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WD 2004/ 023217 PCT/ US2003/ 027569 DESCRI PTI ON

BACKGROUND OF THE | NVENTI ON The invention rel ates
w@eoenzd2iy to the field of direct-to-digital hetDUsZPN27569

(interferometry). 5 Mrre particularly, the invention

relates to off-axis illumnation for inproved

resolution in direct-to-digital hol ography.

DI SCUSSI ON OF RELATEMH direct-to-digital

hol ogr aphy (DDH), so d direct-to-digital

10 interferometry, is known to those skilled in the
BAEGKGROUNDI OF THECENVENTAON illustrates one sinplified

enbodi nent of a S ight fr a. laser s ce
ThoSiggien gqpishrsarall, s Mo e e dplogroRy (ERHepR
MoRNShrAddeRly! {18 \iBlehtidn eidhto off-8AS illkkfination Bseimpeated yesolutien in
_expanded filtered light travels to a beansplitter 120.
diregHie-digihBYPPFEREr 120 nay be partially reflective. The

portion of light reflected fromthe beansplitter 120

constitutes an object beam 15 125 which travels to the
DISSHySSIONIOB REEATEdARTN of the object beam 125 is that

idrS &7 hegt edybyy gpa%g c t OE0RRS S @8NddNT @3 fto-digital
Prigry, & egﬁé%l?ol %lgléarl ]@g} a §t tr(géﬁ’s to gglf%ocusi ng I'ens0 e
intelfdfometrFhisskdowghto thbeenskpideslsmsthe Haro Jigh instaacd, dds | nYugtiates one

A ) 5 E PP SOaf Y BS s

beatnhexphedv®/spalibl filkatl1pasdasert haelgthrdug bleasd pl.i tSubsequeddy, the

constjtutes, a reference a 3 he refer.enc .
exp s U Tt R £ BRI R0 de Rp o 120 i Mhiaty
reflddiRer €hd pitigtbMghiatRncs heathe bamdplinen 1O eonsiitutasan bbject beam

travel s toward. t he be%ﬂs

1 litte 20. . The rtion o
125l Eelsan g obian a4 e R 6 e PG PE o n S rolcted by
the RBREBR0! thipasded Qhr&?inthe teaNBlifert 120 Qg eatdietd O edeasinglens 145.
| ens 145 and toward the CCD canera (not shown). él’

h ,
This higktctherpBasgss dlirpughsthe foshsing en 3¢ anchigevelsis 2 cAsTes § upﬁ‘ﬁﬂedevwe
(Cd@fc%h%ﬂ‘?ﬁotl%ﬁ&ﬁﬂ);35 fromthe focusing |lens 145
C

nstitute a plurality of object and reference waves

150 and will interfere at the CCD to produce the
interf . r LSk .
o 1 0 S Ry LA ey Bliphiaon s

a refhjenet bdomaths] 2Bei sfeprcabbant 18D s whekctebiroriadairorv4Prat a small
angﬁegfggfrt%%e%%lg r%érielicg}é%rlhs}g—? i&|%rl51 r#l% glfqog&}.le%aﬂompd e lBez*i‘x‘?Spli‘rter
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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WD 2004/ 023217 PCT/ US2003/ 027569 2 A linitation of
this technol ogy has been that the inmaging resol ution
wo@toosle32DDH systemis limted by the optics oPCT/H82003/027569
system The nost notable [i&itation of the optics is
the aperture stop, which is required to prevent
A lieiptiad af itom tewhnqwa liaprhepm td:}@tatm inyagingeres@utidnefrtbe DOFS system is
I I
hmbt%& g}(l: He o%ﬁ thef‘ sys{exl'jle Ege gfs?)gvs{nlot aﬁ%nhrg?ag{oh tlHe gs 1SCE134 %’Perture
stopl,@xlﬁr&nls ba;uhmdittspl’etretnedhgrddatldmfﬁ" thameage fqudity dlxe ® aberrations. With

um nat j. a ure
reatudit &r'Ba Snetica s BE Ay oty SRR alpienSRh g o of
radi€ @0eeh bé heisefittsde In th8 case cTpRaRR ¢Mumihitidn, pe raﬁ&rﬁﬁe w1th radius q0
spatial frequencies, outsi d%ﬂ’-@ W ircle of

a Oto
appsgs CPHRFTEHPR £ &FFO SRAURMPGIVERSY IRFPIERE f{*? ﬁijﬂfér is ap gppgoach
thaf¥seedlitf SatiliRqhQklO¥:08: RS BRAE 6f @fiut heto vRv@Rihiabd. Of

course, the inventionis not limted to these

aspects. Accord| ng to an aspect of the invention, a

n off-axis illum nated
SUMW? HE §RVENTEO

et erodyne hol ogram i ncluding spatially
Theheum @dgﬁw@r fthd fodlewing aspeFisafites inaprtiops Og courge; the invention is not

hmﬁg{%rth%gﬁsm&?“ ecting a reference beamfroma
reference mrror at a non-normal angle; reflecting an

obj ect beamfrom an object at an angle with respect to

AC?Oﬁ%llolg Lc* aéxrag% i tgtgéj %’enﬁlgr% ¢ b oceas c];f(f%:c%g 1ré%%]1n {%P aX1? 111911%]19115’51"[6'2{9

spaﬁhl@nl&te@a‘)dyae ﬁblggrﬁﬁllnchrchtgmpdtﬁllyﬁletefddym fringesdibif Foaxiersanalysis,
|Ilumr}f tlaII @Fteroeg ne hooramlnclug

conyyRes & gnaeg F%‘&"y M MY ESCTPF "RE0 %tér“‘)%ﬁ‘éﬁni? f‘%gq

refidét@igtadlobjéct RGN dbfeet Afah adplé Fith kdspdtk aneticd am atfined by
20 .het erodyne hol ogram i ncl udi ng spati al |l y_het % ﬁggigital

a fqopsipgleas; fesusing diei Frepgsdiesraiand the ghiertcheam ahdfogalip
rechRA60H 9&ith AE brrasdsSininkih48d HatAR eRAldyAd holodih ﬁfcﬁﬁﬁi@%paﬂally

hol ogram i ncl udi ng spati al | het er odyne fri nges
het@rpémffangw iy Faweay apflysish digitelboeensding the-ofikqxds lilvm@rﬁeﬁ aw@ally

hetﬁtgtﬁ'}glreo ean?ﬁkﬁamgyﬂaﬁal e@tg&gm g{hfcglem PELrRPALRLs! Nourier

ringe ourirer s e to sit ontop of a
anaﬂb@tr@rtwgﬁn@d@mff axds ilumangiedrspatiallp heterodynediotograanighlading spatially

e
e, LIS RSPy IS
heterbd:glemalogmm gc]uudmg swhtialbdrcterqnb'né ﬁ‘ﬂIgBSl’]]g Fanneprrsp@e @esfc on t0p ofa
hethOyr i er trg form cordln et of 111 &
et it PR gf af e <Py A Bler S ity e
beadt; fapplgixg & diditalfilten &t @tof$ En@tlalahrblynmtcﬁfgﬁﬂydiﬁgﬂ] tahd)gneﬂ m

n |
Perforr%gn%danqgver e tohr?elarltl)énsl%et erodyne fringes for

According to another aspect of the invention, a machine operable to digitally record an off-
axis illuminated spatially heterodyne hologram including spatially heterodyne fringes for
Fourier analysis, comprises: a laser; a beamsplitter optically coupled to the laser; 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
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30 Fourier analysis, conprises: a |aser; a
beansplitter optically coupled to the laser; a

WO edogfzizee beam mirror optically coupled to tPEr/US2003/027569
beansplitter; a focusing |l gns optically coupled to the
reference beammrror; a digital recorder optically

Fourke? Fxhs?&hﬂ Q/hEJEf% £ @fé%%bé"&ainﬁ@ﬁmd@rﬂdlp& the @eEfﬂHh@rbemh atirror at a
per

orms a Fourier transform applies a di
son b bz OGS [oeRINRSY 86 OES S B A BIS R Tespect 1o an
opucagér){l U0 é}o thé ?&%sm% 1e50 Wel 18 reh s BB A khe BRI ED dﬁm&re focused

erence beam1s Incident upon the reference . bea
by the fbmmgwns at a fooal-phepe ofithe éygqugecog}er gbgog@lt CRERIRSE %lummated

spatlaﬁ¥ 11% %Oﬂ) an OQ%&' (é%/ s 1a1%e'?e?&i fe Wirphs fb?ﬁ&ﬁ"fe% arfa®/si@N

e “focusrng | ens,
whidhah ﬁaeeﬂae@bma mgaanewnm otbgi éetcomg@mn mfotmewe gf thpjecerded

focu5|n |.ens. ane rs
ot Hgpipieriartny araSe peRp A ad L ol Hefrod RERRE
Fouﬁ&tsﬁz[c@%’?ﬁ‘oﬂl‘gb 004 Béterodyak Udnélgfra]patcz dbﬁlyedﬂpetaa pngly besween the
fringes for Fourier analys ch is recor
refeegnes eam P iR S L BB B oL G pp bR
perfgltﬁﬁné 86 wdad Fofidrtaxdtemi. | | um nat ed spati al | y
het er odyne hol ogram i ncludi ng spatially heterodyne
fringes in Fourier space to sit on top of a
TheEle bLd Qﬁlbép %s;?e%fsrdfecﬁe fvefieanaY vdedettresbpbasiatad a’;hﬂginderstood when
et ween ref erence beam and the object beam a g I
congiddrad mrfdoanqml withythe deltewang dﬁsw@tlﬁalambltheﬁ??nﬁ@%% 1pYyings. It

sho@ﬁ Lbfeolrnrl'gae{s]sg)eot(t:l{] glo%f?\)é? k. {0 %l‘l(ﬁi}lné rd@&%&)ﬁ&ﬂn whilte f@icat@pUvarious

t’he invention wll be better
emtdpipiene af mel iavegitiomded stogdisvnssific dskds desrend, jspgiven by way of

111us§1%g{5tﬁ%§h yn V\% t11|1111{ap &n. f IQIIFJPP %t%gm@gﬁi J ﬁlQ(‘h!ﬁQ&ﬂloﬁp dadditfons and/or

g draMAn S. e under st ood
reaf@pEM&lis madt nidde vsfl’(hiri ibwviscnge o sl inprition, w1thhp‘q @eparting from the

ndi cating various 15 nent i
Splrhuthlétﬁ ! 8 ﬁﬁ% |1nvegt?cale{ ﬂ}‘bs 'gL él%célo %.lbgtfltu{l(;]‘l% v \ﬁﬁf&ﬁ&l@ Qﬂﬁ’t ons
mﬁhﬁkﬂﬁﬁﬁéﬁﬂdﬁg and not of limtation. Nhny

substitutions, nodifications, additions and/or
rearrangenents may be nade mnthln the scope of the

