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WD 2004/ 023219 PCT/ US2003/ 027575 DESCRI PTI ON
BACKGROUND OF THE | NVENTION Field of the Invention 5
wab@4iozszent i on rel ates generally to the field pET/US2003/027575
direct-to-digital hol ography (interferonetry). More
particularly, the invention relates to rapid
acquisition of off-axis illum nated hol ograns for
direct-to-digital hol ogDESORIPTAGXussi on of the
Rel ated Art 10 Prior art direct-to-digital hol ography
(DDH), sonetinmes called direct-to-digita
BAUIEGROUNTIEOFYTHE SNKEDMMONO t hose skilled in the art.
nce, FIG 1 illustrates one sinplified
F@HUUEFﬁéﬁ’ngwla DDH system Light froma | aser source
TAD BvbiioRXBRRE @endddlydto the 86N & RaBees-dipnal hcﬂégrﬁphb/t(ﬁﬂerﬂaﬂ&netry)
and then travels through a lens 115. Subse

quently
Moxgpaidradrry the dFisntion ightes toTapid peawisgtion of ok lp feﬁ!élelogfams
fo'[iageg@@@ggpﬁoqo%;apﬂ O may be partially 15 reflective.
he portion of lTight reflected fromthe beansplitter
120 constitutes an object beam 125 which travels to
portion of the object beam 125 is
%%S?Rgg&?% #ég?ggn t he object 130 then passes
PnhroughduhE4QQQM3blhdogmﬂWZGE&HB t semetingest ocalled odinent-tydigital

i terpero eixg; Th('{ fal‘coI gnh tsllaﬁ Ea‘ﬁl%e;rt tlﬂ) sgghgg hﬁlé qc?ig%%)ges one

ens vels ™t 8- a charge ¢o up Ie evi ce
siapiiBedergbatimati@fin) DDR Gysténe [Mght ifrom a.)fasdrh;euﬂce @0 isfaxpanded by a

the | en SS t hrough .t he. be tt 120
o g aaial, Mty DR REC b kareS et e FF B s cBbishln. the
e%p’éﬁddd&}lfeﬁa‘d 1%311 aalvels 10 Ramdpliter 12040r}atbemﬁ§:fmbﬂ 120aﬁg1 & partially
e reflected r rence am_1 m t mrror then
reflectiyg) dhe BOREPYO 1,@ Blssediron #@iea@ terry Calaﬁnmwnﬁect beam
129@hice {8V eR6 end ittt 1535 ThB Bbrtib® of BE bBjeét®Farh N DMt is reflected by
beansplitter 120 then 25 travels through the f

P GREChID BRI PRSI B CTnaRiSr 2R TatFlD g ToOTHEE ens 145.
THIQJI%ﬁtt thelpﬁ%gés]tgl%uéﬂ A RSink RN gnd %ﬂ%lslté‘rh (9191%6 tcBpled device

rence beam 135 fromthe focusing | ens
(©IPsqaimernt (@otshpwvk al i ty of object and refer ence waves
150 and will interfere at the CCD to produce the
interference pattern characteristic of a hol ogram as
Thopetion of the Fght Bam thi\ns 116, (Bt paB882through the beamsplitter 120 constitutes

a reference beam 135. The reference beam 135 is reflected from a mirror 140 at a small
angle. The reflected reference beam 135 from the mirror then travels toward the beamsplitter
120. The portion of the reference beam 135 that is reflected from the beamsplitter 120 then
travels through the focusing lens 145 and toward the CCD camera (not shown). The object
beam 125 from the focusing lens 145 and the reference beam 135 from the focusing lens 145
constitute a plurality of object and reference waves 150 and will interfere at the CCD to
produce the interference pattern characteristic of a hologram as noted in U.S. Pat. No.

6,078,392.

In FIG. 1, the object beam 125 is parallel to, and coincident with, the optical axis 127. This

type of DDH set-up can be referred to as on-axis illumination.
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30 In FIG 1, the object beam 125 is parallel to, and

coincident with, the optical axis 127. This type of
woDM4meR21Up can be referred to as on-axis il | uPCTEE20081027575

WD 2004/ 023219 PCT/ US2003/ 027575 2 A linitation of

this technol ogy has been thal the imaging resolution

of the DDH systemis |imted by the optics of the

system The nost notable limtation of the optics is

the aperture stop, which is required to prevent

[ I r

ARG bL B8 By pE I THE e SR LRIARE o B OO ystem i
lirnitgdetayt the pamqsedf tier sygtamn Eheemownphbh lamitatipe b&the foptigsaiel Ih@sﬁperture

stﬁ% W%m;\%%ﬁ?&‘ %)%écta\;eger uarlazét}o\?r\lne h 2 a &gf g&al Baa(uesto aberratlons With
reg&t &@E elo-diinesiordl Fosfictplak, duleopjen Gyat(aqﬁ&)uendﬂsawnhm a circle of

ded, theref "
i i b3 GRHE -2 Bicr QLo RG: QINPUIGoBY o AU i g 10

appBard EREe &t £ebro dfhtiAUMYARYy CF=0] HERANYINEECORheTdTiie s biS agproach
need for the follow ng_aspects of the inventian.

of
thalcRerrais, Peil BeARFBFES BIPYImRBECls PiTiiLed to Ge FREsgRted.

aspects. According to an aspect of the invention, a

process of recordln& a plurality of off-axis 15
SUWH@AREH@EHTB%HfVEN JONet er odyne hol ogranms, each of

Tl#?% i0f hedod tle! égﬁé@/lﬂg%g@Cé Rtk dhtioRCOLEREEN e invention is not

ogr ans |nc I ng tially heterodyne fringes for
lilmged todhesammbsisi s, conprises: digitally recording, with
a first illumnation source of an interferoneter, a
first off-axis illum nated spatially heterodyne
Abokdigg @nmiasgcud] tlrﬂginsqmbil al plrgcetsejf esconjngen fflwiahiyes offaxis

Fouri er recordi
g e lrhaet o ehard i o¥ied SR Dyl
heﬁ&ls&}ﬁlé h@lﬁ)ﬁraﬁ)fs Ill‘gclu&ﬂgtkmtihﬂy iﬁléteﬁ)ﬁﬁielfﬁhgey fdrdoeri@dyagsis, comprises:
ol ogram.i nc [ atia het dyne frin
g esendipi ettt B BBV SRR et A Tor op s
iRl s@zihall heBRI o RARLIdHE s d;dﬂtl@lll}t @tér& yihe &iigs f@r Fourier

pl ur al I%%é of f-axis illum nated spatially heterodyne
ana&sxsgafné ifafg regending: wisht ﬁeaplmjﬂlz@mqa%ﬁoa&y ﬁ’)é(thﬁ“?tﬁf %meter a

sefcﬁ{ d ST ﬁfunﬁ‘ﬁb@édysﬁbtﬁllly ﬁ&@%ﬂj/n%%b fnPibh b E})’a‘u@ﬁy heterodyne

'um nation sources; a beansplitter optically
ﬁm@ﬁﬁ%&ﬂﬂ@@fﬂhbmﬁlurallty of illum nation sources; a
reference beam mrror optically coupled to the

beamsplitter; a focusing lens optically coupled to the
Ap@[ir(hngtmother aspect of the invention, a machine operable to digitally record a

plurality of off-axis illuminated spatially heterodyne holograms including spatially
heterodyne fringes for Fourier analysis, comprises: a plurality of illumination sources; a
beamsplitter optically coupled to the plurality of illumination sources; a reference beam
mirror optically coupled to the beamsplitter; a focusing lens optically coupled to the reference
beam mirror; a digital recorder optically coupled to the focusing lens; and a computer that
performs a Fourier transform, applies a digital filter, and performs an inverse Fourier
transform, wherein a reference beam is incident upon the reference beam mirror at a non-
normal angle, an object beam is incident upon an object at an angle with respect to an optical

axis defined by the focusing lens, the reference beam and the object beam are focused by the
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beammrror; a digital recorder optically coupled to

the focusing lens; and a conputer that perforns a
wao-oamiozr214 ransform applies a digital filter, BemUS2003/027575

perfornms an inverse Fourier 30 transform wherein a

reference beamis incident upon the reference beam

mrror at a non- normal angle, an object beamis

i nci dent upon an object at an angle with respect to an

faspsinglans ataipos] platd ofdlep digital rreorierdo §rmgen| afhaxis Ylminated spatially

SIS LSS PR 5 e

recoded bypthe digitalfre¢onder,ding itlteacbmpet@dmmeﬁonnmma pfmhamcorded off-axis

