver ot ofthr @ T FaIE b e R D Aty B0 Sudt e e B st o

coul d caifisl. dEiTB.ggn bOpirieulally agtantigeoROWhdil Binhifelatinea dei¢Reqnhurtlogedom
often needed to performa desired function. In addition, in another process

t he parwhea therelis geedhie pssfonmrrariplesl mynipeatiens afyangbjest. Hermsolorm sutlso i nage an
f.th ti 126 i th h j Fl 10. A i

S5 2w R anfler By il kel ol B R Al ol oot 40 R Ty

the pafd bfdvide t_%%@lleg‘félgs 68f6aHoat Srtéh RRASEIOREIRY QiR addttiohf or the

diffractive optical "elenent 144 of FIG 8). To trap said particles, a

conput er connradiitied, spatotler pkocghs thepdricis d26 B be dgmarhicelly sorpdebyesize. t he
conput eré%desi qne_d hol ogram 142 by _cauiég]g application of a Eattern of
phase fag: l3nunags apREray of dhe pReticles k20 imthe @agger showd B&1IGy ABnidal |y

¥ e o . a4l | . % (al
see ¢ namichisl 1 ¥ odh AL Moo B BO%E  pEAGHTIANRY 1u038h QiR 48° (o1
ni cr os qupiclds3B6 andodatale aphasercdly hbloglam 142ptforcék diffapsvelRicabéle@ertnown as

tweezersé{4 whi ch tr[aIps the particles 126 for display on inmage screen 150.
Each ofl4dd & 8) c Tedrapxgidpastielas i ensnnuieti cpndolded spatieldighy modalptard 43assenbl e

desired h L cl 1 . ot her.wi i pul ,
PR PR RIS AT s YRR Sy Wy
enbodi Rk @tfpﬂaE@fﬂloggﬁﬂéﬁm théMSerQRam BRAOWhifBsh A65BE H?ﬁfgmi%lg{ vaMeal  be

clear to those ski in the art that various changes an ifications
can be fondey ofwvi vimety ofl pprposésndlermodifibe ldseviaati H48 (alsoi ses ther eacat lasgpect s as

set f Orl;[egmls qO%,h f08c {nall*'llg S?ra(r)é/ o%gged%%’rtﬁ:a nmzal’égo(sacrope 138 to create an array of the

optical traps 132 (also known as tweezers) which traps the particles 126 for display on

image screen 150. Each of the particles 126 can then be individually manipulated to
assemble a desired structure to sort the particles 126 or to otherwise manipulate, inspect or
alter the shape of the object of interest.

While preferred embodiments of the invention have been shown and described, it
will be clear to those skilled in the art that various changes and modifications can be made
without departing from the invention in its broader aspects as set forth in the claims

provided hereinafter.
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12 WO 02/ 056431 PCT/ US01/ 42465 What |s Clainmed Is: 1. A nethod of
controllably filling an array of small particles, conprising the steps of:
provi di ngvaozeisszie of small particles: controlling a profpPCrRUSI/A4d5aseEr
beamto provide a selected | aser beampattern for formng optical traps at

particumr Eo&ti oai in an array; and varying the profile of the | aser beam
over ti S e028 ne varying array of the snmall particles at the

| ocations ofythe Rﬁﬁétﬁ@dofécﬁll%llaﬁ il APhARHoPsindEpdriEds | ontdrRidp the Wher ei n
the step of varying the profil ¥ ?lﬁge | aser ﬁﬁgmﬁé ﬁu%fes“%pf[{% ng a

di f f r acstépseofopti cal el enent to the | aser beam 3. The nmethod as defined in