BMWB@S@QP%@NWTMAmdsomthe spirit thereof,

and the invention includes all uch S%bSIItUtLOP% to depict
Thaydiviries aesarmenying and fomas RraPloMIs WEFHEHIGR 5 f1g!udegyto depic

cergﬁl Eﬁpc@;é@% B¥dnthh A1l PRAWINNST i mveliow 4hg Sf the components

acconpanying and formng part of this specifica { b
anchcvperarunn plhekstns prafédsilotith ey entionagplekepame mofigadily apparent by

ref%gl\{%e ] 5! RO exAingfa &l HABREPLbANEhe ! BRbddIMERS | i0istraRBdin the

co
drawings, wherein 1dent1ca1 reference numerals designate the same elements. The invention

may be better understood by reference to one or more of these drawings in 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 v{ew of a conventional direct-to-digital holography apparatus,

appropriately labeled "PRIOR ART."
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and operation of systens provided with the invention,
w Il becone nore readily apparent by 25 referring to
wo b@4oxRmpl ary, and therefore nonlimting, enbPdi/De2003027569
illustrated in the draw ng$, wherein identical
ref erence nuneral s designate the sane el enents. The
FIG. vigiodtiats a soBymére view tofran wﬁ%laamsﬂlunmabyn det@riedipgal wlography
re of .these draw ngs.in co tion h
eorgSis HPRGREFs Bndb e PRI "GRBar i b gt S te
invekdi@nf eatures illustrated in the draw ngs are not
necessarily drawn to scale. 30 FIG 1 illustrates a
schematic view of a conventional direct-to-digital
FId1 2 DQGARRY: RBBALRIHSY of ARAFORIE Aluglidation Hekado- dfgﬁi{aﬂaﬂogmphy
ART. " WD 2004/ 023217 PCT/ US2003/ 027569 4 FIG
apriatatug Sintesferometersefidiat inenwifeawisgRsiHA of f - axi s
illumnation direct-to-digital hol ography apparatus
(interferoneter) in an on-axis position, representing
FIGi# iwiomt rewo-dofiensivnal Fonsiesplane for 2 qbjact StRwiing engtipsines of on-
ax% 1lfugn21%eartm}1 agd oh? Y¥f 93% gig?fg % is ﬂiﬁlgg%dé rog u%gfé@én'tlﬁg an embodiment of
the(ihvahibont eromster) of FIG 2 in an off-axis position.
FIG 4 illustrates a two-dinensional Fourier plane for
an obj ect show ng one instance of on- axis
FIG.!5 undtiags aawo-ditfler8ivaali Faatiaptae dbr af dbjax simwing one instance of on-
il lumnation, representi an_enbodi ment of .
it HBIRAOR ST ST S O B AL FRHSTBR 4 cimbodiment of
thefkehiig@r pl ane for an object show ng one instance of
on- axis illumnation and four instances of off-axis
iIlum nation, representing an enbodi nent of the
FIG.NY SMbdAks Jﬁwgldﬁxerﬁldnhﬂ u&iriedt Bmeardr War GbFBNShaAWAg all spatial
Fourier plane for an object showi ng all spatial
frefiyencjercthati contribhigtto @ Gired! Fipgtnem (Berged age). LpEsentipman embodiment
i mage), representing an enbodi nent of the :
Of&gg\?{eygl?@gh. 20 FIGS. 7A-7F illustrate the discrete
Fourier spectra (7A-7E) obtained fromfive different
FI(E%D’@% I}ﬁn’ﬁltls%rgg @1{3 f&ils%%ge\:/ ‘Z*n\s% rsyéptrg 7(5)\*715") %Ea@r?e%nfrbrﬂgﬁve different
holograms and a fused spectrum (7F), representlng embodiments of the invention.

FIG. 8 illustrates an object amplitude reconstructed from the on-axis illuminated hologram,

representing an embodiment of the invention.

FIG. 9 illustrates an object amplitude reconstructed from a fused result, representing an

embodiment of the invention.

FIG. 10 illustrates the intersection of the two apertures #,(¢) and W, (q), representing an

embodiment of the invention.
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FIG 8 illustrates an object anplitude reconstructed
fromthe on-axis illum nated hol ogram representing

wa@poogfpn2di nent of the invention. 25 FIG 9 il |PCI/U&1083027569
an object anplitude reconstructed froma fused result,

representing an enbodi nent of the invention. FIG 10
DESCRIFIIGNQY PREFERRER EMBORIMENTSe t wo apertures WO

kB, M8 By S50y S0 R P s

ful RESTRIRETENOM tcCfhe RREREHRE EBmBMBOEM)/ T Se “ﬂhstrhtn@ énthe eccoapainying

dref\glggs\e/%gi: (ge aﬁlgfg e1at ﬁr %1 OS\FIIQ%/ %\é{a{% olnei)ggc%ﬁ) %ns ?"ﬁg q(%%\%gfstaﬁing

mateals mirdcbs@glgem’blﬁﬂquﬁ;nbcﬁnﬂdﬁaﬁs anhé dqhiptisht afeeGmitiedtdoeas not to
acco draw n in the f oW ng

“m&f‘ézgséig?q?st‘ﬁ HTe BesByg P d‘i‘u ﬂ ]Ef\ék?‘ﬁgr‘? dgrt“QP& Q‘RX"%’“ that the

defiBéEdeb@lpBion PIDGE GG ck BRI, GURSindRANRGREBIE] @ibdiments of the
equi pnent, are omtted so as not to unnecessar.l

y
invsRE, A EiNen by &t PhMIusKatpat eply and mo Ry WAy e limitation. Various

subsdebst ARdificRwe \Wakitiohd val/ok 'ﬂﬁrraﬁé@fn@ﬁtk CTENETT §p119tt dn@R: spope of
and t he specific exanpl es, whi elnlcatlnﬁ referred

theowrslstlying Fventiye cphespt WHY bespme mppasens tqythpse siljedimythe prt from this
disclobgst rati-on only and not by way of |imtation.
Various substitutions, nodifications, additions
and/ or rearrangenents within the spirit and/ or scope
t rd.ying. Qv LV
Wfﬁ{m lths {LS 1(9&'?8 ogg}éérgkpl}lﬁlg%{p:ﬁ% a?eh g&lgr%?&%lr C%nﬁrﬁbl CRMRrals within
paﬁn&cﬂesﬁuﬂ@l‘cawm Homthedei Snchq)lbdzrj pl&jlibaj'mns enmg balfound at the end of the

|i.catio re re wnerals within
sr R a2 P o Rl AR B Qi ol rndl. The
disploblréscatt dllomsserpaplieionOinnteifbntirkiess @fedhe@ébyt dx@ressld incorporated by

ecifica n i nmedi ately precedin cl.aing afte )
relbREedeist Bh R QUG R B B SO PL AR JEBe: B Thypating
thd J@sertpadl.i cations in their entireties are hereby
expressly incorporated by reference herein for the
purpose of indicating the background of the invention
ral, AU hieRt 6Bk inb&Riof kAl AciRfic {H18nid tstorx?n% ah@/ogﬁaﬂﬁgfﬁ,l; digital
he context of the invention can include obtaining;
daigy &hq peptexh Of She imypntinpi org iaFlyde atocessiag Aligitnh date ghateiepresshts an
1m£géeTﬁé166ﬁ{éH &"{h&fmeﬂtﬁﬁlc% %s@fn%@éﬁéﬂgﬁ)nq n%' Ja?a' fr(gl?hﬁll&plﬂealtmages

repr esents an
into a merged image.

The invention can include a method of acquiring improved resolution holographic imagery
from a direct-to-digital holography system using off-axis illumination. The invention can also
include an apparatus for acquiring improved resolution holographic imagery with a direct-to-

digital holography (DDH) system that uses off-axis illumination.

In general, the object to be observed (imaged) is optically coupled to an illumination source
via one or more optical components. As discussed with regard to FIG. 1, the illumination
beam is typically passed through the center of the target objective (i.e., lens system) along,
and thus parallel to, the optical axis. This type of DDH configuration can be referred to as
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I mage. The context of the invention can also include
transformng data fromnultiple images into a nerged

WO pwg®232256 The i nvention can include a nethod BET/US2003/027569
acquiring inproved resol utigon hol ographi c i magery
froma direct-to-digital hol ography systemusing

“on-@kik i1@phiBatioh? bk%ﬂ d1Rksis Gpatiall requenviesn(y) (gﬁ'the: abjle@tlts be a¢qugpdigieto a
an_apparat us for acgui/i j.mproved resol ution

certgip g (gPnyvhich ﬁé]@@wﬁﬁﬁi {%&g O%PFBQSFPW "digital
hol ography (DDH) systemthat uses off-axis
illTumnation. 30 In general, the object to be1 ohs

The ifveatienijaniieclistan affra}ISdemné%O& Soatio. ThHR te dgHBation WBurce

is d%@la'{ d%ater gl'lyasocfﬁ‘eﬁ 1R bR V1 PRsiIEBh sHARIRHEL BbjSctiveDif-center yet still
cusse regard to FIG 1, the illum nati ?H@
parakﬂehmth@ontry@la@al (e Phassiention ity te e feceping eileat of fig objective,
targ t S t ak:ang, pu@ng thib Ust-axis
v R o 568G s Lo 03 Sk 050, mig
111u1ﬁﬁiaf1d>rg tighed spmtlai e&eq@cme(@?q@ df ths ohisct@napeubomgh the objective
PCT/ US2003 027569 4 on- a I
oo 18 0 R GERE s PP b [ ne it B TR i dgeren
adviilade®f the i®@hficm. n 1imt (g0), Whl ch is determ ned by
the objective aperture. The invention can include an
"off-axis illumnation" scenario, where the
Thel b 84 1BEudOAH &@endbd DOHISRA@eETdta) edatddyto siigitHptapture
the beamw || pass thr oug H t he ‘?? fCt obj fetgltive biect. The
the gmfaxise gad Py et gptey Pt gk jpigpte Oﬁ'@m&p 51598 %)

invedtBn lchd W8 ARIO AWM/ ihg artliA® précebdng (Rs) Itlﬁtgdlgftsfl@Cctapmfed data.
the objective, be incident upon the object at

Th%m@ﬂ@gt @SQM@agq)mlb%ntagk@ widepypags of spHial Sqqen%&s‘ %‘an i any of the
A H@ogl%tnk Qs é)l%vg(lﬂﬁé a SigAitAtt 1rfcféﬁ§bbiﬁ R R it R84dindlesdhitéon of

j ect-can pass throug the obj ective aperture, and
the Syvtesn frenpoted do the@IaSGtVﬁﬁW r@aﬁf-wl?rﬂluﬁlﬁfmé?}@ldétallﬁ* Paiblat i on.

This is an inportant 10 advantage of the invention.