1lﬁxm11i1a?eél sHatlalll a?tercﬁ qlgl)%(fgé trrrlb 1a|c uXm a‘ilglre}plq%f%rgd e f r%eéam Fourier
smnatoysiatloﬁ t(vpl'nfcal’heaalt(&lyndf mmrdmdudnyy ddfmed:lbsgmt aglerteteen dre,

e Cco r. transfo recar
itk ot ST bR S a S nB R Ba gh e b Sypa e
pérfsniigithginsdrad Fakibyrdmefoanodyne fringes in Fourier 5
space to sit on top of a heterodyne carrier frequency
defined by an angle between the reference beam and the
TROb S BRMPEds 6£1H1S ifdntisd GNRbS b@iep Upstedite®bidiufttkstood when
origin before_ performng the inverse Fourier
cqnsidarefl gp prnimstien With tep following desspptiansangfthe rsompappgdgpyvings. Tt
stuld pOENBELLST, RRRIGS At &t ﬁﬂgw}h%d@ersé‘ﬁ&i%g WRAS indtQting various
considered in conjunction wth the follow ng
egjeasimenit b theamdention aag Cumety isPRyifer @mﬁl}sgfberwﬁ is giyeruby way of
il @trd‘ffgg el it ﬁ&d WF] hﬁ%ﬂ%‘ﬁ%}& M tsuggﬁut o(ﬁlsl &Wd at ns addltlorF and/or
escription, i'ndi cating varl ous I nent's
rdahmgemvmm tagrbeanalle withen thesscepedi the mvchmoal Wlshonlh depauing from the
sl?mt el\:a/esl,oa%?é Tﬁgﬁll&}\%&ﬂ%ﬁ ltlrllc?u%t;?r %tl]lss%h ar d%lﬁlgé S, modlﬁcatlons additions
amiddirtarangensent/ or rearrangenents may be rrade Wi t hi n
the scope of the invention wthout departing fromthe
15 spirit thereof, and the invention includes all such
BRIDE DESCRIPTIONOH MHEBRAWKNGS ddi t i ons  and/ or
rearrangenents. BRI EF DESCRI PTI ON. OF THE DRAW NGS The
Thy iivings 25eRFRKRg i2AY RIRENg PrhPhH s sepifiggtiop Arg included fo depict
céﬁﬁpds%éc%aéﬂtﬁlﬂn%xﬁioh ne El@ﬂ@ldcoh g6PbGhe ingbhtfoB! 4ndiof the components
aspects of the invention. Ipear er conceptl on of the
apdrepsFrtip AT sygtsens grovided vcléh% Hapation, wilbbesprae atororsadly apparent by
re?’é&ﬁ%gf% thé Q:Y(lﬂqﬁgr}w atnﬁ ﬁl@l%fdré’“ﬁ%ﬂﬁmﬁﬁ \é\ﬁlt)é)dllkﬁ"lﬁg) rfﬁusr{‘f‘afeg m the
readi|'y apparent by referring to the exenplary, and
dialvéngsf whezein adentienl réfergnceaminstilndasigoate Itheussme zelesebnisn Thé gvention
[
iy BPLRRP o R AR e ELEHTR ftal WREA S combination with
the description presented herein. It should be noted that the features illustrated in the

drawings are not necessarily drawn to scale.

FIG. 1 illustrates a schematic view of a conventional direct-to-digital holography apparatus,

appropriately labeled "PRIOR ART."
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may be better understood by reference to one or nore
of these drawi ngs in conbination with 25 the
wale®an2te on presented herein. It shoul d be noperiusivat/027575
the features illustrated in the draw ngs are not
necessarily drawn to scale. #IG 1 illustrates a
schematic view of a conventional direct-to-digital
hol o raphy apparatus, appr iately | abel ed "PRI OR
FIGR?. il us@@tee\@ onite25en 9f ra@ﬂgtsmélymwgrrshre%-twltaltalzholography
' t h [
S R ot o ot Pa Bol Sor Soh? “hppmogimant of the
infémtoer f eroneter) in an on-axis position, representing
an enbodi nent of the invention. 5 FIG 3 illustrates
a schematic view of the off-axis illum nation
FIf}. Beitibstiates chi sgh«tradtichdévm of dphoff-aapjhmetaiien direct-to-digital holography

2.4n.an of f-axis position.
Y&’f’ Siqunlp ﬁ)ﬁe eég ‘é@rlg JSW&?QJ(&}X&S R gW ‘of an off-axis
i I'lum nation direct-to-digital holography apparatus
e e o st B YRR B G otogmony
a%é@?'(? T fPbntrer PiiET ERREE iEMBGRN RN R e s RéprdsBiBigtan @hbadithent of

the various features and advant ageous details thereof
thgiyepbg ai ned nmore fully with reference to the

nonI|n1t|ng enbodi ments that are illustrated in the
acconmpan 15 drawi ngs and detailed in the
DESCRIRK GB%BREEERBED %&@QDMH% of well known

Tg% gl%ﬂtﬁg g l?erxba?llo% fe%l%g gﬁ&s h&\ﬂnﬁg&'{lé‘ b ESthelc RO Qﬁﬁ%lﬁed more

equl pnment are omt SO as unnecessaril

fudlly G thrrefetdmee tonthe nonlmmmglerdlmdahetnts that a;h dluktihtgskin the accompanying
under st 0o we t S

dra}g]v s (2 h68 S%tea(l,‘ll L? it \ﬁgex gol %1§ ée \Aﬁnqtlgg B gtixc%% St \!vat llc%lvn starting

mathiold) p‘EﬂésSm@ftediHmE]ues nooapbhamrs, ast eqlgpmem zhy omyted)fso as not to

illustratjon only and not
R 2b2R00t P UETERE, i Ft] SharOGL rgger that the
deithd @esckipasr AlAgRMERtiHC dhantpldl, Whik idicdting padfa—tddrenmmnts of the
of  the underly ventive conc
“’é(ﬁ‘ﬁ’é’i“e A #18%h H&s“éaysik{]} lugtgption OPI?}’ %fff“’t\f%% ey iﬂfshmltatlon Various

subsEHAR UnBdifiitohé, RddiRbis 80BE def@dneOeieW Rhidthe spirit and/or scope of
publlcatlons are referenced by Arabic nunerals wthi
the underlying inventive concept will become apparent to those skilled in the art from this

disclosure.

Within this application several publications are referenced by Arabic numerals within
parentheses. Full citations for these, and other, publications may be found at the end of the
specification immediately preceding the claims after the section heading References. The
" disclosures of all these publications in their entireties are hereby expressly incorporated by
reference herein for the purpose of indicating the background of the invention and illustrating

the state of the art.

In general, the context of the invention can include obtaining, storing and/or replaying digital

data. The context of the invention can include processing digital data that represents an
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25 parentheses. Full citations for these, and other,
publications may be found at the end of the
wa@p@giotizeat i on i mredi ately precedi ng the cl ai nTBCHUS®03/027575
the section headi ng References. The discl osures- of
all these publications in theéir entireties are hereby
expressly incorporated by reference herein for the
_purpose of indicating the background of the invention
irazeg- The epstorhed thyinverten semeleo Heludgwansforming@latarfroge maltiple images
: of the invention can include obtaining,
n&?%?%%%hgﬁaebr replaying digital data. The context of
the invention can include processing digital data that
S

ST 3 T PO PS8 B RO RAST B e

friomeendifeot-toi digjtatl Adlaghplyrsysieth isipg effiani gidsninativhoTle imesngiex can also

g e. The invention can include.a,nethod of acquifi
ol 50 apperasteoi o SR ARG el Spp i i o Bectco-
digittle®loghaphd (DDHAbysteml thg e byf-sysSitlemindsenng of f - axi s
illumnation. The invention can also include an
apparatus for acquiring inproved resolution
I dnesl aphbi§edt RRBEbBseMed (Imagdd) [sed}iticil?fcodfblcﬂ tcP4n illumination source
hol ography (DDH) systemthat uses off-axis . oo
vial QugrAT TBRTE SRtical gogRensnta) As fiserssns with reeardde Bfs &y (e dllumination
bédlﬁ'?sg@ﬁ}:' alldrspag&(i'tﬁl%{lé}whg QLREESE thOtafdRt bﬂ)jleé{f% nad | l‘éﬁA’sS system) along,

sourcé 10 via one or nore optical corponents.
agfl Ss paratel\ipt the pplgrat arxis. I his| tgpe of DDReconfipyatianagandyg referred to as
« i -V Ca t : e .
O R T BRE S L oo e M Mg v o
cotuiralithit (g @) ovhithis defetniined bydheé shiectié spertyrse of DDH
configuration can be referred to as "on-axis
illumnation"” and allows spatial frequencies (q) of
Thé eveltjoacian tieldde aa Cgfifakie dlungndtona sceamid, &ihareltheillum{rgy@dn source