Claiml wherein the diffractive optical elenent is provided by a conputer.
4. The met hd¥OXdngS sqTEee pﬁs \ﬁal?qﬁfﬁeﬁ/merel n the step of varying the profile

of the |ase ntrol
signal to thciranp% é]ﬁgg?neeéf'af r tﬁgéb %%li}fﬁg%la?%%%ﬁ%?%&l (gI‘EI n the
step offovmmgldmcﬁlhmp@raoﬁaﬂmum 1ochmsllﬁaﬁrarﬂg§aﬁnd ncl udes the step of

bl ocki ng a portijon of | aser beamin a conjugate object plane. 6. The
met hod as devYaryiag thepiofidg of the Jaser beam ovas tinesty fofmisl ok vanyinghasrayaelethe beam

I ncl udes_ | he | aser beam 7. The nethod as
defi nedsrﬁxaﬂf]}aréfl %t&ﬁi(}cgﬁﬂn%(#gﬁ%%tbca&ra%OVI ding a source of particles
i ncludes fl omi ng Tllitemeﬁfoalagh@ﬁnéaaaﬁtcmﬁp@s;@fér&ﬂﬁ«fe Qép @R Itﬁ@bm&"ﬂ@% by
applying a pressure differential. 8. The net hod as deflne Caim1l

furt herthe ﬂnsbn‘d&amgmchglesamiymg aghffrmtlwoptycal tlomentnig thdnkasarlu&am 9 The met hod
as defined i rein.the ste f _per.mane form,n the array
conpri ses at§1 | eaZJF &’g ag Qﬁ’ﬁ‘?‘?r‘]ia‘ﬁsélé% ﬁ)ﬁgpe{q%g%cp%zcgﬁggpgcagg@gqng{se and
(b) ge [ h is suspended around the array. 10. The nethod as
defi nedﬁHOOﬂg?g?%% eerqel n the |aser beamis dynam cally ‘

The method as defined in Claim 1 wherein the step of varying the profile of
the laser beam includes applying a time varying holographic control signal to the laser
beam.

5. The method as defined in Claim 1 wherein the step of varying £he profile of
the laser beam includes the step of blocking a portion of the laser beam in a conjugate
object plane.

6. The method as defined in Claim 5 wherein the step of blocking the laser
beam includes inserting a knife edge into the laser beam.

7. The method as defined in Claim 1 wherein the step of providing a source of
particles includes flowing the particles past exposed ones of the optical traps by applying a
pressure differential.

8. The method as defined in Claim 1 further including the step of permanently
forming the array.

0. The method as defined in Claim 8 wherein the step of permanently forming
the array comprises at least one of (a) transferring the array onto a substrate and (b) gelling
fluid which is suspended around the array.

10.  The method as defined in Claim 1 wherein the laser beam is dynamically
reconfigured to change the array responsive to an optical requirement for a time varying

array of the small particles.
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reconfigured to change the array responsive to an optical requirenment for a
time varying array of the small particles. 13 WO 02/056431 PCT/ USO1/ 42465
11. The meohposeass defined in Claim 12 wherein the array' sPepgpangesst o t he
optical requirenment conprises at |east one of (a) change of position of at

| east one ofy{ he Tﬁ’epﬁ#ﬁﬁ)h as rdgﬂﬁed #01afh 180k B Fh?fpsere%oﬂé t(% Q%St one of
the optical traps, (c) Introduction o new optica raps’ an r enoval

of an eoptichi requisermentfcottpeisepitilemt oie 6f@) cadge Af pesitiaidoDit lenbn®bf @bl y

mani pul atjng an array of optical traps, conprising the steps of: providing
a | aseromisahirapse Qo)rsiengthgng spansrofiab lagst angeot|theseptiggbEaps, éc)plﬂgodléﬁéloa ofel ect ed

| aser ' |« articular |ocations; and
varyi ng‘?ﬁ%ﬂ}’eﬁgﬂ%%ﬁ%&g@ %gﬂl{%aggg %é&%ﬁ&éﬂfa&ﬁhﬁ%%%# E{Ppﬁ'a time varying
pattern of tim opAiméhod bﬁaﬁ}txonablyiﬂ@_qﬁm&tn%%mrgeéﬂ diftidal tRapis! %@rﬁn@her ein
the | aser beamis dynamcally reconfigured to changé the optical traps