The invention can include an extended DDH system _
As ﬁapq‘b abvoart, i) inmgiap tesdlution off @ndaaiemal PRPt systems tsHaniged-basthesaptics,
mofgrfiae SR opribeh fisliied s el S dRHOILERE iftee quaiiy
ducxb abatzatiogs. Tnddpertuprsapds Elqmged(tb lpmvntg)ahadlr@ afigghenfrequencies and

captured data. .15 The r n e ma
sobgies feaionaf TRarge bt A e B Sl Ind B pystem are
sucf Mat Bfily bhject s@‘tﬂaﬂfré’lﬁknd?@NﬂQﬁtﬁzﬂ&rcld d'ﬂisdnp;r q@\dadibe gammmed In the
significant increase in the n

case oF opFES SYHIBHIORO B APEE"T 5 PRGN kg S gres 57 o ot fpatial

ﬁe@feﬁcﬂ&'“@y I eicpRt &hrdatia ilhenifatdh, @b |a§ertu196 wﬁltﬁtr@cﬂus g0 appears
bove e 1 magi ng resol ution of fung anE DDH
Shlﬁ%ﬁe@’rﬁo fhe 1¢fF)rﬁ1 fl’@cffeﬁyeqcﬁ dogpip;j dgis implies that in the direction in which

the aperture is shifted, spatial frequencies with ¢>¢0 are transmitted. On the downside, some
spatial frequencies with ¢ close to g0 are “lost” in the opposite direction. By acquiring a
second image with the illumination shifted in the opposite direction, the aperture appears
shifted (e.g., to the right) and thus the spatial frequencies “lost” from the first image are
regained with additional frequencies beyond ¢0. Fusing the information from the two images
results in one image with better resolution. Since DDH records the phase information on the

complex image wave, the information from both (or more) images can be fused with
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20 nost notably the aperture stop, which is required
to prevent degradation of the image quality due to
w@b@ana2ions. The aperture stop is required toPQT/ESINE/027569
al iasing of higher frequencies and subsequent
degradation of imaging quality. This nmeans the optics
surmfs111gbea®ﬁ)hﬂa$ym esnlar dhe syettionhimproes yheolsjabetionsefagengtic object
uenc a circle of radius gqO can be

s““?‘i’*éeﬁﬁﬁafdlleéaoy\%’?m? case of on-axis illumnation, the

aperture with radlus qoO appears centered on a zero

1[) a%fl}ﬁ%h 6[3[%1? 61;9 %g nG% élglgla % t% ﬂﬂaﬁe& ;{]_]l i_'ﬁ)l—%fs s(%ef: )éilt%matically

capﬁll?é bb®Oor[£iPand 6f8-akib Qllﬁrﬁﬁiht)ad iholdgtuenst Tael utﬁ/réﬁty{ord oamalsn include
This inmplies_ that |n ?g ion in i ch f th
methpdsyto gpayzesnd fise thedes baf e PESUSH & ‘i‘?P’Efied‘Eﬂ“QP g e
obsEﬁ@@@ﬁ]EétWﬂmog‘spﬁm rE8WMiSh H8n avAaBle 1r§ﬂﬁ@b1h@ﬂ DDH art.
frequéncies with q close to qO are "lost" in the
opposite direction. By acquiring a second inmage with
As Eﬂgeﬂt b F![@ pgh @rge& Bl B85 1's Baﬂaﬁ@ t@ﬁ)@%ﬁh&?a)gé ﬁ?)ctAé)ﬁbted above,
aperture appears 30 sh d (e.g., to the right
thisasethup lvers be méergdatpuaalonm@qxlﬂemmaégn BB axis flklmwﬁttlﬁ’éa 91 fhetother
[
nangofoEe B i ol MAfe Wb 1R800 Lok SR RN TE SR PP R ome
angﬁee whtmspect tonke |oplmc@é awist 127 bt tegample 99 |1lﬂ}tstratnd bgi the @bPEHeam
o1 GO RIS A % Tt bR S SR B s e
appaéach Yreechtad Helea ki iR GffehdeP B bite BQTH d9820 0@ T 66 Qnd ’rherefore non-
surprisingly advantageous results. The invention
limjtipg eX3pale-t he resol ution of generic object structures
regardl ess of orientation. The |nvent|on can incl ude
an extensi on of the fundanental stemto

Refgrringriatilea # yod 3 apmbrdemesoh ag 9! A N pipegpR DRH gpparatus s

luulsﬂralté{fﬂlﬂqtléé NAOIr R ard N0l FHHERY inQifeaforR! §6miFIGl udea first
hods to anal yze and fuse the results of these

moﬁ@c@gmaﬁshat egrseriersiEceal e fhe s eapangder/spptial filier b and, g Tens
RoaVaid &BloSurk 805

1150%13 %Fotu}) IB%ISEMH ut%p@(;ﬂug\}?cg gxﬁ)?lazfl')gé &@lgslt}? e é)c tr can
be bleaahlelaﬁng an gdsr thdtlipbubsientiile popsilelda thesoptieal paip 12Ashppre detail,
the. epﬁgosure 2({]5003}1 Qé a%iaexalfés)ngi ﬁ%{;ﬁ?ﬂ?}ﬁ% f&fsgﬁsﬁﬁlgﬁﬁ}?%%ﬁgt ei?ﬁ(é ﬁormal to
thelvamasplittef 10 S to the case where the bbject beam 125 is

i nci dent upon the object 130 at sone angle with

respect to the optical axis 127 (an exanple is
Stiil kéfb&ﬁlhg & BidiSby ahd 8, DiEcect mbdificatioR 16tha additsdwoutithe nbjbdt@bjective

There are nman ods achi. ve of f

21 Biegs Fgrisset RSO B SR 0g s SaHE R Rg B h pbiegt beam 125

reﬂeﬂt% eﬂffd)@ thetbRarglidt@ 100 ky/padsthdoupR e SaBE dFithevdbjecadigfective 210. The
t herefore non-

object beam 125 then leaves the object objective 210 and is incident upon the object 130,
centered around the optical axis 127. In this configuration, on-axis illumination is achieved

and the system of FIG. 2 is effectively the same as that in FIG. 1.

In FIG.3, however, the laser source enclosure 205 is shifted (up in this particular

configuration) so that the object beam 125 passes through the object objective 210 off-center.
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15 limting exanple. Referring to FIGS. 2 and 3, an
enbodi nent of an off-axis illum nation DDH appar at us
WO g004i0b2ust rated. In FIGS. 2 and 3, there are P@DUS2003/027569
primary nodifications fromgFlG 1. A first
nodi fication is that the | aser source 105, the beam
Of ERRANBRMNAsSPuk@lenélbduke20510, altaundtitehiebd dhifsed2dwh]1Beane of the

grouped into a computer-co ol.l ed, veahl e .encl osur g.
focrJ08 PrapiEBri B8 PEUZOREAn 1 Do ROV G g G g et
objeEﬁ‘@et 2110Sis SiRRhaRohahd dbjRanad kedontetanpRewiftpicseal toake sptical axis

127. In nore detail, “the enclosure 205 can be npvabl e
127 gheyelyy achiesing offtapigtillyminalifs tChgs.ithg qbyec&%eﬁ arcanpe Wc@en’c upon

' BRI i ht bbje@Tbedrh 309 rdfiected
the %@B%E@ﬁ%ﬁ%ﬁy&ggg%g%%tt%fgIo%ﬁ@ax@5275%!3 bbje&fe 9 reflecte

_ ication is the addition
frono fhetdbiecbpgseastbadbiheoth the obfErpobjeqtivePE) off-axispt (dye & the optical
sour ce .encl- osufr.e... ' it | ntgsaPhEat ccp
PR CL 95 et PURCEe g} P KRE RS s R BRaDbEE
(nott dhowhg hint the offeris élluntifiationesasth jteqiropsiiies of idifEaipo . TR that the

obj ect beam. 1 en | eaves the ] ' [
holGE F 8 BEtC0 BORt NG G ece: Bgbiiee: (B 305 pHE ! Hipronce
beatnhB 50p1ll Ecdkai@xdise dpatial frequeiics «fathé iobjectathatoare nonelzrived using
il lTumnpation is achieved 30 and the systemof FIG 2
on-3x4s HPMEREPY el y the sane as that in FIG 1. In FIG 3,
however, the | aser source enclosure 205 is shifted (up
in this particular configuration) . so that the ohj ect
Thustheriny 108 £3% Bl nRg A up P L Ot dig B R B Py
hete%&ghg ﬁ&t)grﬁm N BROPADAS b ibrddSald flRgdiey Kbevistalysis,omprising:
course e

, the l'aser source enclosure 205 can :
a lagelrt acpenmsplitist gptisallysionpled tp Holapes Bwkanse by Pt optically

LRSS ! dn6BjeRf opiQ1yaRl: | GiatsMBteR Wocdshe 1
R B e R o
opticaityi @bepled topmrth thh ecfargrjce beam garrertand Wbﬁﬁ@ p digjtplirgcorder optically

r ect .to.the optical ' ] FEN BB Ivi
BRI SR e R S s
digiee filteg hﬁkb;b&tl I fobrfi'mg ;uﬁ intvhec: Ednjr'ec'.(rattbtiiéﬁmsw?ﬁma n@fmengzp beam is
. on- par e 0 e 0 | axl S . .
IR TTEAER T
upoAthstje 0 By aaca?'glv ﬁfi‘rﬂ 1%_})@:& fo :ﬁl)gj:p&'pal lais dglfﬁtgdfo@ éhel’fﬁcijgilmj the

propertles of .t GOJeC.t 0 ecli v n e
e eh Gy LS PRE: S} PR Gets g g el Ropgference
andsg%ﬁéwx)v?ye's,rhré F’J@Lé@? ]E)y ¥ itf(_$cuisi|nlg )wﬁ]s aat fb@itll ﬁ&ﬁé?ﬁ thé cﬂiﬁitaltl recorder to

properties of diffractjon(’) inply tha e ram
forp@rspetipllheteredyredplogipn Wélug‘lﬁﬁ él?aﬁlé{lﬁé]i‘Fé%O‘i)P? ?fﬂ@e%%f Eg‘fﬂef
ana?gﬂr@lﬁ%s ?&grd%&‘@y he hBlEINEQrde?, 28 AW bBDuiet frdnsoAt Mies of the

nme spatia requenci es of the object that_are,ngt )
recoldsespatiallyistenefyne hologram including spatially heterodyne fringes in Fourier

space to sit on top of a heterodyne carrier frequency defined by an angle between the
reference beam and the object beam and cuts off signals around an original origin before
performing the inverse Fourier transform. The apparatus can include an object objective
optically coupled between the beamsplitter and the object. The apparatus can include an
aperture stop coupled between the object and the focusing lens. The beamsplitter, the
reference beam mirror and the digital recorder can define a Michelson geometry. The

beamsplitter, the reference beam mirror and the digital recorder can define a Mach-Zehner
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on-axis illumnation. Thus, the invention can include
an apparatus operable to digitally record a spatially
whedogozityne hol ogram i ncl udi ng spatial |y het er pdy/ng2003/027569
fringes for Fourier analysi%, conprising: 15 a |aser;
a beansplitter optically coupled to the laser; a
geoinetre Taa ﬁﬁ)ah&maﬂh]Sdi oicludps digiallstoragompidauh ¢aupte ¢o the computer

oo BSRPERE G B S SPLKEEL pF UP e e

Fouﬂ@rt thankfoem I EealigaCRcdéa Raintluds a 0D dahverads) det defmes pixels.