TrGRed Bihio L ag mir g nisiet R PR o ocn et s

pHERNas the opibid afis.t ke illuhminAtifavilp Aus BURE frcudise dfespdfaii€dbjective,
laterally so that the bean1qﬁ|| ass .t hrough _t he i )
bpppadent giPrdhe vRIoEt L SuRE anelydp ¢ jopfical FEfsal I oo this, gff-axis
iIRihARh, Bhey spathe fbduehN@ELONoMhe bbjestan b&sstthiBugh the objective
focusing effect of the objective,  be incident upon .
apeHETey @p% dlusgle elsgred rifine canowith onesisi iHumingtiprs This, s angimportant
aliRhBeObf théfventif. 1 11 umi nation, higher spatia

frequencies (g>qO of the object can pass through the

obj ective

The invention can include an extended DDH system (apparatus) adapted to digitally capture

the on-axis- and one, or more, off-axis-illuminated holograms of the same object. The
invention can also include analyzing and/or processing (fusing) the digitally captured data.
The resulting, fuséd image will contain & wider range of spatial frequencies than in any of the
original holograms, thus providing a significant increase in the nominal imaging resolution of

the system compared to the case where no off-axis-illuminated data is available.

As noted above, the imaging resolution of fundamental DDH systems is limited by the optics,

most notably the aperture stop, which is required to prevent degradation of the image quality
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aperture, and thus be observed, than can with on-axis

illumnation. This is an inportant advantage of the
w0 pwefoeizon. The invention can include an ext enperUBIDBB/027575

system (apparatus) adapted to digitally capture 25

the on-axis- and one, or noré€, off-axis-illumnated

hol ograns of the sane object. The invention can also

i ncl ude anal yzi ng and/or processing (fusing) the
deg tgiaberatipng aﬁlwws ¢hetontics of fize DIAH sy si¢m gre Sﬂﬁs@a onfypRpéect spatial
ﬁ\é\ﬂ}‘dehmgso %ﬁﬁhﬁ a AP ASF AR go Qfan Slﬁéahla ifid©A4YR ntﬁé s '8?1 dn-axis

of or i gl nal [ ograns, us providing a

llbmgnﬁtlbn,ctéﬁ tapqﬂrq@r witls radiug o hmoqatsmemaﬂed ioragreregspeiasd dleguenon (g=0).

iblp ekl HPPITIAERAC 0 Sk AP BTG shited o o e
ledih arv ¢he frdvpenayedpinragn. r ki limpliesnthafin fthin dasveing éd wbDH the aperture is

S@%‘%{‘ tesggt'éai 1 ?fel(‘}iﬁ‘?mc%ﬁgg’@ﬁy g%?fg%ﬁfx?lgantt‘egmi)g Egtd%wnglde some spatial
ﬁé@gﬁaésatv'itmq Qbsetth gOiarRYestt| ipthi toppddde 0o 2 3R &quiring a second
. PCT/ U 03 027575 6. due %o aberrations. _This neans

AR Ot e Rk Biiteds sthe APRisHe difediiopnthe aBRIye Gpyeats shifted

(esga adol tBé right) @AY GRS itIRSspadidl HieQuehciel Fokte Mfm HRMMSIAL eRMNegained
be transm tted. In the case of on-axis _illum nation,

withaddipend fipmengiesPerendiads Fatrsibpaderanationtrem dap e tages results in
o8 hvith'RAMERG A Ehee DDA Ed¥8dsCAS Bhl ir¥brhiafiih 8n the complex
|IIun1nat|on t he q&@;ture wi th radius qO aggears
inagefwag, fhe. 1gf0rmmnt Hothefor )mqrﬂ imagest eaaghreiegd wisheshyprisingly
' I t 0 :
ac?%iét? é@pg rlésgﬁs ﬂ%f 1n'v«g1tl¥)s pa? P{ree%adéﬁc}:q:{)ﬂ;gfc %nléxﬂce 81;]&:8 structures
regadlesy efivgintetied. On t he domn5|de, some spatia
frequencies with g close to qO are "lost" in the
opposite direction. By acquiring a second imge wth
Thdr eviehtionndan ati¢lode ahézftdmsixbn iaf thdr&ndppasiltBDHI systemitoraptomatically

c4ofie Pk AP b Diolobbe fffinsy B ralipt Pl o80 Shctuce

mlgﬂiagftgaﬁlﬁyi@ﬁﬁlfmdhe#@sm }i)hthadﬂioﬂdgm tofpfcﬁﬂb@@fébﬁ@entatlon of the
eyond 0. .Fusing the information fromthe two i nmages
0‘?8@%11 pljest vithgpere Spatiglaespiutinn ap el {ﬂs ihgPrgPDYjagc o

DDH records the phase information on the conpl ex

i e wave, the information fromboth (or nore) inages

Ag 8Yid8S i Fikh s e phice begm 1137 Wgriplleldplthapplgp axis 17 bt paded above,

thTéﬂsetJu{a\e%mob QFedrdiPfoOMEsh-bACILESQkIUET @t fis Qﬁﬁaﬁﬁatﬁm on the other
structures regardl ess of orientation.
hand refers to the case where the object beam 125 is incident upon the obJect 130 at some

angle with respect to the optical axis 127 (an example is illustrated by the object team
215,305 shown in FIG. 3). There are many methods to achieve off-axis illumination; the
approach presented hereafter is intended to serve only as a representative, and therefore non-

limiting example.

Referring to FIGS. 2 and 3, an embodiment of an off-axis illumination DDH apparatus is
illustrated. In FIGS. 2 and 3, there are two primary modifications from FIG.1. A first
modification is that the laser source 105, the beam expander/spatial filter 110, and the lens

115 are grouped into a computer-controlled, moveable enclosure 205. The enclosure 205 can
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The invention can include an extension of the

fundanental DDH systemto automatically capture both
wonsoaxtri1and of f-axis illum nated hol ogramnms. TPET/US2003/027575

i nvention can also include nethods to analyze and

fuse the results of these hollograns to produce a

representation of the observed object with nore

spatial resolution than available in the prior DDH
bampyabioalgeg anaxieiet is pubslagially paxalel tp BHieeptical @in 122.9nmore detail,
tl? %ﬁﬁh!u@é 205%ah Bg %Hlecf'u)nlgrazfﬁ él§ls higaf is sﬁﬁst&%ﬁ}dco%pa%ﬁe\mth a normal to
I'sS set-up can be re to as on-axis

ﬂmbbummhamﬂaﬁ Of-axis illum nation, on the other

hand, refers to the case where the object beam 125 is

i nci dent upon the object 130 at sonme angle with

Stik sqf@eihg tooFidse 2 apd Bratecond wodifichtibals X additien ¢fshe object objective

ol PR LR A 2520105 IR e e 12

reflebtb BifBAtHe ®Bimdplitter 12 Y FREMrqupk SRbEEE dTelieaddcesbjédive 210. The
intended to serve only.as a representatjve, and

objpid rbe#1B rlg> - oot ‘ﬁ@“&?‘%&ﬁﬁ!"é 21Rapd i RigeRtgPeR d object 130,

cieBaro@tt ©EBEGHAMBAYL 121 BNhi9béntRdtaSion, |dn%s"ﬁﬂﬁ1'nﬁﬁtlm'| achieved
gf aratus is 30 illustrated. In FIGS. 2 and 3, there

© e pRiTiEr 3/ s pbEetivElo did soms af Wi E[G 1 1. A first

nmodi fication is that the | aser source 105, the beam
expander/spatial filter 110, and the lens 115 are
I Fd ol dhavaver, athe dassutserice entlopite 95 ostifits durerie | thisupasticular