r esponsthestepyofin optical requirement. 14. The nethod as defined in Caim13
wherein the array ofltr s _mani pul ates a bi ol ogi cal nedi um for

exam nat i on. PTPXICIBES aﬁ%’i'ﬁf@ﬂl'as defined in Caim14 wherein the step of

mani pul ati ngcon!tr'a)‘i"ﬁ]i%dafe oF S @b |1és@ﬂb&!iﬁ‘ﬁ)e$1‘8t/id_@@ RRRAaset Beanl PitdRHOD aS
defined in daim1l erein the optica equi renent involves™ I nage

anal ysi®rmilig, opficel taista gaacukieiocatons; andCl ai m 12 wherein the array's
response to the optjcal rectLui renment conprises_ at |east gne of (a) change
of position of atVirEsgitheprotids of the lasspbeany pvertipe to fopy atime Ygbiignd shape
of at | L . tical traps, (c) introduction of new optical
traps "%?f]@g%%l*%o@gan exi sting one of the optical traps. 18. The

net hod as def3.nedThémethaidms HafidieineClaint 12 wiicfiin @fe M&r Wei@ it Bgndpiiedliy e of
the | aser beamincludes activation/deactivation of a diffractive optical

el ementtecaigiguredetonahiangeithgoptiedlitrapd réspoied o aopsiegl rsiwirethentst ep of varyi ng
E get Ereor :allsgr PA{J e aH'l]l?e }n% %[1 a?%%ﬁhé& icl:fll &g{en% 1?%1'6}!&{1] %eaar§ yactﬂJ t?allps lnlla%llgulgtgsd allj lator
biological medium for examination.

15.  The method as defined in Claim 14 wherein the step of manipulating
includes controlling shape of an object.

16.  The method as defined in Claim 13 wherein the optical requirement involves
image analysis.

17.  The method as defined in Claim 12 wherein the array’s response to the
optical requirement comprises at least one of (a) change of position of at least one of the
optical traps, (b) strength and shape of at least one of the optical traps, (c) introduction of
new optical traps and (d) removal of an existing one of the optical traps.

18.  The method as defined in Claim 12 wherein the step of varying the profile of
the laser beam includes activation/deactivation of a diffractive optical element.

19.  The method as defined in Claim 12 wherein the step of varying the profile of
the laser beam includes applying a spatial light modulator to the laser beam.

20.  The method as defined in Claim 12 wherein the step of varying the profile of
the laser beam includes deactivation of the laser beam at a conjugate plane.

21.  The method as defined in Claim 12 wherein the step of varying the profile of
the laser beam includes applying a time varying holographic control signal to the laser

beam.
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20. The nethod as defined in Caim12 wherein the step of varying the
profile of the |aser beamincl udes deactivation of the |aser beamat a
conj ugat av@baew43121. The nethod as defined in Caiml1l2 whreBURO42¢655t ep of
varying the profile of the |aser beamincludes applying a tinme varying

hol hi Y I . | as. b 4 02/ 056431
BT Uson/ 42458 2 3the el as S8R IR 12 MR8 s P chvariie tioprotied of
varyi nght MaePb@in IR ks alsP JIf BRRkiNRSAPIOE b BB laker BEAR iPh ¢ j_ﬁir&ﬂz BBjedt

portion of the laser beamin a conjugate object plane. 23. “The nethod as
def i nedplame.Cl ai m 12 wherein the step of blocking the | aser beamincludes