gi tal recorder opti call to.the fo in
The| a@ﬁ@'am%??dl igel E lgrﬁxlfaaiie%g?tfagf]ﬁ? ﬁgo gpt[gcgﬁ}z F%lefeld%etw%en the
lasel LRIBE BEMsp B Mendgld betdoe ﬁl@reférbﬂc% Bkam afTkhe 86jé@ bednmgind a
an i nverse Fourier transform wherein a_ reference

magnéfication previdedby tp Susinedense FarReElectEEHAITRT thah ﬂw&tglt&ﬁecorder
ma;ﬂ%&'l%e%es 3Pgk ?;fatlﬁ‘lﬂl Rk &She BEBH I Snd A LPRally BRIV RE

ect at an an e With respect to an Optl cal axis
frmd@ffmrﬂﬁdmblyarlahféwfsmh@ itegligitahEecordpramay iefobyeafeeus i HpgeS:

eac@?ar}/grfg{ t@v%t upe?sa&lr Frm'%la Q:Qn & {él'décgtﬁre ﬂw@ﬁtﬂ)‘h%’aﬁ ﬁ%lu@é a spatiall

ous re ence j ect waves, are focuse
hetdwdytnbr hoIbgnamsprmglcbdebysthaatboae-ﬂ@@abedrﬂpaﬂetu@fenlbh@efﬂDlgﬁl gqpputer-
er to forma spatially heterodyne hol ogram
mw#ﬁ 5 "ﬁ& spatially heterodyne fringes for Fourier 25
analysrs which is recorded by the digital recorder,

t he ut t
AcpRg TS HETER Gty RSN BUP e e h ek Te
hohligﬁilﬁ QUG sfpﬁﬂld'lﬂg%&etoﬂylﬁ(mﬁg£ ffor P&nﬁﬁanﬁlg)ms chmm’sutg:) pplifing a

t d f
e e e R

1efe"féﬂc§ nidedr 23 b 4PRhSmAT AgRCreABctRi it dbjct BdahOfrdin BEHEIER at an angle
tger orm ng the inverse Fourier transfornr The
W1

pspachto tirpl e feted B Espng lephfocusing theagiergpeibeam apd the
ObJ &R Hping QR RSt Q Slu%@ﬁ@hhﬁﬁaﬁéou@ Rderbit@ aﬁ@b@ &dt wav&ewith

tus can I nclude dn aperture st op coup ed
the tﬁmumg tens bt fobrl elane @fmﬁlzlwéreméerstp o eavgﬁallvﬁléterodyne hologram

1nc§gmg%g4 I%Ergtergé)?x% ?Qﬁ%r Q}%‘”i'yr% g}lfg{tﬁf 1@&%5@&@ sl%_atlally

cor |ne a on “geonet Tt
hetdsredl)ms rhb]ogtaer inclnfiieg sreﬁd]rydrfrtﬁeomfnnm& fonFougietianalysis; Fourier

oSSR A0R s s

by @mmm&xesaﬁ" tlad Ieaardladcsbatdﬁy acteliodyrtediologtanr mgledmg spauahly

het%r?) p t O ! n‘gcyetég {Sjl 811}; fg)r8|0¥$ F-rjgtfrga‘lyne%ﬁ%‘reb%? uencI¥I deﬁned as
an &pld Hb\eﬂ%eﬁ@he %&%nb@lﬁeaﬁﬂa@ﬂ ﬂfeQi‘bj’Bct beam; shplfihgd digied tﬁﬂtdletb cut off

o can include a CCD canera 350 that defr n [ erS? }H
sigaghpapund i osighnal onigin ad e RIACBINS R JBTETSE Ea‘f e fraps T e
mefd8 cBPIhEIEAd te¥ra QR RleRMjcEden@enitt Ahbject objective before reflecting the

object beam from an object at an angle with respect to an optical axis defined by a focusing

lens and after reflecting the object beam from an object at an angle with respect to an optical
axis defined by a focusing lens. The step of transforming axes of the recorded spatially
heterodyne hologram can include transforming with an extended Fourier transform. The step
of digitally recording can include detecting the beams with a CCD camera that defines pixels.

The off-axis illuminated spatially heterodyne hologram can be an off-axis illuminated
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5 laser and the beansplitter. The angl e between the
ref erence beam and the object beam and a

woragnaioti2eat i on provi ded by the focusing | ens, PERURB®03/027569
sel ected in order that theidigital recorder may
resol ve features of the spatially heterodyne hol ogram
spatiallg lavetfragneapplidtabdyye helb groothe ghraserlpwefeguénsy irFeligs that the

nal ysi.s. So.that the.digital. . I . :
T AR P e
alsofihdi@SsiorB@ ThdPail 9\ hedddyne Hobgiany molutiing spaially hettrudi@e dringes

spatially 10 heterodyne hol ogr roduced b .
tor Eygoranabivie i BG4 B gal Hrnd oD AP BHTGH S At e
analySRAB R By MBI e RIS TRE gtholl ben dlsv/i@eluiiORarsAliting the Fourier

rnclude a nethod of recording a spatlﬁ‘lély he,t&od ne
analygsidsgatiny haisrodumatiplagya. (ap iy SpianerB aHge f spaiglsheigpdyne
hol@?él‘ﬁ n*n%%ar@@ﬁ%y ¥ laBoveCREBHEShAHA(PEhbddidibnd colmpulepfadable

eam I hto a reference beam and ‘an obj ect beam
mediwhl ecting the reference beamfroma reference nmrror

at a non-normal angle; reflecting the object beamfrom

an object at an angle wth respect to an optical axis

defi ned by a focusi ndfusien®ethedolegyng t he reference

eam and.the  object. b -Whi 1] : :
ReTGEAR &5 115 Df PN Tait0g qou LD, S BRI thea Bypomctica obiet
wheté kdto fletieentpeassisnige deptes Tat zao fiogencypfoatie abfectdtfi qgiresponds to

recorder to forma spatially heter hol . ogr.am 2
the PRGN L RS R A PRSP (A EE e JPaD FBMlshles of te
objeﬁ:'ﬂ ﬂeﬁ%%r%s'en%ﬁg):yttﬂé fifled @@f@rzd:on @ri-dxis ﬂm?aﬁﬁaaiﬁh will ca:jpture only those
et erodyne hol ogram i ncl udi ng _spati a ete ne . ..
frecﬁlPIPqiﬁje@X’%th by Jg? é?ldéﬁﬁwg‘rf 54%51:3@}1? é‘}S%%ﬁn 8% yﬁf%é lﬁﬁ%‘ma“om
howeS SO WRIE Saptina thePfrdiehtids @i REhEADyBE @AM icli€le Ud0.NOther instances
spafial 'y heterodyne fringes "by transforning axes of
of offraxis Blomintsen s3varaP@rd ajhen BRONS af/#e OWET SHTHHM ‘ﬂ@i udi ng
spatially heterodyne fringes in Fourier space to sit

on top of a heterodyne carrier frequency defined as 25
A RRHaapgheiisstceenthehsorafio FiAS e puhmcamde s topjagiie and store
3 Ln g AR il Ridkia -Of & mSisamaloBject area.
mu§1p %ﬂiﬁcggl%%%ri g)ioﬁla?ﬂ %%l% gilldn];:)fflang ltultwleﬁ perform ngS an 18 an_ea
Redliningrise ekdustick hologamsdootains iffhematiop whoyd diffatetion epatiglefiequencies

efractin e ohje b ' iect j ' .
or GERRG PR ALt BBk A0 BB e
wilBPe aid@lssedwntdetatiespect THeaeamstoptddcialagaxanscoighn mlgdf thy ohserved
focusing, lens and after. reflecting the object beam .
oo oA BE PO e g Nl e e SRy simele
recdec@hSgedefh8@ihbYs prefcrtd ecrtgftéredts intdiied 36 afrvefas representative
transf orm ng axes. o recor ded

th spati.al |
el DA EOH IO HAPEAHOY FETaES. s O o pppragies
extended Fourier transform The step of digitally

recordi ng can include detecting the beans V\Mh a CCD
The WiventipnicAaincide theeaptpredigtal acqystien) of §3(0s -+ M IAPHAPEJFIC. S

illu?tﬁff%gnt?l% gl%’aéigﬁﬁ&fu%&%oﬂgih&gfn%ﬁ ISR ofh ket@fihSlograms where
N=4. Similar to FIG. 4, FIG. 5 represents the Fourier plane of the object where the zero
frequency 505 is the center point. The solid circle 510 represents spatial frequencies
observed with on-axis illumination while the dotted-line circles 515, 520, 525, 530 represent

spatial frequencies observed by four different off-axis illuminated holograms. By
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| ow-frequency heterodyne hol ogram the phrase
wo oa4feRgquency i nplies that the fundanental fPCTYE2003/027569

spatial frequency is belowithe Nyquist sanpling limt.

The method can also include storing the spatially '
apprilfRLPENAE 1hokhREHaMN fth MUl inghd patna| thy rehaltiinmoynbandwidth)

fringes ftor Fourier analy I]i as. F%%Iélt al. dacfé.a.t -I:bh‘%heshaded
of therBDbeysteams affecsivebinaereedranp pl gratig! rameneds cipite! 0Y
regio%]%%%% . BRBAiBh Yo SR Gehe hol ogram The net hod can

al so 1nclude transmtting the Fourier analyzed

spatially heterodyne hol ogram The invention can

i ncl ude [ ol 13dR B ERAr €8k fottion of
I e B e e o o o P
Flg)teppnbeFe &da) ebsemmsdbuieach Rologigsy s HengiveBEY| ogy

Referring to FIG 4 a two-di nensional Fourier plane is

depicted for a hypothetical object, where zero

frequency 405 G5 (fhe geoxsiy,)he @Pp(§)x,equency for

t he object 405 corresponds to the heterodyne or

carrier frequency in the hologram All of the spatial

f ' f 1he obj
1 PGS e RO Ered b e SRR o T e Sh Yo

natron - w
onkyg £ib@28qddee fdoeauRpaivesnd. ndi cated by the sol d-1ine
circl’e 415. One instance of off-axis illum nation,

however, will capture the frequencies indicated by the
The%ﬁ\%ﬁ'ﬁ(&ﬂ. 88 isdiidel RrfARing@Ghll8F confpehansg for vafyingftfingexdostrasts. One

iTlumnation can capture other reglrg)ng ogﬁlt heol%%][ ect te that
suclsmetbod famfringg, conrbppraislizatign can beydeprribed ) fpllowR it Yy note tha
G %afé??ep%g%ﬁ%ﬂts?’thg BOLrRE iR Hm P ot bk Bt Wh (Br indge) gr (1):

ograns - both on-axis,and off-axis

illumnated - of the Gaw mEj{g@&x)ér ea. Realizing that
each such hol ogram contai ns i nfornmati on about

wheld TH$ ﬁx‘ﬁﬂ&a@es SiRAtJuibr fmERHE BFdraRn. We ddeddiiE eed additinhlotheges
to anal yze these hol ograns and co ube a S|ngle
r econgt J(ud ted i{GRERw, (i)l & iﬁé{ﬁdci%(ez‘ga & (¢ WV i ded % §)}
bel ow. The reconstructed i mage can contain all of the
andobserved spatial frequencies and thus provide a