Aol PRI -8 28 IR AORIERR iy 10 o

@ﬁﬂostse,rthe hllsélysoplae ahdlesluret 29 Stchwe albgphatiovelly baxshgted 2dwn. IBBcause of the
det ai.l an be va alo

r.e
10 PRt of WS RRT LTS 210 oBF nBf: SRR 2LS BiRR e object
objéctive €0 hembEpltidpbe thelobfkct 5305‘2tt|sb1|ne ﬁﬁile Ivvﬁﬂhrrgspéﬂ t |tKB&pt12a1 axis
nd 3, a second. nodification.js iti
18] hetioy SReiins oibons Hymintiop; Enitotht ShEN ben 213 Gig tedscident upon
tHRHb] oS L0 uBAmtia By RASpArAIRNBANS 6ptichdls 102M Gr&bjb@&t bdagaIn5 reflected
125 reflects off of the beansplitter 120 to

fropr b ghiott assee brckrthrgreh the objBfiobiecdts doativexis bt dupifg the optical

&Bbxﬁ&t of4888h d,@&%bjeem 11938 Shel B6usRH) 165115004 QAT Foksed bR the CCD
is incident upon the object 130, centered 3 ound

(ltoh eh%‘pﬂou émtheplf- @ﬂs_mmmmaﬁom pase, tho RTODEftiewe| Gfftachen’ Akmaly that the
o OB RPN ek 0 WSy PR 56 Bl
bérondde will tchmallnassme spaiint dquencieoefithe abixst ihat atei ot ebisefyed using

oh—gxig mu%iiﬁ)aq{o{’x.i cul ar

Thus, the invention can include an apparatus operable to digitally record a spatially
heterodyne hologram including spatially heterodyne fringes for Fourier analysis, comprising:
a laser; a beamsplitter optically coupled to the laser; a reference beam mirror optically
coupled to the beamsplitter; an object optically coupled to the beamsplitter; a focusing lens
optically coupled to both the reference beam mirror and the object; a digital recorder optically
coupled to the focusing lens; and a computer for performing a Fourier transform, applying a

digital filter, and performing an inverse Fourier transform, wherein a reference beam is



10

15

20

25

30

configuration) so that the object beam 125 passes
t hrough the object objective 210 off-center. O

w@omno23219 he | aser source encl osure 205 can PCT/US2003/027575

alternatively be shifted down. Because of the 15

focusing properties of the oBject objective 210, the

obj ect beam 215 | eaving the object objective 210 is
_incident upon the object 130 at some angle with
incidepapen the refheneserm alirendt § non-pgrmaj gnglee By oliedh beapt j§gncident
S b ok SRR 0,
refwencp Aeanh hgl antapjechteamphich goristtuterplurthiy of bijnabtnepesigierence

305.refl ect fr the =Y IO
B RSB o el 5, b o
fo2fd appajadly hetesdpde Hohwgranbineloting bpatielly Mter@dyie fivgged foe Fourier

focusing lens .1 LS .still focus on the CCD. (not
oty R RS Py U o0 5o mBa: gl e of e
re?éﬂ@cﬁidﬁaﬁﬂgf }ﬁfewéigﬁ[)é h(ﬂ@gri;]rﬁ ﬁl_{cludilfggba/tiallli}l aétel?b@ﬁ fhﬁ)gbeQ i1 Bovirier

ormed at the the interference of t obj ect

STIESIM 9B (RS AT Ae FaERe St Aoras By 11 g eI oRm B
re¥faick dbarh LRTUE BGEA Beih ard sV & dalstaiaiind 8k Brigifdl origin before

observed usin on-axis illum nation. 25 Thus, the

pPeripraing theinxerpe q\lélphtgpélsfaﬁn.% APRAYYS BB dnclygle an p@’ect objective

oty dubkd HEGRES M b%?sﬁﬂi@r laXd thB LRSS AP BB lude an
Incl'uding spatially heterodyne fringes for Fourier

apenaieyssipscoupledrpetivednrbe objest prgkthe focusinglanss phe beamsplitter, the
i ° 0. .
AT RUREh 55 4 EARLRAGE Al i
baapjsplitter,ap¢ refatricy bepupiren atdthe Higithlaesredsr cart define @ Mach-Zehner
f ocusi len opti.cal : t h
N
for pederaag DPdurieatrdngform cupplyang atdigitahBltdroamd perfgmiegay ineask

a comput.er r..perfornming a ur i transfor .
rsr PRt T B repiie Gp Sl i R S ke dstinss picts.
ThOApphR ks chiinsiuas mbeam?aider/@aﬁﬁfmuelezwe)pki@almcbmmemeen the

2004/ 023219 PCT/ US2003/.027575 8 i nci dent % on. t he

laperrerd BsdeapAFinil he Bigledretveen i IeEieRt Doy gne the shicgi)camy and 2

8@ dtidSn {pﬂﬁfidé@ BY theYBRBink 18s, CRA BCdeledted AordBahA (W diital recorder
respect to an optical axis defined by the focusin

magfrsolve fraturgsef Besprtisllp beierrdimg haloswp) inelndipg ensialiyetqodyne
BSfot FiirRer Bnafsttl 84 inhdnOli gl RELIRPROHR 816 LIENRS tw PR ges,

obj ect waves, ‘are focused by the focusing lens at a
edch baving ivenpixel$ parienggi gpntbea provisiedrldeinventia dap inplugle a spatially

h %Ei%”)’gﬂﬁ{ SEXDEy MOLAE AN B kAt ,Se&ﬁtoh by ter-
%et e¥noc}il)(/)r? rllﬁﬁges ﬁ(’)r Eouﬁ erCl anal ysi S, [ cﬁ iosacompu o
readabte dedtiutoy t he digital recorder, and the conputer
transforns axes of the
Accordingly, the invention can include a method of recording a spatially heterodyne
hologram including spatially heterodyne fringes for Fourier analysis, comprising: splitting a
laser beam into a reference beam and an object beam; reflecting the reference beam from a
reference mirror at a non-normal angle; reflecting the object beam from an object at an angle
with respect to an optical axis defined by a focusing lens; focusing the reference beam and the

object beam, which constitute a plurality of simultaneous reference and object waves, with
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recorded spatially heterodyne hol ogram i ncl udi ng
spatially heterodyne fringes in Fourier space to sit
worotops20§ a het erodyne carrier frequency defi PeriURB300x0R7575
angl e between the reference beam and the object beam
and cuts off signals around &n original origin before
10 performng the inverse Fourier transform The
p aratus can_include an object objective optically

hedegysiaa lave eipclernl Plige plrdigittl racorder taderm %@a%}y(&@ferodméhologram
1rﬁﬁﬁﬁfg%f)é’[§cﬂl§; ﬁ&eﬂo@ﬁe Y4Gse8 ?or FORGE biHI&isS H%Ralﬁﬁljéwrﬁgg the spatially

bet weenh the obj e and the focusing | ens.
h¢jeradwsihotogesm mtslhémg smtlélbelmomafnngﬁs ﬁooFma:wdartab@ls Fourier

f
ol LR SRR A R I SRR o g
byl trglst“cainmgemm afelre rcalndadlesbatmﬁy heth:VneZmaam ihBludieg pttinly
heterad%rﬁ] Q%lrré%a}e% an Oo%?lgr alﬁcse 8%%‘% tj ofa Pg%%%@?ekgl}sntﬁ? {r;]rg(gxency defined as
alrmglé twienalnstrenve Bl and tg oa>J edt gfainahpplyting edigit fidter to cut off

perform an. i nverse ourl t ransf or The digita
ST e s o i 28 o U . The
Rt ksn inclhiediBRiaiahe! SbJS@IBednﬁlG/ﬁtH @€ ofedd @Bt tive before reflecting the
expander/spatial filter 230 optically_ coupled between

obipe begma &g agplieetad A angls it ’EGE@PT- top @Ptigahrds drdinglana foqesing

1608 bR SRERIPAADIRNDjdchSeaRHRE bn HSEMht A8 Wi respect fo an optical
magni fi cati on provided by the focusing %ens can

age fldfined dy p focuviplens: Rhe steihel tngformaing pes of te records spaually
hét@x%ﬁgfnﬁ%ofo%@iﬂ% ﬁg‘rr ?Idettllaﬁs Mgﬁﬁ@ﬁ? tg(%nﬁg %r Eé}lsﬁ%aﬁﬂe step

I ncludi ng~spat| het e ringes Fourl er
ofdigitallyirecorddeg ¢ah atclvtdh detdétgigitlad bemes: vitle CGﬁlgamee@thhwﬁaes pixels.