I nserting a I fe_edge_ into the | aser. beam 24. The nethod . as _defined in
Caimi2 furﬁ:er T%g’ﬁﬁﬁoaésl‘lﬁ eéitl&ﬁélm if&%&%@leasﬁew %‘tq“% Cafticle to
fl ow patgera{p@ﬂ] f ' 25. The nethod as defined in
Caim1l urf g?@ﬁ%ﬂﬁ%%r@@%ggés)%{%%ﬂ%fﬁgggggﬁ| ng conputer software to
perform a medif acThy methodrae defised in\Clhivi 12) furtier prdledih® theaepadf predding sdne

obj ect over a plurality of time and space positions. 26. An apparatus for

cont r ol leasslope pamtickuiofiawpash at lgasi ope of thspptiedl trapsaps, conpri sing: a source
for a | aser am yeans. f.or ntr.ol din of i. | f the. |aser beamto
provide a se%ct gar&hef %‘Sﬁﬂpdﬁégﬁﬁnﬁﬁt@?‘w&%ﬁﬁi%; ﬁ?ﬁi‘bﬁ%hecsgfp (fffeésgu%&g

parti cudohipvh@CRttivaisio pitfbribAmanifRuMAs PiossstitfolPm@ a8y Ratidohet & dasr beam
over time to forma time varying pattern of the optical traps. 27. The
appar at e ayecd evémrrepluralitCofitime 28d wpascgiositivhe | aser beam i s dynamical |y
Fequi rement . 263, ARADRHE SPEOTR I PRI R A OhRRBFRIE ne. opt i cal

r equi reélﬁ'iﬁrisi nprises a command sequence source providing instructions for
mani pul ating bi ol ogi cal nmedium for exam nation. 29. The apparatus as

defined i n G sourtfrwatesezibearhhe neans for mani pul ating includes a spatial

| i ght nodul at or. ) i )
means for controlling a profile of the laser beam to provide a selected laser beam

pattern for forming optical traps at particular locations; and

means for varying the profile of the laser beam over time to form a time varying
pattern of the optical traps.

27.  The apparatus as defined in Claim 26 wherein the laser beam is dynamically
reconfigured to change the optical traps responsive to an optical requirement.

28.  The apparatus as defined in Claim 27 wherein the optical requirement
comprises a command sequence source providing instructions for manipulating a biological
medium for examination.

29.  The apparatus as defined in Claim 28 wherein the means for manipulating
includes a spatial light modulator.

30.  The apparatus as defined in Claim 27 wherein the optical requirement
includes computer image inspection via executable computer analysis program.

31.  The apparatus as defined in Claim 26 wherein the array’s response to the
optical requirement comprises an executable computer program for performing
functionalities of at least one of (a) change of position of at least one of the optical traps,
(b) strength and shape of at least one of the optical traps, (c) introduction of new optical

traps and (d) removal of an existing one of the optical traps.
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30. The apparatus as defined in Caim27 wherein the optical requirenent
i ncl udes conputer inage inspection via executable conputer analysis
program v3Q02/Mse31appar atus as defined in Caim26 wherei nPChES@r42a65 s
response to the optical requirement conprises an executable conputer

bosttron of S I oo A Y deBRL i CBin 2l yfereiE TS meRh Ry v hpsiEnape o

at |eaSI§roﬁIéeonf1e 1R6r Bk fRludbd @Béwce(ﬁ)} abtidtioHMehd 1ROk of‘ﬁ’ﬂ’ifﬁﬁ&thﬁé /p61c£1r aps
and (d) renoval of an existing one of the optical traps. 56431

PCT/ USOdl¢ment65 32. The apparatus as defined in O aim 26 mhereln the means

for varying rofile_of t l.as n b n1inc| des a device for

activation/ d%gct |’8lé‘? P’Sﬂwgfasgerg’ilqdf Y 8’ Ty eIB‘F ‘PFtvar@@g ththe net hod

as def i ﬂle‘ &F ¢ ﬁ &0 fullbdla f{ﬂi X r bOtking réi ﬁ’e{sglf be} o ffa the
or |on of

| aser am I nc es a e edge I oc I ng aser beam
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