257 ccorattd Frnges (HE Gt Role S UL R AP P T o7

for ir{{)'i:eir)ded t ?@%%’eg K22 09 rags%?x@&at%i YE thEXAMRh&S B Aldewhere

ntemrded recl ude “ext ensi ons, nodifications, or
~-0ther approaches The i nvention ¢ I uge (i b
S ok bgEBE B g e Tau PO peanoR Ag HFe B iEconstructed by
hol ograms. . FIG .5 dllystr Haknd HRABRGEE S
keeE‘Bﬁtoggyng% rPAugIes %f:‘ gh% gaggnﬁﬁot hog)ﬂg %f’! ¢ o)f Llrhd:)I ogr ans a8e
8o 5] &difhilarly, the image o, (*) comprises only the frequencies of &(¥) common to both

g,(x)and g (x). These common frequencies can be visualized as the intersection of the two
apertures W, (¢) and W, (q) as illustrated in Fig. 10. Once gro(*)and Loy (x) have been
constructed, a ratio image %, (x) is computed as

8ro(x) ~ Fi exp(f?’k)
8ok (x) Ko eXp(ij)

Xi(%) =
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30 N=4. Simlar to FIG 4, FIG 5 represents the
Fouri er plane of the object where the zero frequency
WG W4i0832tthe center point. The solid circle 510PCT/US2003/027569
represents spatial frequengies observed with on-axis
illumnation while the dotted-line circles 515, 520,
525, 530 represent spati al frequencies observed by

f di ff t off |
Aot DR TP AO0 ROV EEE OTEe Syt oy AL B 55l as the
he forna fr th
samp{l | ?\feaa}gei ?fotge ma onrlntugé Le C}H’Séﬁo h?dg?%é@%‘m sygt om i s

effect ively incr eased anq spatial frequencies
i ndi cated by the shaded~ pco(pf,)blo in FIG 6
contribute to the findl i'mege. 5 In the Fourler

whqu)})rrl?:%l{%)totlal%}értlb%gp plé% ?#)t%e &{1%1?126? %%‘B glrl‘]lg t|x ,)| giégfgs@nts the
maglg %E vaﬁue (?fr tﬁ{%tlg Yr&%‘%%l? Eﬁﬁél@ gﬁ(@ﬂbéaﬁoﬁ hen gi Ven by Gk (a)

0O where ,uk and y F o
t hehe mva'mgen corincladt ncmmlhzrmge@é/ opeqrapsnsating &5 dhe 11”1\'7‘%61 ‘if sefs. Une

h el infdbe ve for
metl@ﬁ éor p%ﬁsg%f et élﬁynﬁﬁgnén 1ls o Jo%‘f)at%%aﬁl Rt nﬁg @é%gﬁ’ﬁeld‘éso fi

I on can e nornall

fringe QORERSRIrinalzafion. Than yhenglatﬁ\remhlg® of ety F@éﬂ@ 7@% ecan§9@ﬁu’fed as
nmet hod for fringe contrast nornali zat{]gn can be
the (seigbteil rethpiesméan|of SigePhaseiof de 140 1REeR 4t 15 Gk (q)

above represents the Fourierptransform of one acquired

obj ect wave (or i fRge) E_ga G0Lg)XxF s{gk (x)}
where | S{'} |ndfgg}t%es 7t/0|% Fier transform operatlon
Ve now define two additional I mages

whefeCKr((q) Wihé¢ gl)abe G}ngle{ mh@@pgﬂ@ed)(raycp:(r%gmt t a)lg@ p(xgd IPcaé]ﬁH and

20 g0,k x= 3-
whegsg ﬁ;((fc §(0§ )p(:(\mg}%mg gooqu?.n(V\E? %n% t} ﬁtra%ﬁtforf)rarc{ gmbodnﬁent the wetghtmg
fact?r, iy £ sl S de%?lglutg%ge 4R ol LMo diEIneY 818 GRiJHIBE Eactd Ghaptbe rrﬁated to the

ates the I nverse Fourler transform oﬂFeratl d
magﬁhedes mhge gidjvaduek jmagss serdstorogepeld By ratioe ERRERG R IMPY tI5else

f f heme suc
bec?,u%?e gaﬁgsﬁg%ﬁg i ofgh 1§x§c%:u1§a%ngﬂéh 3 :H%%ﬁ‘i{a%llg %ﬁ%eégrkggllk@( ; )su h
embveiRht &e&mpﬂmgtﬁeewélglemlmwas of go (x) common to

both 25 g0 (x) and gk Mn frequenci es can

be visualized as the of the two

apertures W (qg) and?3 de)(xaﬁgo(ﬂ,,bl ustrated in Fig. 10.

Once gk,o (x) and g0,k ( x) have been
Similarly motivated weighting factors may also be employed. Another method for phase
offset estimation is described as follows. Often phase offset is due to errors in locating the
carrier frequency. Under such a condition, the phase offset of the ratio image takes the form

Ly (x)= exp(j(exxl T eX, Tk ))
where e; and e are related to the error in finding the carrier frequency. In this situation, both
¢; and e; must be found in addition to 7. The above equation can also be written as
Ly, (x) = cos(e,x, +e,x, + 7, )+ jsin(e,x, +e,x, +7, ).

The real and imaginary parts can be considered separate elements of a two-dimensional

vector
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constructed, a ratio imge Zk (x) is conputed as gk, 0

(x) Pk exp(JYK ) Xk (x) _r go,k (x) fuO exp(jyo ) WO
wQOd40223217 PCT/ US2003/ 027569 12 After conpubPCnyS100&027569

rati o image, the relative figi nge contrast, Pk / ,uo ,

can be estimated as the sanple nean (average) of the

magni t ude of t%&ef@ﬁ(@)ﬂj&f@ e XK+ x,Pky Jl Yixk (xi )l
5 where Pist ¥ 0 i X in the
(digitized) rat %g{él)}%f‘glé) a g :Il)fkjrfg,z Jr)e;ltk% epresents the
magni t ude value of the ratio image at a single pixel

| ocation. The invention can include nornualizing and/ or
Thecbrsenwatiergnfayestionenghabeht of theebeve eationpenga g/ — can
hase.of fset normalization is to.cC u
the 8 5ttt SO OE OBt 0 Ptk £F TR Ak WY through any
statti@f I dhil@madriopfimizihi@ntetequeel ati ve phase of f set,
exp(.i(Yk - Yo)), can conputed as 10 the (wei ghted)
sanpl e nmean of the phase of the ratio image Xk (x) : 1

T3, SRS K contrf6t dnd phake ¥ffsekofntdlizationk teXequatihief@ thédobserved
(xi) is the phase (angle) of the (digitized) ratio
Speptﬁﬁ@@lﬁ’ﬂogaaf%{eﬁ@‘é’SHPRléﬁedlt‘bcati on and where ak (xi) is
a weighting factor. In the nost straightforward
enbodi nent, the weighting factor is fixed equal to

one. In other enbodi ®y$= FMLyphting factor may be
related to the 15 magni tudes of the individual inages
used to conpute the ratio inmage. This nmay be used

In ﬁgéﬁﬁ%&&gﬂﬁﬁg Jé?%)alg iﬁ%ell%ga‘ile rellevivigﬁogfﬁ %{ngﬁ?e)no@{?%ﬁ{eg%ésr the region of

theCspBddiin &@ertvlb@ ll()ykﬂiogigta'nn@ fAsct simplesex@mplyk (hel x}/ilnﬂgw(ﬁahc):ilons from
Pi=1Yln=1 xn. )I19g0,(x,z ), 20 Sinmlarl.

st 4 56 a) SR Ao o s e, Rpbeliff Files 10, 515, 520,

529\308.NE8h nkoRd Suplistiteddh@Soiment, the window function can be modeled using a

circularly symmetric Butterworth function:
1

2m
{] + \/(‘h '_cl)z +(q ‘02)2 J

r

W.(q)=

where ¢; and g, represent the horizontal and spatial frequency variables of the vector g, ¢
and c; represent the center point of the function in the Fourier plane, » represent the radius of

the function, and m is the order of the filter.

The goal of the fusion method is to form an estimate of F(g) from the observations Gi(q).
One approach to estimate F(g) is to employ a linear estimator based upon the minimum mean
square error criterion; this is the well-known linear, minimum mean-square error (LMMSE)
estimator. Using a linear estimator, the estimate for F(g), where g represents a sample in the

discrete Fourier domain, is given by
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of fset estimation is described as follows. Oten phase
offset is due to errors in locating the carrier
wo e@guoeney. Under such a condition, the phase PET/E81008627569
the ratio i mage takes thejformLzZk (x) = exp(j(elxl
+e2x2 +YK)) where el and e2 are related to the error
in finding the carrier fyequency. In this situation,
both 25 el ande st addition to 7k .
The above equati on @ m%%?ﬁten as Lxk (x) =
cos(elxt + e2x2 +Yk )+ fUsin(elxl + e2x2 +Yk ). The
real and i maginary parts can be consi dered separate
el ements of a two-dinens 1\2@]@ r 04/ 023217
wherdGT L a9ER0GE), axesEmined By ﬁé‘{L Ef%feflo?q 12"" + e2x2 +
Yk ) LIn{ZZk (x)} sin(elxl + e2x2 + rk ) The t hree
paraneters |n guestion on the right of the above

equation - zz(%ﬁnd Yk -Webh “then be estinated
fromthe observ {‘

ft ~of the above
equation) through any g s @%ciﬂﬁ kbh-1 i near
opti m zation techni que. thus after fringe contrast
and phase offset normalization, the equation for the

observed spectrumin hol ogr am k.can be si
wherd 0(Gs a(pgyitie Wyrehopkbat E?PIGFW‘%%@ “e%‘l’i%{{‘ﬁ%s}é ﬁﬁ? %e?e"ted
ST NEle ¢y EEMAC tihan tmai zatiep rmamta tshssed to
depep%a{e uﬁor[]#ﬁe lsl%?xlﬂ%s \gﬁg trum obser vedrak% r:ol :8 which
compsnsad or eystmplhcese tmaepaxfeﬁ@ évmmeﬁ%qusﬁg F?Lg © &“-i"&’ Z%"

case Vi%seﬁfé%% 502 %Zq?} (#U%GSO@% Oénﬂél'e q@er%gmzpﬁ%ﬁgg gh&Szg%cEﬂIilﬁle aproduces

undeB@dbee sreifabis Sit thea’uwd lmngfo é[ihmgrmst stapgtfoswaEh aPIERAsR a5 ook g(R) to

somqb gq{ggg%l?,}leq:w(?od)a )Lé%f% e %‘a‘l’ WWahSn@llﬁ hRiyvedphidticated

+(Qg2-c2)Z 2m r vvherer?g
approfiflesd Z(f) eeBE REL (eliﬂaelhtlr |azmnstamt emntp spat wih 9 ysome

vari abl es of e vecto r &t adofRaches fi
compipftapl PBIYHE O %F G ﬂ‘&e‘fVB@ é‘g Ioér mls a%{j] %o u?ilgéfépl a%ﬂg P
comf)ﬁﬂfg@%@éuﬁrﬁﬁtﬁrﬂdﬂr#ﬁet&fmay be devised by those skilled in the art.