TIJee 9111’ ld£1§ ’11C i édr d tha?l?rél g%%%ﬂe ﬂ% anvg% aR iog)[(f?a!xig's iﬁ&%ienatgd

| on can i1 nclu
slﬁpalﬂy labvl-fyequér&y heteldsl}’m hobvgog, aim mnrasd lweﬁle(imynctyhmphes that the

RN S AP LRSS o AT oG O BRE PO Bae metfod an
alsditkclnde staruli‘@tlhh qﬁﬁﬂfy He&m?zgylde h]cg?] %ztnﬁ fxadhidadgl s%bz;uli}aﬁly ehéteﬂ)yim& fringes
T e AR R i I e A

arhalﬂ}tz@d spatiflfyHeRREEn RGN TR AR} IQGH 2BE BRTudé ﬁ*ﬁﬁsﬁﬁﬁlhg ¢he Fourier

he reference beamfroma 30 reference nmirror at a
a%fff@ﬁh ehetally hetrgrdyne holpgram Thegnentionysp drcluds @ spatiafly hetgiedyne

h&@#r%‘h préphared by a3bSye-Msdribel %Hl%@(s) ERbePHH 4 Slpudtirdadable
ined by a focusing lens; focusing the reference

migdish and the object beam which constitute a
plurality of simultaneous reference and object waves,
with WD 2004/ 023219 PCT/ US2003/ 027575 9 the focusing
| ens at a focal plane d¥apid Aeqpisition r ecorder to forma

R B,ai!hle ¥111J'11§1;1§{08 qgﬂge gh%lo%% a9 is mechanically displaced so that the object
beamn 130 passes thfough tlie object objective 135 off-center. If only a single object
illumination source is used, this implies that the capture of successive, differently illuminated
holograms requires the mechanical movement of the object illumination source. Such
mechanical movement can be quite slow. The mechanical displacement of the illumination

source can limit application of off-axis technology in time-constrained scenarios. Therefore,

/
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including spatially heterodyne fringes for Fourier

analysis; digitally recording the spatially
whedogozityne hol ogram i ncl udi ng spatial |l y het erpdyng2003/027575

fringes for Fourier analysis; Fourier analyzing the

recorded spatially heterodynd hol ogram i ncl udi ng

spatially heterodyne fringes 5 by transform ng axes of

the recorded spatially heterodyne hol ogram i ncl udi n%
thessaisi 259 y nefdt garo@ymrqaph i saddresys ihe dieeds dorc bighepeqd; off-axis
i1Rhid88n OfpaBiihi&l €r odyne carrier frequency defined as

an angl e "between the reference beam and the obj ect

beam applying a digital filter to cut off signals

roun I a I

Tﬁle gnl%/rlglé)% Ogrlncg{rl&t lrmagéﬂ]@or m eth%?h%g af: n | n@l? Qved resolution
hmiogrﬁpfmxc frhapgryt hiea otucle dntghexelam bhmt theamoo b}t,ebst ccmﬂylmmg Ithﬁeresults of

bef fl ' t 0_obj ect t
g i R B o B Tyl P e
Tho fiventiog enh;ﬁcws ranitplafiliekinatehl seaicesr g Thdinvedijoa can edinde multiple

S(fﬁl;‘ﬁ%g] t nf?%g t angﬁga%ngo }{a\ﬁgﬁgver %ﬁglpga: g %Bl%?log pctonglglons. The
inkéRda fcan Mcnde m@pl@fcomb@tef €HabuRkosRad ihal dry switched off and on in
het er odyne hol ogram can include transformng wth an

ragich egeHOIFS sAptETe the differepiiolostats. Jyeghimipating physics| figplacement of
the QEMNiHAY 2f@FhelaBOLiHEE A8 6& ! thOBvidien PERNR o¥fdxk iBuiaktion, with
canera that defines pixels. 15 The off-axis
it§ | asenniated dmagipat reselpyonh dmprayerpens: ol byr epliedining dimgrponstrained
1ﬁrfufom?1 §‘whérh (R ?{egg)uslz %B]Hﬁlai)lx | ow-frequency
etero yne ol ogram 't rase | owfrequency inplies
that the fundanental fringe spatial frequency is
I

Rkejgrr}né Jg %??OI\%/ﬁ%e 1%(] 21%12'8% g‘l %ié H;'Hft‘pleer 1*1(;\ ﬂ;l%{lﬁ'? Pou?c%g 128 RBte that
Fithé| antfiloyg ﬁq@adoumlsé ynlh @b ermﬂymtaﬁve a;gmple f @bvﬂéws]y,l tB¢ number of
11?lnal Si S_as dl(% d’;\ ” nmet hod. can al sot a.g ultiol
! ' ny T he Bu‘ﬁ“ér B %l“l}%‘bép%%%% "TYREE er odf 8P
ﬂmﬁhmbﬂ RdurdddeaiiBé bedpaarcoatrslitedi so ahdl digeytdan bs RivitElied H T 41 on in

PR G e S S atie BEyE=d R ithou

plesﬁ@ﬂV 8pIRding alpoferfies Ché Raglt el Red(stbstariabasie %ﬁiv@g% since
uter-readable nmedium 25 ga& d Acquisition

mefhegs r rapiddy switching Hhedllgpinaiénmrsewroes @l kpeven tpsbose §kﬂled in the art)
reﬂﬁﬁ:@ﬁiﬂéﬁﬁké tYinh%@bl%%f%gl 8Q1dcbbntt M8e %Qle‘ﬁ{: howBRAMal 31 maintain
passes through obj ect objective 135" off-center.
phyrsw@lrﬂlgplqe@pmtg%abdbjeé & addifipapiflesbilion Wethteeetine saydie prowded
o) T S RIS, e BMERESLN iy o ppisin o
mnbmtfashlot adff oy dhwenatioh (ridethe Isplesequent kagolinfiert ingprovament)eto time-
mechan cal t..can be quit.e

COHS& INca SCC aI'l H W (%] onl?(remg Pot IIF’]I egll’l% YVaS I'CVI?HS?;/ ap\;l)vhca};{é

anl ca I Splace

The embodiment shown in FIG. 4 shows a staggered planar array of lasers as the structure for
performing the function of rapidly switching through a plurality of off-axis illumination
angles, but the structure for rapidly switching through a plurality of off-axis illumination

angles can be any other structure capable of performing the function of rapidly switching
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source can limt application of off-axis technology in
ti me-constrai ned scenari os. Therefore, WO 2004/ 023219
wWERIMOS203/ 027575 10 there is al so a need f oPCHNS2003/027575
approach that addresses the need for high-speed
off-axis illum nation capablllities. The invention can
i ncl ude an apparatus and nmethod(s) for acquiring
i mproved resolution 5 hol ographic imgery, at a nuch
througher Plpaatity afindhanindlupyinagien gpgles, pludigbbyivey of peample a parallel
I f I
(r{]ﬁﬁggr a%% r?dr%ﬂg{)%l:la?jeﬁay’t 0 egé{ae[%mX Irlfgl ﬂ())lg&?gép hy9( DDH)
system The invention enploys multiple illumnation
S p u
O?lg %E fife dlscl%lggdséﬁg% éngsgséh:c‘)t@rg 8 ﬁglgxbv%{'tgle orﬁﬁ'll)lté»‘%\;lé kn%ﬁf?a%%jngﬁﬁure as the
sﬂrddhuerfmqtrfmmmg)thd ifdricoors of zﬂigemg itheveenitce dnammparxicﬂ/ speltgnl filter and
uter con sQur.c
s BRbfe SPRUEIRA S ey e SERe LG R Br apeteanter but
tHehs@ructinfef fof SligniraCth® gouades beddy e)qiahdﬁr/@mlah@ltem hayé |1<ﬁ]a|can be any other

sﬂcﬁgle g n(%fﬁgrfpﬁ%ggtﬂ%el ﬁ%ﬁma?lraﬁt g@%g &gec% %grgisgttﬁat it passes

tHrJ)dg‘Hth a&uj@m,obyacﬁ% ohlcént@S 6:0 GifakRer, | iHEIGAINE lS}e%lyubﬂ efhmple a
nprovenent, tqQ be ap £|Ied in time-constrained

n@ﬁ% bieciprisndos gisplasing the beamsplistor. dheamipror. ibeio alpjpetive, e object,

t}B%&l@ﬁlF Mhs taﬁd fik @C]Ddf@arﬂelﬂaerelaﬂ\/@fétth@%u?c@ rbe‘aﬁ%‘x?ﬂﬁer/s atial filter and
mul tiple | um nation sources 120. Note tha 8

leapyor eg@orchev exagl; & 6aies Af pogablepntiey clemeats 4¢-2 v@ll@(é)m@n a8 another
ﬁﬁﬁh@yﬁ&MMeB SR S a/Qfcapik] | UM nation sources can
va

dependi hg upon specific requirenments. The

wultlple iIlum nation sources can be conputer _
93{1‘89 4 u% %é §§S) usteQ %retnhgrx dgﬂ%{é{i %? 0126\’\6 nff;(gg %o?foge.ﬁ?]g F‘g&fq@ ﬂhrl]rality, as

udaldﬂlfsmﬂlem defined hsu:mo rwmmb ﬂn@ﬂl ogr. dhe twmtahothﬁ 20used herein, is defined

R T R M T T

coragrisiHgy(i. Sy\folbdhhh@agdﬂﬂhehbﬂﬁﬂ&dmﬁleﬂod’i wsalkaes, i \defiledlas @vthected,
to those skil]e art qui re nuﬁ% ess tine

altheyah pefyrsresn! 353%%5?1& At ne)cqﬁﬁ%rﬁgg&fﬂfl@mca &Fm apgipximately,

aStdel IhefBB, i @ffed ROMSELEALIOSH SR %mme (@@pq)béfémﬁmﬁthﬁmm% of,
addi t i onal erX|b|I|H¥ Wth the tine saV|n%@éprOV|
g

nieye prafsrahywitip il pyofamd mpsterferrelyividin @ hYosylribe dormy wéstantlally,

ad ﬁ‘éé@ rl'ltefeﬁﬁ iCaImad Llsolﬁ’rgteﬂ)emﬁlﬂgﬂ hdeadhp v&q’lt)llyz ltilat Wthh is specified. The
mul tiple-shot, off-axi's illum nation (an

tesmbasacalntas rUé@fbh@Itﬂiloﬁ defipedogeettelaasy aPRTOitChWE a glven state. The term

GRS alsNREa FERRA %@ﬁ%%aegs gn)ﬁ i %:‘?&M‘ﬂn and/or
aggﬁﬁéeV|ously app ica %% #bog g

opdr@ingd Tehioms mearst aguped beteip) adafinedras ayrdwﬁrel ﬁwae asd/otreeftware

strycture for

for achiéving a result. The term program or phrase computer program, as used herein, is
defined as a sequence of instructions designed for execution on a computer system. A
program, or computer program, may include a subroutine, a function, a procedure, an object
method, an object implementation, an executable application, an applet, a servlet, a source

code, an object code, a shared library/dynamic load library and/or other sequence of

instructions designed for execution on a computer or computer system. The phrase low-
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performng the function of rapidly switching through a

plurality of off-axis illumnation 30 angles, but the
wareorzne for rapidly switching through a pl upel/us3008627575
off-axis illum nation angles can be any ot her

structure capabl e of perfornmhg the function of

rapidly switching WO 2004/ 023219 PCT/ US2003/ 027575 11
through a plurality of off-axis illumnation angl es,
fiegieneiias disedhlersiiy cagr beedaligd @s amplaing) that|the fyndamentsl fringe spatial
ﬁ%ﬁﬁeﬁb’y 1s@elﬁ@‘1hé‘flfycg]§lt %ﬂ:ﬁﬂl &mi@y, or even a pol ygonal

(pl anar) array e di scl osed enbodi nents shows

a computer controlled aneabIe encl osure as the 5
structure for p l'igning the

sour ce, bean1ex§§% ﬁ&92%8%§§°ﬁg té?“gﬁ lialens so t hat

t he ob{ect bean1Fasses t hrough the object objective
Aonragias @pplisptiy pL gheningpntiogthat hasevadyer Wé;thll,ir theftgehnological arts is
RibBRY. Ngh NhvehBbA C8: wREAMEB S dibdBh
B ensg%an %e gny ot her struct@pgﬁgépEQ% fgpe wﬁ&%hmmmn
fatbheatfounmh ahfoo sena'bcbngm:tmginsmetiqmbﬂ‘h@mv@EJammsa isaful int COII_]unCtlon
“Etﬁfn%gitﬁ hglhlro&r f:arvgx dgvél?_})%nen%) blllde %%ﬁyfgcturilng suc%xoas nan%Vé%Jlalézatlon,
npoatchauramdngror dhe fika C]T he gni?elnaofo esansful it ther gontele ofvh frddrferometer

t.ne .obj ect objectiyve, t he. focusi.ng |ens ..

iy el BloesRhR A OF by ) 8 el ot SRR OHeCtto-digital
helspapidetdisinid i elbéttonetolafgbhy.| Eidge ard virfalid idlifefable uses for the

. exaupl series of npv e optical elenents (e.g.,
IW’Ft%r@?ta"b}FS’a}?e‘iﬂ?ﬁbﬁgF tal %{Jﬁﬁepl e a flexible optical

fi ber and/or cable. 15 The terns a or an, as used
herein, are defined as one or nore than one. The term
plurality, as usedAdEpges of thedayenied as two or nore
than two. The term another, as used herein, is defined

AdfetBdd, hﬁﬁ&&us&m&%@ S pRoRERn, raai&eﬁtﬁ{grﬁﬁ ehiB@ﬁlH{éhﬂS}‘ the invention,
and/ or having, as used herein, are defined as

C@Ohi) p?%leﬁf@ct{vie agd adg@éargeq)lgn@g gb }(cjast tinp, doljoxying gqggmse@he iyention

pHS s Iﬂﬁfltﬁil@ 111dn§negl%§1' é’&ﬁf&e@sf HeORD&RLE qyrow@é EROMGHsROE capture of
necessaril I rec not necessaril

i s tbanHly lasted hoibaigs omemawnyn cqOprasida sewputer-control of
S
of(;]gcgtg!l{’ﬁng?tz?ner a% nﬁ@n@t%h ﬂfg\g% A lass rte&lt@ er g‘El]ltya% H&8ograms.

nor e
Thé inmentio Ygrofrovide sigmﬁsatnﬂp mfeawdbmygmg telsnlutlcm Thé infé¢ntiof fr@proves
nti used ereln i.s defined as
q‘ﬁa%rtyngq%%?% e C? néédén ggeértl Prevw roaf}hg\t which is
speC|f|ed The tern1genera||y as used herein, is

d, as, at ast a roachin iV state., The
A, oS SRR RSP B ERrRha g B and v
wﬁ:teaut ginting expatimbsthtig, inSKEh RI fig, dibdlssuR! The gn@AEdOTs @ limited by

%ﬁ %p}gll-trs] ?r?qgtgé\gprg}ang gztﬁgqg?lstgq S%é Prg)r S Ion carlrysmgd g&tltﬂee gwentlon

contemplated by the inventors is disclosed, practice of the invention is not limited thereto.

Accordingly, it will be appreciated by those skilled in the art that the invention may be

practiced otherwise than as specifically described herein.

Further, the individual components need not be combined in the disclosed configurations, but

could be combined in virtually all configurations. Further, variation may be made in the steps



for achieving a result. The term program or phrase

conputer program as used herein, is defined as a
wGQegumeeR2ed of i nstructions designed for executiPCT/O82083/027575

conputer system A program or conputer program may

i nclude a subroutine, a function, a procedure, an

obj ect nethod, an object inplenentation, an

execut abl e appllcatlon an applet, a servlet, a source

oB@n dhsdesquense oHj aps comaesing methede describadahsreiny Famher, dltheugh the
aMtt?Sr de a{b@é Fbrefl pclﬁ rbesae&gﬁg@%ﬁule lltrk§1‘ilrﬁé%érﬁfé§t that the apparatus
eS|gne or execution oh a conpufer or conput

nyy de emgrath@lmﬂ)aggst@mwlﬂn@/}g@omAWWWd Furthermore all the disclosed

e%)gg(atg?%% 2% F[ruggs % %Fh %i%clo{eﬁoe#%nﬁ%iepég'a g%g% ?1{6 Vpl'th Co?rgubstltuted

feptikbidadcloséd demﬁms: yndl &atbreb ofietdne ofgdiscddsed ampbdlmgnt except where

ations of the Invention 5 A

mgig%?r@gprgﬁbw#@gﬁﬁﬁﬁ' fFEXPMEYSnvent i on that has val ue

mnthln the technol ogical arts is nmetrology. The

ntion is useful in .conjuncti
Itrﬁ’ ‘X‘%&étwé‘&ffttélﬁﬁt CERYE HUbRHRIOYS, éHﬁP‘E“&‘Fu agiﬁlt“’% WY/ g gegrigpgements
oS QB HGARELUTHY inveAE PE/bY BmadehRitHolV @Matifs frb® tRd itas@bidcope of
|n conjunctlon wi t h nanot echnol ogy research,

prgﬁrp%wergwg CORSEREF B d$ gﬁqnﬁé thag thejspiget and/or scope of the underlying

nﬂr@ﬁt%' SHadpt %@Héfﬁ{éd byrtﬁé‘ Qﬁﬂ’eﬁéé&r QBRRtand Weit BRiVAIdR colBLall such
inventionis useful "int context of an

sybsti@tiensy adifiertiony additions agd/gi rearangemedssi ng and/ or a

digital data acquisition, for exanple, a

direct-to-digital hol ography tool based on el ectron

Tho bprgndqdylaim¥ et & ke intarpratal ly inchidingencabs-plugfestifrolimitations,
u{x] 188 sul:l‘g%\?llg%t tgcgl 18 "é)%#hc?l{){ X‘%?tﬁ:\gl 21}] %gn !ilgg'%l?s? df%lg ghrage(iis) “means for”
aﬁdzj@atsmp er. a&dygerrenc empodierents o6 gteanventlerp neSielihdareg ‘tgzrthe appended