Simple averaging or LMMSE estimation are perhaps the most straightforward approaches for
computing the fused image. A few alternative optimization criteria for computing the fused
image, well-known to those skilled in the art of image processing, might include maximum
likelihood (ML) estimation, maximum a posteriori (MAP) estimation, and/or total least

squares (TLS) estimation. Note that these examples are not exhaustive.

Experimental Results
FIG. 7 shows the discrete Fourier spectra obtained from five different holograms. The first
image 705 corresponds to on-axis illumination while images 710, 715, 720, and 725
correspond to various off-axis illumination conditions. The fusion method described above
was employed to produce the fused spectrum shown in image 730. FIG. 8 shows the object
amplitude reconstructed from only the on-axis illuminated hologram. FIG. 9 shows the

object amplitude reconstructed from the fused result. It is important to note the grid structure
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20 the function, and in is the order of the filter.
The goal of the fusion nethod is to forman estimte
wW@R00H(02p21T rom t he observations Gk(g). One appPOHUR2003027569

estimate F(q) is to enploysa |inear estimator based
upon the mni num mean square error criterion; this is

that B&%ﬁé@lalp%sa@vm HiGneqand Rihivhmisnabsea rin StiGad)e des tofthe increased

estlnator Using a linear estimator, the
ﬂmom&mlmﬁﬁ@mﬁ%ﬁmFﬂﬁ) Sigther e q represents a sanple in the

di screte Fourier domain, is given by WO 2004/ 023217

PCT/ US2003/ 027569 14 N F(q k=0 wher.e ‘uﬂ
The «hscﬂés‘ed einbedimentashotie: @qfwuﬁﬁéaowq%ﬁéwf@%@?ﬂ?wﬁs §ff swlbture
for p& asng V&R D¥etiobe Qﬂ%m r%ot\ﬁla lsDir8e, BEfm EfPanderBhsiial \Eer #nd lens so

apOSItlve er t at represents a
that ltlegoﬂjaﬂlbzan ipessep dhrouaht @;p objeat O@QﬁlVB@né@pté)bpé@ff-center but the

struc?lgg 3’ Pgt?g]l%ptge sbfl6e, SR ? &pgl?de%epaﬁgleﬁl Bo¥ Sh& MensTBdnSbe any other

i Oh “par ane IS us onpensat e for
struc$1)t§ tc@p’ﬁlbteomfsl&rfoimnng tlpaeﬁlhetm ofzadigoing ghes gbjgcé heam(sg) thatqit; pgsses
throq;%gd afetegbj?cé Zoiqeg le |08 CSQ}C P grl g)ftc ﬁ%ﬁ%lrdﬁ ggltuglﬁg Wt@%yf ef eﬂrﬁlﬁle‘ a
movESARhEsE B Ashkeas thummspmm| the mrrtqrfth@ olgedt abjepfavef e gbject,

the fl@&%ﬂ%ﬂ@ﬁl&?@,%%&‘éﬁé{%ﬁ? hq&ﬂﬁ gatlij.? apn %h%)égé Is oﬁa‘ﬁgl filter and
Jens EERE bh SRR eRdm ) S RENGIf &fbvablt Bpticar &erﬁfmfﬁ(le 2, |nn:la’o£s)j or as another

approaches, c can be_set (either to a constant or
examldevélpylbwophc B8YE Ghlesome  conput ational anal ysi's
of the observed hol ograms and inmages. Many such

approaches for 15 conputing the regulariza
The perma et en, aps wd@ere@e \@re;@gn@g,astqq@ §ém§% than.ope; {[lflet Wé‘n 8111{a11ty, as

Y t
usecﬁ@eg?m Js r%aifneﬁg# o O 11 Mrﬁ ggg hgl{s@&%ﬂg?thogfgﬁgﬁ?lﬁérf]ﬁaﬁfel}]ﬁe hedefined

o5 af oo sécomie: me e tert RGNS Aadop EF YIRS &1 196 NEFIns BF Fgfined as
comfg%qlg ggjugﬁe%] %ggtgugg?)f Ifﬁg ey OHH&, aVVBleh KRV Eink @S Sonnected,

I'mage processing, n1ght i ncl ude
alth 5Bkl B ecdEiatilly iakdttyo el ﬁdﬂn)acessttllmcqh@mcallyathﬁgmn gpproximately,

as Dok errI orl éij éi) sk Wa ? t( % %rek’e%ﬁﬁ}t/ within 10% of,
moigfipeggﬁg@]ggﬁﬂl Pb it:?i?ﬁ?mnogst pre?t}gily w1’t§1§r‘1l 0. lﬁ% of). %ﬁ? ‘gpmesﬁbs?;n%ally,
as used herein, is defined as largely but not necessarily wholly that which is specified. The
term generally, as used herein, is defined as at least approaching a given state. The term
deploying, as used herein, is defined as designing, building, shipping, installing and/or
operating. The term means, as used herein, is defined as hardware, firmware and/or software
for achieving 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-
frequency, as used herein, can be defined as implying that the fundamental fringe spatial

frequency is below the Nyquist sampling limit.
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Experimental Results FIG 7 shows the discrete Fourier
spectra obtained fromfive different hol ograns. The
wo 200g23225 | mage 705 corresponds to on-axis  PCT/US2003/027569
iITum nation while inmages 740, 715, 720, and 725
correspond to various off-axis illum nation
conditions. The fusion nethod descri bed above was
enpl oyed to produce the fused spectrum shown in inage
730. FIG 8 shbuastieah dpplifations ofthgilnyantien r econst r uct ed
t.he gn axis illumnpated hologram FIG 9

0
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metrblogRd TheStkéntiohtisi SsdfIPH Rk Wifh
e e ot nioh sy Sesbp el | Bl @l 46 bl 8fonicmechanical

fabrigafiogntigh abf%ls‘é?f'éoqdﬁctm @Pegﬁf(lh Ale mﬁmwnusalab@eﬁﬂ i gpnjunction
with Fﬂaﬁate&)no@?? rdsarli]) %eb@%{n%f a{aﬁﬁfg&‘gﬁ% ch e%t narng%yuaﬁlzatlon
| SCI O0Se

fromthe fusion.
nanogsaRegnt,curihe bke. dde ln’mnealb liseusefid lim sher @n&t bﬁ en mterferometer
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. e (o) cent er ut the structure
mvex?l%'n e(flf otv v%nc ne{:f1 t§8 SFt&lé df

or’ al i'gni ng lﬁﬁan1expander/spat|al filter
and | ens can be any other structure capable of
perform ng t he fuAdvamngefof e Ignentipnt he obj ect beam so
that it passes through the object objective on-center
A meghody pppagadistaag/or ¢anuiuge mgranbyemasynwfg aﬁ)ealb'pdhmen’aoﬂtﬁb invention,
cn SEEEAEL AR R 281 00 05 BERIRLL A enk B
provide quplﬁg-@etml ﬁ mﬁjethﬁuﬁfﬂatlmﬂﬂmb amreﬁﬂuai dav @rdvadd fasion of results
S am ex nder/ ati al er a | ens, or as
foms Bffe OB ARG BeriBE R mbvidst BeOpime s meicaignpeing
resolftgang . The mnwcrmr)ﬁ)lmpﬁfveﬁS;uﬂit@tdﬁﬂfor 1OXRBP 65t chmBPxED!t6 previous
a ﬂ% H;cal fi ber and/or cable. 15 The terns a or an, as
PP 4" herein, are defined as one or nore than one. The
tern1p|urallty as used herein, is defined as two or
two, The term anot her, as used herein, is

re than
AIl (i firloerd ubodimniiaet T SueSRE CBFIongh BereiRrant s wade and used
w1thduﬁ Gha é)@)eﬂﬁéﬂtzﬁfon hﬁ"lig’ﬁg of ﬁr% dHssfduee 'Tﬁé ﬂh el?t{o% Qq{olt Refrea by

conpr|3|ng E | anguage)
theor%t&&bﬁfé*ame% 189 @hhfﬁ@rleAﬁ ough threbishogdasf @myn@:medhe invention

conteﬁ{pimuﬁhth@ Qﬁveﬂﬁfseﬁ Qi‘fi'srcldsé’d giarcﬁ&et ot/ t‘hf %ngzétgs%t 1S %%9 ?%,ﬁ@& !the}/eto

mechanical | y. term appr oxi mat e
Accoplingy, rit Wik bgeippnq@dteééoyaﬁoaee@wtedahahe attchat thyé \rmnm{cai ey be

& nmore preferably
prae 1Wl tﬁlh%rw%’%%% QgJexlf\éﬁ1§mchrib§ er aBllhy within 0.1%of). The

term substantial | Y,

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
or in the sequence of steps composing methods described herein. Further, although the
apparatus described herein can be a separate module, it will be manifest that the apparatus
may be integrated into the system with which it is associated. Furthermore, all the disclosed

elements and features of each disclosed embodiment can be combined with, or substituted
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as used herein, is defined as largely but not
necessarily wholly that which is specified. The term
w@eoven2d2iy, as used herein, is defined as at |PBPeBEUS2003/027569
approaching a given state.;;The term deploying, as
used herein, is defined as designing, building,
for, tﬁéﬁa@&a,ggg 'eleln{éﬁﬁa 4 Téaﬂlr%n&yé%ry%hé? R Rk Enbolitertt @k d¥bt where
S, as use ereln, défi ned as hardwar e,
sud1ﬂmnﬂmaoekan@$OBHEMhHMQﬂ@B“ﬁor achieving a result. The
term program or phrase conputer program as used
herein, i's defined as a sequence of instructions
It willles inghrgeht fhat veeecsubstantians, modifinghions raddijignseamyd/oArearrangements

of thegj{gggxgap Wg Envggtf[%ﬁ%g{bg a%g t%%tg?¥1ﬁﬁggc%rom ﬁb%gmtt and/or scope of
the ufﬁ%&l?ﬂ@qn@ﬁtﬁ@d:cﬁ@épt Jiascl @Bmed st te ,Spiai aﬁd(ecaabprbd>fethe underlylng
i cation gpplet source 30 co

inveniie GBIGEER oSt B SiatraIen I A e BT a SR et

substitEnQ 'm QUifiGkio R AMURNGE atf/or redtRinpdedntsOns desi gned for
execution on a conputer or computer system The phrase