RS B e B B B SPEAES FHIORR PoAD fuenton are

difReentifté @By 1he Bppepddd\depkaBlenidlairthPd thdid éqmvaahﬂs on sources.
The invention provide for high-speed capture of
multiple, differently illum nated hol ogranms. The

i nvention can provide conputer-control of object
illum nation. The invention can provide fusion of
results fromnultiple holograns. 20 The invention can
provide significantly increased inmaging resol ution.
The invention inproves quality and/or reduces costs
conpared to previous approaches. Al the disclosed
enbodi nents of the invention disclosed herein can be
made and used




wi t hout undue experinmentation in |ight of the
di scl osure. The invention is not limted by 25
wo b@aneRical statenments recited herein. Al thoupdT/Ukm®03/027575
best node of carrying out the invention contenplated
by the inventors is discloseth practice of the
invention is not limted thereto. Accordingly, it
will be appreciated by those skilled in the art that
the invention may be pREHERENCESherwi se than as
specifically described herein. 30 Further, the

Jndl Bb&iARn, RGNS AlnioMRE6 RAouh&: @;Q{apv mrmﬁlmws

i scl osed confl urations, but could onbi ned in
@i r t Maslkly Bt pl.¢ Trrodugiioate Eh@tron#iﬁlmwhy ”\I%lnwmA@ﬁemyPlenum
PRgiABEE oo the steps WO 2004/ 023219 PCT/ US2003/ 027575

3 or in the sequence of steps conposi ng net hods
(Des cFugsod Hpahit, ¢ OpticshirdBditiom] AdisgphWeesley, 189%h arget46§-469; 599-

scribed herein can be a separate nodule, it will be
mani fest that the apparatus nay be integrated into
the systemwi th which it is associated. Furthernore,
all the disclosed elenents and features of each
di scl osed enbodi nent can be conbined with, or
substituted 5 for, the disclosed el enents and features
of every other disclosed enbodi nent except where such
el enents or features are nutually exclusive. It wll
be mani fest that various substitutions, nodifications,
addi tions and/or rearrangenents of the features of
the invention nmay be made w thout deviating fromthe
spirit and/or scope of 10 the underlying inventive
concept. It is deened that the spirit and/ or scope of
t he underlying inventive concept as defined by the
appended cl ains and their equival ents cover all such
substitutions, nodifications, additions and/or
rearrangenents. The appended clains are not to be
interpreted as including neans-plus-function
l[imtations, 15 unless such alimtation is
explicitly recited in a given claimusing the
phrase(s) "neans for" and/or "step for." Subgeneric
enbodi nents of the invention are delineated by the
appended i ndependent clains and their equival ents.
Speci fic enbodi ments of the invention are
differentiated by the appended dependent cl ains and
t heir equival ents. WD 2004/ 023219 PCT/ US2003/ 027575
14 REFERENCES
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(1) Goodman, Joseph W, "Introduction to Fourier
Optics,” MGawHiIl, 1998. (2) Voelkl, E et al.

wO bovtioztuect i on to El ectron Hol ography, " Kl uwerPCT/US2003/027575

Academ cs/ Pl enum Publishers, 1999. 5 (3) Eugene

Hecht, "Optics, Third Editiobi" Addi son-Wsley, 1998,
page 465-469; 599- 602. WD 2004/023219

PCT/ US2003/ 027575 15 CLAIMS Wat is clained is: 1. A
met hod of recording a pl ur@AMSof of f-axis
i1lumnated spatially heterodyne 5 hol ogranms, each of
Whe iifimdxiss 1!/ 1um nated spatially heterodyne

hol ograns including spatially heterodyne fringes for
Fourier analysis, conprising: digitally recording,

IW' t hA%éth(%dSJf rbdolditg E{H?lﬁllaﬁﬁ/at egr Takfs 11‘311111{’15}6& ﬁkﬁéﬂﬁ{

first axl s |1 spatla Yy tero yne
hhbgmglsamh oictheldfifanis slpaminaied gpahﬁéb'élptmylme lfqlcpgngesmﬁl@dmg

Sgﬁgg%gét?r? 'eﬁlléﬁ%s £ Rk aﬁ'eh}% ?C}Tnllé')(’ls{ngcor ding, with a

I on source erferometer, a
secodgitalbf becading withl aLﬁrsmHurenhampmurab btyanheitea”bmdmptee a first off-

R MR BEP RROR At SN SRR AR SR e &

de@ﬁhﬁﬁyysaﬁtordlng mnth the first iIIun1nat|on source
of t o terf rone&%{ irst. off- E il d
spat ’§H‘ TR P%dv L&WP?W&S&‘HF% tapater Fqnglf"‘ef Fsecon

olffedx@y ineymeteld epaﬁgmshe‘tmdynEﬁMbg@m iadhalitSdpatid IR HetéeiSne fringes for

refractlng an object beamw th an object objective
Foprgealysds | ecting the object beam from an object at
an angle with respect to an optical axis defined by a
focusing lens, and refracting the object beamw th the
20bj e&he BBihedef dama peereinef | ecti ng the 20 obj ect beam

fro %%Pﬁg&?%o?ﬁﬁ% %th Hfé%‘lt?t'?%hﬁn@otnréoﬁr@é @Iletﬁé int@fetd¥eter the first off-

optic efine ocusi ng lens an
agfis glihtnahatgd spetiailrydiewg)dwet lvlognen gebding spatiallyrhetenoiyne fringes for

F%]?ﬁlilerr%galgstls 1éagdes %Iﬁalc{n? [ %w%i‘e%{ %ﬁﬂﬁﬁ”‘ﬁhs e%’gn &{J %]cg] € ét?fﬂrge reflecting
tispabjdctibdayn fiveh en clggonet an angle with respect to an optlcal axis defined by a
focusing lens, and refracting the object beam with the object objective after reflecting the
object beam from the object at the angle with respect to the optical axis defined by the
focusing lens and

digitally recording with the second illumination source of the interferometer the
second off-axis illuminated spatially heterodyne hologram including spatially heterodyne
fringes for Fourier analysis includes refracting the object beam with the object objective
before reflecting the object beam from the object at an angle with respect to the optical axis
defined by a focusing lens, and refracting the object beam with the object objective after

reflecting the object beam from the object at the angle with respect to the optical axis defined
by the focusing lens.

3. The method of claim 1, further comprising

Fourier analyzing the first recorded off-axis illuminated spatially heterodyne
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fringes for Fourier analysis includes refracting the
obj ect beamw th the object objective 25 before

WO edokezing the obj ect beam fromthe object atPenuszwgs/e2757s

with respect to the optical axis defined by a

focusing lens, and refractintp the object beamwith the
obj ect objective after reflecting the object beam
fromthe object at the angle with respect to the
helperedncludingspaisllyhetyrodyye frngestby digayprgineares ofe rst rperded
oL RQRhatcd ﬁﬂaﬂ&lﬂy het%&yﬁ@ﬁolgg?gm EdcRldRe sEQtEﬁl'y §bterodyne fringes in
analyzing the first recorde -axi s illumnated

Fewréer space tp sﬁ@mém@fm@tev@yz@mmmmegcwmmmmng@mmen the
B
otiginalrrigat &l tbepaierfatrhlyg hmtrsctsﬂl;"mmehlmdm@namndn cl udi ng

tiall t t it
SR S BB,
helogham ibetdigespatidis hefeﬁfd@ﬂ@iﬁ\mgesbﬁaﬂﬁnsﬁ'mdnﬁg'l&eﬁi bf e Eecbﬁiﬂﬁborded

o 35ttt Sarip B el B R 5GPy o Bogge hinges in

Fb@ibr bifike tolsetvaft6) dha lRRgodyheisaredr fRGadnyy déTiied AeanSRER MStween the
recorged of f -axi.s |Ilun1nated spatially heterodyne
THEPRSG R P YRR bepkapRlying aﬁé&ltélrfé}&y bt Pffﬁggééls pipund an
ohglam%gmmrfaghamsfoaﬁmg heinsasORsiriceek@ad off-axis

| umi nated spatially het er odyne hol ogram i ncl udi ng
spatially heterodyne fringes in Fourier space to sit
40N 1OR Blinl §elaph 3N AR TRmbliGhe @mgﬂ%&g& FOGHLGAY AT ofhxis
angl e between the 10 refer nce beam and t he objeg
illverawatedespptially hgterpdiiediolagran iwith ée scct@nd ouresh pnadyzge affsixis
R RS B P e 181l B USRI P iy
further conprising fusing the first Fourier analyzed

off nat spatial.ly het.eraodyne. hol o

S ¢ nobe i os R Bius e Py FE B G R on PR rage.
iI'lum nated spatially heterodyne hologramto conpute a
S|n e recons ucted . The nmethod of claim4,

6 ur t Her™ B‘H{;‘}f %ﬂ vuERe efgmnam%%ar@mﬁe%t%e élﬁ‘%]%f’%‘)s“e Image.
I mge. 6. The nethod of claim4, further conpr|3|ng
transn1tt ing the single conpgsite. inmge.

Tret hBRf BFthed oficlain 1, ﬁlﬂh@rwemp%%wrsr}gﬁbe @Fb?ﬁfwgls tl}vennated
sﬁa'hﬁl%l' he@lrdayBXhélo frh&%‘f@lﬁﬁﬁg’%‘ﬂahﬁ]ﬁ%@t’e@h&ﬁé tﬁﬁ%é% rf&cbbﬂﬁer analysis as

hol ogram i ncl udi ng spatiall et erodyne Tringes for
dqggﬂrdp@ramé ptatigasthe segend off-axis illuminated spatlally heterodyne hologram

including spatially heterodyne fringes for Fourier analysis as digital data.

8. A computer program, comprising computer or machine readable program elements

trarislatable for implementing thé method of claim 1.

9. A machine readable media comprising data generated by the method of claim 1.
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digital data and storing the second off-axis

illum nated spatially heterodyne hol ogram including
wapaitiozd2iy het er odyne fringes for Fourier anal pET/BSHS3/027575

digital data. 25 8. A conputer program conprising

conput er or. machi ne readabl elprogram el enents

transl atable for inplenenting the nethod of claiml.

9. A nmchi ne readabl e nmedia conprisi ng data generat ed
18y t Ao apmeraieonsTablelte digitally reqrad ylumtigugtesaioilluminated spatially

1 .
g igital 3%%%&?{}%111%?&%% ylht%)[;ér 0 @@E%iﬁogﬁl u:!ﬁ%lﬁ'g@ cgmpnsmg'
spat a glutality ¢felenioayamesolmsbngr ams i ncl udi ng spatl ally

het er [ £Qr i.ng:
a pl u?‘gﬁ){“ hlft PB%%?% aetd%iI {heiguaf?gggylﬁm%glaﬁon urc Fer
opt i a:&iférynoe(bemh edrrdiraaptlbuélypbmpimil tb the behmsplittenyi nat i on
sourc 5.ar rror.optically coupled
o't hE ieingiehs PEEh TR IS R EheBh R |y Coupl ed
t 0 t haigitaifredodee eptiaBytdliplet &F the f@u@inglehglana ecor der

optically couple o the focusing r
t hat 2 FRPET Rt aer%afa\s &S i Pi 5D P@gglﬁﬁ ,é{l,f grforms an

nfn}e}sE@E)url@Iﬁgn@&ﬁf orns an inverse Fourl er transform 10
wherein a reference beamis incident upon the
r ef evBerel agelsieneg hepwyis Beidgntwpen e Fsferpnce hsymn anirrggpt a non-normal

aﬁ@b 24 lobREA s #nBRLAS P&l AVl aff Qh§§ (Vltﬁ}esﬁ&t ﬂﬂﬁl dptical axis
th respect to an optical axis I ned th

dﬁﬁmdéqymlg: foeusing lersethe @ﬁ@ﬁl@ﬁ beanbanshhaphieat h@an@ e é@wSQ@é)amhe
fi u?m% ﬂeﬁy &Y Bfaﬁé? of tBQ &1%]3‘&1 Q&ol&%pﬁff?ﬁn & . G I[s 11R1!nﬁﬁ]a%ed3>fpatlally

|g|ta or der forman o axl s I um nat e
hsipmdmd Hoyogrdme ineluduhg rsmtiabj/ bgeradmee fiddgesi fon & omratanaewshwhlch is
rgc%d%d g%gp Lregcgéerf o tfl:e C%H 0 gansh%xall 3 e\gﬁglf ﬁ'xe recordl g off-axis

recor e rec e conp
11ﬂ1rrﬁiﬂﬂéd)§pﬁﬁallgr)heﬁ:rdﬂ&né litﬂo gran mcﬁﬂdlgaf)zitraﬂ}( hsterotlj'ﬂelﬂ‘mgbatleEburler

het er od eholo am i ncl udi al |
TR it SRIEP P14 MBI CRB e eabencl et BY o2 Ritiesfeoy g
réfeidfde®e O YRE®HE dbjettearh AROCANSY sighefld A26chdy ofiBindln@lgth before
bet ween the reference beamand the object beam and

PERprEIRg the g’ivﬁrﬁ%\F%u“ﬁFE%Hﬁ@n&n original origin before
performng the inverse Fourier transform

11.  The apparatus of claim 10, further comprising an object objective optically coupled
between the beamsplitter and the object.

12.  The apparatus of claim 17, wherein each of the plurality of illumination sources

includes a laser.

13.  The apparatus of claim 10, wherein each of the plurality of illumination sources is

switchably controlled by the computer.

14.  The apparatus of claim 10, wherein the plurality of illumination sources are moveable

relative to the beamsplitter.



20 11. The apparatus of claim 10, further conprising

an object objective optically coupled between the
wheaanpd2id t er and the object. 12. The appar at uBCD1S2003/027575

claim17, wherein each of the plurality of

il lum nation sources 25 includes a laser. 13. The

apparatus of claim 10, wherein each of the plurality

of illum nation sources is switchably controlled by

Iphe ETemppprets oBgaimul7, vherchshmbeamsalittst. e raferpngbeam mirror and
HNELB] ool RbHE AMidnéish sdoklotyli Nati on sources are
rmvéelabf%g rel 5t [ velt 0 St&};% Obgggspl itter. WO 2004/023219
PCT/ US2003/ 027575 18 15. The apparatus of claim 17,
erej 0l . the r i [ rar.
180a bR B AR L blein B R ELAER i AR L dhirgr and
5 tikGligibhecapgalefibeis Math-Zlaengebietrwher ei n t he

beansplitter, the reference beammrror and 5 the

digital recorder define a Mach-Zehner geonetry. 17.

1The appappabtus odflaial B, farthés cobdpriting b dipialstdradeigedium coupled to the

di gi t st pr age di.um cqupl ed_t.o the. uter for,
R RGO G A P! PSS o P bl i A T G L an
iffvielst Bburier Behgg®@ff or m ng an i nverse Fourier transform
10 18. The apparatus of claim 10, wherein the digital

10 recorder includes a CCD canera that defines pixels.
139. :ﬂi‘aeap?%ﬁﬁ 8t UsinPlo, e tHSaigi BIcB1dBr hfIBdARIIED camera that
bet ween the reference beam and the 15 obj ect beam and
definepgielsi cati on provi ded by the focusing lens, are
selected in order that the digital recorder may
resolve features of the off-axis illum nated spatially
Ihet eTepparatul of deimald, wheemdhaapgleatwegh the réfeteasedubgmeand the

j for j Y Si ri

15 oelta, i e lon PR R el 10 08T 55 oy hat e

digitelhecvedar emgl adsbie itatiras of drepiff-sdnifudatted genielipbacodysie ng

hglggra%qggﬂcgﬁg s?paggllyﬁle?elrégy%g fringes for Fourier analysis and two fringes, each

having two pixels per fringe, are provided.

20 20. A machine readable media comprising data generated using the apparatus of claim 10.