| ow- frequency, as used herein, can be defined as
The M Ghihd 8k nH"fé Heundanand &l mf:lﬁlﬂiﬂ’ &ned lhﬁfunctlon limitations,
equency 1s bel ow the g% qui st sanpling limt.
unles@@ﬂl@/e()]ﬂ@ﬂaﬁ%n PCRpUSidp ot m%gven]_@alp)f B tg%phrase(s) ‘means for”
and/o'?‘m ?06}1"I é?l%%?nglflc Elﬁﬁodluﬂg S0bE 91@ 119\169{1@9 Eﬂe %@ime@ﬁglﬂngé hyPended
i nvenRtion as value wt
mdelieﬁdﬂmn a:llaags cald thelr ssquivalenist Sptay . enfbhélmeni@ e@ﬁ ithen irjvgntion  are
caon / c(mechani cal )
dlffe@“‘l’aé%‘irl?y h&éﬁ%c%e%enw %?ngs'gél %ﬂgeglln %%%&l nspecti on.
The |nvent|on is also useful in conjunction with
nanot echnol ogy research, devel opnent and
manuf acturing, such as nanovi suali zati on,
nanoneasurenent, or the like. The invention is useful
in the context of an interferometer wusing digital
processing and/or a digital data acquisition, for
exanple, a direct-to-digital holography tool based on
el ectron hol ography. There are virtually innunerable
uses for the 10 invention, all of which need not be
detail ed here. Advantages of the Invention A nethod,
appar at us and/ or conputer program representing an
enbodi nent of the invention, can be cost effective
and advant ageous for at l|least the foll ow ng reasons.
The invention can . provide conputer-control of object
illum nation. The invention can provide fusion of
results 15 fromnultiple hologranms. The invention can
provide significantly increased i magi ng



resolution. The invention inproves quality and/or
reduces costs conpared to previous approaches. A

wo b@4deret osed enbodi nents of the invention di BCT/oS®d3/027569
herein can be nmade and usedjg 20 wi t hout undue
experinmentation in light of the disclosure. The
invention is not limted by theoretical statenents
recited herein. Al though the best node of carrying out
the invention contenp&gﬁggﬂ@§cgﬁe i nventors is
di scl osed, practice of the invention is not limted

(Ot heGﬁddman A@e:p(nrvm righyductibn i Houri€OFRREP mva@ﬁﬂbyww ose

ski ?@ ﬂe art that the invention ma

@ pr 295 e% eftfioduetion fElgetrandiologranhy) @W%rg%qaﬁﬁ@as/ Plenum

PubRR&b N9995 Further, the individual conponents need not
be conbined in the disclosed configurations, but

(3) coufupepeHedityPabe. Third Bditioml Addisgn Wede, il 9% Bagect§s-469; 599-

godurther, variation may be nmade in the steps or in the
sequence of steps conposing net hods descri bed herein.
Further, although the apparatus described herein can
be a separate nodule, it will be manifest that the
apparatus 30 may be integrated into the systemwth
which it is associated. Furthernore, all the disclosed
el ements and features of each disclosed enbodi nent can
be conbined with, or substituted WD 2004/ 023217
PCT/ US2003/ 027569 17 for, the disclosed el enments and
features of every other disclosed enbodi nent except
where such elenents or features are nutually
exclusive. It will be manifest that various
substitutions, nodifications, additions and/or
rearrangenents 5 of the features of the invention may
be nmade wi thout deviating fromthe spirit and/or scope
of the underlying inventive concept. It is deened
that the spirit and/or scope of the underlying
i nventive concept as defined by the appended cl ains
and their equivalents cover all such substitutions,
nodi fications, additions and/or rearrangenents. 10 The
appended clains are not to be interpreted as including
means- pl us-function limtations, unless such a
limtation is explicitly recited in a given claim
usi ng the phrase(s) "means for" and/or "step for."
Subgeneri c enbodi nents of the invention are delineated
by the appended independent clains and their
equi val ents. Specific enbodi nents of the invention are
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differentiated by the appended dependent cl ains and
their equivalents. 15 WD 2004/ 023217 PCT/ US2003/ 027569
wAaSRBEERENCES (1) Goodnan, Joseph W, "I ntr ORPOT/USZNG/027569
to Fourier Optics,” McGawikill, 1998. (2) Voelkl, E.
et al., "Introduction to El ectron Hol ography,"” Kl uwer
Academ cs/ Pl enum 5 Publ Csladgves 1999. (3) Eugene
Hecht, "Optics, Third Edition,"” Addi son-Wsley, 1998,
Wh%a%el 465-469; 599- 602. WO 2004/023217 _ _
Y82603/ 027569 19 CLAIMS What is claimed is: 1. A
met hod of recording an off-axis illum nated spatially

het er odyne_hol ogram _5 including s iial |y heterodyne
L frithigeod gire e érrOﬁ-ﬁélﬁ@ﬁa@?at@gm?ﬁ@ﬂﬁtﬁodm@%&%g a
inclﬁcﬁﬁ%é;ﬁﬂﬁl@/ ReRcyhe Bies o &kRPHRAIYA! dodprifihg@ Non- nor mal

angle;  reflecting an object beamfrom an object at an

angritecipg hrefeagisebam om 4 refpepeaninaxste nogaprrd angy a

f OGLRAG Aot SAMURINDGn b6t LOIOMERGAMIERE: Ah SiRal axis

oqbd ect beam at a focal plane of a digital recorder 10
defipes! Wy fepusing leisf - axi s il | umi nated spatially heterodyne

ho'f&&%iﬂ@%ﬂer}?%eféﬂée%é\ﬁ%&l lol)l}}éc%gﬁr PLYRR pidie f%%itﬁl%oorder
Fourier-analysis;, digitall Fecor di ng THe off-axis
to forinl therpfraks dlwpaiateddpkijallydicteraigyaien] gy grehdingrspatiadly heterodyne

frin%%%r!}%ukgra%?]t Sg;odyne fringes for Fourier analysis;
ouri‘er ‘analyzi'ng the recorded off-axis illum nated

spaigially sechding tiedyhecihibinmbassh spathlly hetbrodyre dobyain Rbluying

het er odyne fringes. by transform ng axes of the
Spat}a@&i‘?ﬁ’é’éy%ef1{‘131%??%&0#? al?i%ltf’ed spatial |y heterodyne
holregfi@mmilpghgide Rgor@pasbifakik VivhahasDgyaalyhelend9se hdlogram
: Fc?uri er, space to_sit on top of a heterodyne carrier
inclpagipaHelly kel edragiingcshy PR BE Pife ahtb Freorded off-axis
illuminated spatially heterodyne hologram including spatially heterodyne fringes in Fourier

space to sit on top of a heterodyne carrier frequency defined as an angle between the
reference beam and the object beam;
applying a digital filter to cut off signals around an original origin; and then

performing an inverse Fourier transform.

2. The method of claim 1, further comprising refracting the object beam with an object
objective before reflecting the object beam from the object at an angle with respect to the
optical axis defined by the focusing lens; and refracting the object beam with the object
objective after reflecting the object beam from the object at an angle with respect to the

optical axis defined by the focusing lens.

3. The method of claim 1, further comprising fusing the off-axis illuminated spatially
heterodyne hologram with at least one hologram selected from the group consisting of an on-
axis illuminated spatially heterodyne hologram and another off-axis illuminated spatially

heterodyne hologram to compute a single reconstructed image.
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ref erence beam and the object beam applying a digital
filter to cut off signals around an original origin;
wae@4kenr 20 perform ng an i nverse Fourier treoEisI003/027569
2. The method of claim1, surther conprising
refracting the object beamw th an object objective
4. befry @cthed bRIiunNgwhiteinaly efetxil ﬂHﬁ’ﬁnﬁd’cfﬁll’spitthﬂy bbjedyneat

an angle with respect t efi ned by

holognga 1f & ooy ﬂh@ﬂgatedawaﬁa?‘éfﬁ é@ﬂ‘?@ ers@nsbglogféa’m wi t h
the object 25 objective after reflecting the obj ect
beam from t he Obi ect at an_angle with respect to

5. opith:@ptha& o clajar W@@f%l}/at“fﬂ@nf Jbsirvgysreeign obthe ?h@ct Shserved
?@8&’5 ﬁ’ltnl'nﬁa@d ally Hgtérbgfne %Qﬂgfahﬁ's %xé‘sé&ﬁé&“@ t he

axi s a ted spatially” heterodyne hol ogram

VVI th at |east gpegyelpgeanise)esi g} (on the group

consisting of an on- 30 axis illumnated spatially

whef€} &afnot@ﬁ)‘[@&nhQ kQEIAm @b disaRet FRkieOddmaik biSa tddrdifthtd &b@6t in the
spatially heter odyne hol ogram t o conput

contiuewERF LD, Frlga RhD BORF o %@ﬁané@#msi‘% et o
the gf@ aﬁs illi¥RinARd Bﬁ)ﬂlag’% h@&ﬁ)ﬂ%elhowﬁ?ﬁﬁ Wk(t]ﬁ‘i% vaxflndia?w function that

[um nated spat | het er od yne amis
reprf@ﬁms ahe sregipn Lmﬁ tat wc@mt qbagvd mmer @%ﬂ@ﬁ c@lummated spatially

hetex%ﬁ%x%r oné}%fl Iﬁo{‘;@g A tRre s g&b@mﬁfg&mg oQerctC L Mslthe %\ﬁ?eefoﬁt of

true spectrumof the o bj ect observed
negaﬁvt)ynet he off-axis illum nated spatially heterodyne
hol ogramis represented by Gk (q) =, Wk exp(jl k) -
F(g)W (qg), where q can represent a sanple in the
6. di The ehethddouf ickim dfnmehereimr Ma(ge oermdodeiade witk ctipularly syhametric
cont i nuous Fourier plane, WUk and yk are the fringe
Butt ft:bg%ﬂ %{%d phase of fset, respectively, for the
off axis illum nated spatl al |y heterodyne hol ogram Kk,

7. vk éﬁ% Hliegpgtcﬁd é; d ogc fflﬁ'ﬂﬁ b%g%r:lsg%gfu%g trt}Hap rf‘g 1%2?’1? té]%xglnated spatially
hetefdd&ﬁ%dl@rﬁﬂ wihat 1e@dt boie hdnsgr@méwed e @iy @euKeonkisting dfSn on-

the true spectrum of the object, and j is.th C{
axis riflpngted spalipdly i hetstastyae hglogerie ans PHEFT -y frmated spatially

hetema?ﬁeeﬁdib &) cohPutdRdgl eWnEt@uc@édﬁﬁHé@” y symmetric 15
terworth function. 7. The nethod of cl aim1,

f umhprsin aisgipr PEtha ue srecHyM tOﬁ the objectpbserved Wy miqiogram k selected
frorr?fl)l@tg&&!pl dbnsisting of the off-axis illuminated spatially heterodyne hologram and the

on-axis illuminated spatially heterodyne hologram is represented by

Gr(q) = i exp(yr) - F(@Wi(q),

where ¢ represents a sample in the discrete Fourier domain, x4 and yx are the fringe contrast
and phase offset, respectively, for the hologram &, Wi(q) is a window function that represents
the region of the spectrum observed by the hologram &, F(g) is the true spectrum of the
object, and j is the square root of negative one, and

an estimate of the computed single reconstructed image is represented by
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het er odyne hologramw th at | east one hol ogram
sel ected fromthe group consisting of an on- axis
WO boowoen2at ed spatially heterodyne hol ogram andPemnosives/ 027569
off-axis illumnated spatigjly 20 heterodyne hol ogram
to conpute a single reconstructed i mage, wherein a
regi on of the true spectmun1of the obj ect observed by

a hol ogram k sel ec up consi sting of
the off-axis illumn e heterodyne hol ogr am
and the on-axis |Ilun1d%9ed spatlally het er odyne

hol ogramis represented by & (q) = Pk exp(j)/k)

F(q)W (q), 25 where g represents a sanple in the

i screte Fourier domain,,uk and yk are the fringe
contrast and phase offset, respectively, for the
hol ogram k, VW(q) is a MAndOM/functlon that represents
t he regi on of tgg ectrun18ﬁi€ﬂved by the hol ogram Kk,
F(g) is the tru é%@ of 5 object, and j is the
square root of negativ ne, ﬁﬁﬁ)ﬁﬂKQéstlnate of the
comput ed single reconstructed i mage i s represented by
30 MD 2004/ 023217 PCT/U82003/027569 21 N F(q) , #k
(q) (g) k=0 where (Qq) W (gq) N 5IkOW9(m-+

Wha@@ﬁyfﬁﬁﬁﬂés%Fﬁﬁbméwpéﬁgwmﬁﬂa regul ari zation paraneter.
S. The nethod of claiml1, wherein region of the true
spectrum of the object observed by 10 the off-axis

8. i | Thenethodeef ciaimtli whérginhegion otihie e'udns;:iectgmnf ihs object observed by

ent . €4 represents
the o SRECR G e ot bR el St o) A
wi ndow function that represents the reglon of the

spectrum observed by the off-axis illum nated
spatially Gr(q) = F(OWi(9)

Wherg

where g represents a sample in the discrete Fourier domain, Wi(g) is a window fimction that
represents the region of the spectrum observed by the off-axis illuminated spatially

heterodyne hologram %, and F(g) is the true spectrum of the object.

9. The method of claim 8, wherein Wi(g) is a function, at least in-part of a Butterworth
filter.

10.  The method of claim 1, further comprising fusing the off-axis illuminated spatially
heterodyne hologram with at least one hologram selected from the group consisting of an on-
axis illuminated spatially heterodyne hologram and another off-axis illuminated spatially
heterodyne hologram to compute a single reconstructed image,

wherein a region of the true spectrum of the object observed by a hologram £ selected
from the group consisting of the off-axis illuminated spatially heterodyne hologram and the

on-axis illuminated spatially heterodyne hologram is represented by

Gi(q)=F(@W:(9)
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15 heterodyne hologramk, and F(qg) is the true
spectrum of the object. 9. The nethod of claim8,

wobk@re1Vk(q) is a function, at |east in-partPOf/U82003/027569

Butterworth filter. 20 102 The nethod of claiml1,
further conprising fusing the off-axis illum nated

wheRRAeb@dn¥s a RBHRI QAN Esdab CPaiMdvinkid, Fl(g) 8aSkinade function that
ram sel ected fromthe group_ consisting af

ho o% . )1 (aﬂ.o -
reprogRits the ragipnneft el SEerAma PhsyrVRe by BB VRIOSKEY b sk Ghdp the true
Specﬂg@tolpg{e ogj[ef:t', axis illumnated spatially heterodyne
ologramto conpute a single reconstructed inmage,
wher eitimatg of digicompeitd sihgle recaestspled imagmisgprressated %P’ect
observed by a hologramk selected 25 fromthe group
consisting of the off-axiys illumnated spatially
het er odyne hol ogra d \e, on-axis illum nated
spatially heterody?ﬁﬁb‘lﬁr@(‘r&q?gkr@present ed by G (q)
= F(gq) W (gq) WO 2004/ 023207 PCT/ US2003/ 027569 22
where q represents a sanple in the discrete Fourier
domain, W(q) is a window function that represents
wherehe regi on of the spectrum observed by the hol ogram Kk,
and F(qgq) is the true spectrumof the object, and an
estimate of the conputed single reconstructed inage is

represented by lgF F(q)="I Way®k(q) k=0 where flk(q)
= N W (qg) 10 WA(4 E=0  where c(Q)

)~ q
represents a regul ari zion Wafaret@r). 11. The nmethod
of claim1, wherein thé—$t8p of digitally recording

i ncl udes detecting the 15 beans with a CCD canera
t hat defines pixels.
where c(q) represents a regularization parameter.

11.  The method of claim 1, wherein the step of digitally recording includes detecting the

beams with a CCD camera that defines pixels.

12. The method of claim 1, further comprising storing the off-axis illuminated spatially
heterodyne hologram including spatially heterodyne fringes for Fourier analysis as digital
data.

13.  The method of claim 1, further comprising replaying the Fourier analyzed off-axis

illuminated spatially heterodyne hologram.

14.  The method of claim 1, further comprising transmitting the Fourier analyzed off-axis

illuminated spatially heterodyne hologram.

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

translatable for implementing the method of claim 1.



10

15

20

25

30

12. The nmethod of claim1, further conprising storing
the off-axis illum nated spatially heterodyne
whedoagermnt i ncl udi ng spatially heterodyne fri ngecT/82003/027569

Fourier analysis as digital); data. 20 13. The nethod

of claim1, further conprising replaying the Fourier
16. a3 %ZQheqbddaBX i dialchindAiRAE R PRl BY b 1AREES UK

hologranf 14? The ﬁéthgdlggacl%in1f, Purfﬂgr A 1

conprising transmtting the Fourier analyzed off-axis
17. 25 Al Atpgﬂ:hﬂ@&&gabqu@tdi fl)y re.@gr'd Gh 8ﬂ"ya§l§ iﬂ%iggéé%ﬁﬁg he'tb‘erodyne

conputer program c ri sing conputer or nachin
hologeearimbluding siagin byrinetdredymn fignges foa Reurat atpllysisf @mmprising:

igﬁ]ﬁﬁfnting the nmethod of claim 1. WO 2004/023217

P } 2003/ 027569 23 16. A machi ne readabl e nedi a

compeamsdphierdati@allg eagilat te thellyset;he met hod of claim 1.

17, apparatus operable to digitally record an

of f -regg eg‘!%?ﬁrﬁ mlﬁﬁ%ttdg’gcﬁgaffm@?q i t%e‘feé‘inﬂﬁ?ﬁ% hol ogr am

I nelfectbing legpaitically souped & 106 yiaedct begemitqr Fourier

anah&gif, C nprls{ng: 5 a |aser;. a beamsplitter

opf *EAM §eoEGE priEE ly gpupled to e docusipg kef:aprénce beam

M & EOhp@Etha pbrkotms QUWBLEH thRs e aHAREE BlgithilfBler, an@performs an
) focusLn%:Iens optically coupled to the reference %eam
mvese Fpgpier ranstefmyi t al recorder optically coupled to the

f OGHSRG bRRAce RBA id BcReRUTONE ;

Fou e, p@itee (RO if RefReft WRIYE kot bR bt G non-normal
anglp apfobjepisbeain is ingident gporRmabjest atan ang$ withyespdve tosinropéical axis
defide@ S UGS | fie JAGC] reference beam

o RGN, B e Bl B W B R e
focuping legesita fogdplamnofohy digital adcomler @rfginethebtthaxisdHpaidhted epatitlly

' ' ef i ned.by the facusi lens, the . .
hetef3niBlosit) Bk PR sora e BN BB e e pppiote
recoriisd b]z)glasligitgl lfmnd’eragldaheff ?ﬁ@ht_epiré_&’lfslﬁmﬁ_ﬁ adebof e @écbﬂie? l()ffiaxis

el .t ormt Ol T;axl.s | u ated spati al .
e RO oeer il espub Py oPur Gt e ourie
spact td siig@Sof 6ffa He@iddyRs caafidt! HeghdhcyBdfhBd bpan & ednlie the

digital recorder, and the conputer transforns axes of
referfn?f bpfgl& Bqdotgaolafqt yﬁqné and cuts off signals around an original origin before

. r.eco
e

performing the inverse Fourier transform.

18.  The apparatus of claim 17, further comprising an object objective optically coupled

between the beamsplitter and the object.
19. The apparatus of claim 17, wherein the laser is moveable relative to the beamsplitter.

20.  The apparatus of claim 17, wherein the beamsplitter, the reference beam mirror and

the digital recorder define a Michelson geometry.

21.  The apparatus of claim 17, wherein the beamsplitter, the reference beam mirror and

the digital recorder define a Mach-Zehner geometry.
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il lum nated spatially heterodyne hol ogram i ncl udi ng
spatially heterodyne fringes in Fourier space to sit
wonrotops20f a het erodyne carrier frequency defi PeTiUB300&0R7569
angl e between the 20 reference beam and t he object
beam and cuts off signals around an original origin
22. befTne eppapisiod elxin 7, tihgher lMﬁlﬁﬁsmgFamigﬁaB stotapamsdiommooud&d to the
The appar.at us of Qlalngé t her CO r|3|331&
conpy eé?ﬁf PEFrREIE AR BRR raosfory aeB édisg figorming an
mv@@gﬂﬁﬁ&ﬁﬁ&gﬁn@nd the object. 25 19. The apparatus of
claim17, wherein the laser is noveable relative to
the beamsplitter. 20. The apparatus of claim 17,
23, Wh gfh@' auafs o@%fanﬁ Y viteRlin thte lafgltaﬁfa&ﬁ&@ ﬁl%niaem@raa%ra that
digital recorder define a M chel son geometry.
<kﬁ8@H2mﬂSThe apparatus of claim 17, wherein the
beansplitter, the reference beammrror and the
digital recorder define a Mach-Zehner geonetry. WO
24. 2007t BRB2ANE FPCIRIUS2,00 8102 ThE 68gle Ptwa. thef h:@er%wp bean sl thé

obJeck) %mé %117(% a II’I%J%%I‘: th ca{lon r ldef’ #y e gOé:?%ngv ler%l are sglrﬁcqgc? 1nn%§jér WY the
digital sgesiden may ramﬂ)\i'eyfefrt@yeaoﬁhg off-akis ﬁlldrrtlﬁated @)ﬂﬁhl}yéﬁfeﬁrdmm g

ol P T ALY R TR Gr4CR o PO R S eats”

havE@ARs Bixble pér friflgd bik@sovidedel s. 24. The apparatus of
claim 23, wherein the angle between the reference beam

and the object beam and a magnification provided by

25. t hey aaHe rB8iable Afediadofpaheadte ghnkiited ruglﬁg tlie"h@bar&t'ﬂ@of fm 17.
digital recorder may resol ve features of the off-axis
illum nated spatially heterodyne hol ogram i ncl udi ng
spatially heterodyne fringes for Fourier analysis and
two fringes, each having two pixels per fringe, are
provi ded. 25. A machi ne readabl e nedia conprising data
generated using the apparatus of claim17.




