10

15

20

25

30

2 March 2007 WD 2004/ 023219 PCT/ US2003/ 027575

DESCRI PTI ON  BACKGROUND OF THE | NVENTI ON Fi el d @fMgigh 2007

Invention 5 The invention relates generally to the

field of direct-to-digital hol ography

' eronetry). Mre particularly, t ' .an

W(‘rieop‘{éoggezgg to rapid acquisition of off-axi Eglrﬁ%(ﬁlm#ﬁ?ed

hol ograns for direct-to-digital hol ography.

Di scussion of the Related Art 10 Prior art

direct-to-digital hobascmpmoX DDH), sonetines called

direct-to-digital interferonetry, is known to those

skilled in the art. For instance, FIG 1 illustrates
BAGEGROUNDION TRRINVDIdONent of a DDH system Light from

RidoPSlavafigs ce 105 is expanded by a beam
Fe‘xr{J)andenlrv/spat'i al filter 110 and _then travels through a

Thecipgntipn selates gansedy orthg §eld efflrect-fondigiRlfiolpsmphy (@teeropstight
Mote R¥Bufrty, tenvBRRBA TR folrid alg@itiod HRARKS MRinhid Bilogh
n@éfbe ,g],a{tobal I]%/ 15 reflective. The portion of I|ight
for Afeptde- gl 19/ Phe beansplitter 120 constitutes an
obj ect beam 125 which travels to the object 130. The
rtio bj ect beam 125 is that is reflected by
DFﬁ‘e ocﬁlb(ﬁ?télgl{e'&%g‘&?hen passes through the beansplitter
Priop O ai n direct-tardlizitd  thelogaphin c(FRg Jometnes 4 salled Terest-tpligital

infell@BndRPSE QSovkMoOHAD stilta if ARUSL PGt hRMs, 4D 1 aiMdudidsane! S
to a charge coupl ed device anmer.a_( not %Hgi’/\g)

- siplifiehembodipent oha GPHysyEem. i LgHt ﬁé‘l‘& S?r%@“‘ieéﬂ@ gim

b eRREdet/ipatl Glter t1NE aldetheisipkdld thidaghl? GnC O3S tSubdaquesly, the
ref.erence,. m.135.. The.ref.er e be 5 .
PSR RT BIPA o PP HoL Ao 12 Do ot
reflefitee a"heacdrﬁpeéféiaghtmﬂect@@amﬂbMPlém 26 eonstittes on Ohid_qgnam
125 TR besvels RUEY el %0, bfﬁ%mﬁ[bh bf thédbjectbedh 123 PRk AA b f

the re lb 135 t hat

> erence beam t 1s reflected fromthe
the) el 0 thep @psses igovgh g boamsplifter 189 anditryedug A ferdrerlee i€ ng
ThERSt théiaRRthb@nAetodudi 1644 L ATREWRIs (1619 Ehatih G0Mpled debite
OE}% ect be%%% fromthe focusing |l ens 145 and the
(L e 9t $8%Hh 135 from the focusing |ens 145
constitute a plurality of object and reference waves
150 .an bl 1D fe I .
e BB ot e B b ol bt SRR i obelifes
a referenet Lepm UBSS. Thﬁaqfqrcnp\bbeam@;iﬁ)?ggfggtgi 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 typgeMefch 2007
DDH set-up can be referred to as on-axis illumnation.
2 March 2007 WD 2004/ 023219 PCT/ US2003/ 027575 2 A
imtation of this technol ogy has been t

WQ’;‘}%@F%G’ resolution of the DDH systemis gﬁ"%ﬁ‘?ﬁﬁsﬁy
the optics of the system, The nost notable limtation
of the optics is the aperture stop, which is required
to prevent degradation of the imge quality due to
aberrations. Wth 5 regard to a two-di nensi ona

A Em ‘J, hlnne ir)f tR1s %nﬁfolo%[]llan bt Jthgpthe lggolufh{;r{s&q ]bl@g'ysééﬁltlp' n

can ansm tte the case
lmufed bbnﬂlamhss qflﬂteumtmaﬂeomst 110%16 Ia\lpéﬁﬁﬁwféhwpﬂﬁ 19r %I‘FP&@“% O

sto\?/)\ﬁ\plﬁ@i &ﬁﬁ@& 1% en@abgédaa&{ & teRadge aﬁahﬁrrdﬁﬂﬂéﬁwuoﬁﬂzﬁ)th

i s need e t heref ore, IS anqaggf OaC of
regyid o teo-dimensionsl Fqupierplias, erli ebigst pd qP??élesc‘i“F"a ae‘“’féilF
rdiGh Ui 1 @alsRite® Th R sabilcaats Illﬂ.rﬁmﬁbM‘tﬂéR}(erﬁﬁE withlzadius g0
sobS SOTHAD P o e S 7 el B 5echidl b0V, ASpEGLS Of

I nven

thdt parnitsesphtinidietived® outsigealtefivle ghcadlivs dfl tnbe t@sxaﬁedas pect of
the invention, a process of recording a plurality of
off-axis 15 il|lum nated spatially heterodyne

SUNMVABY AHETHIRBYENIONhe of f-axis illuninated spatially

Th@x‘é‘tlse;! ady ne chabiRgia el 6 thtihitgiios POt dotiksd, Yheitvetion iy
fri n%ﬁs for Fourier analysis, conprises: digitally

limited QISP th a first illunination source of an
|nterferoneter a first off-axis illunm nated
tlaII ro I [y
B D a0, P00 e oL

ithehiigpited albahgllyﬂletag@m hv@graw ed¢h of teeéiamid iluingied afeilon sour ce

SRR RE roffr ax
heflonful Sol bR REAIRLAL horodfhe RREARITOL ﬁ:gﬁla‘?f‘sng
1

digitallyrpogrdng, m@@@%@%@aﬁ% jopiegfan PBFfef% &HYsi s
i1 e G}baﬁﬂlylhaera@ﬁ& ]ibﬁi’gmﬁl&ﬁﬁﬁihg @ﬁhaﬂﬁ&t&t{ﬂ)ﬂﬁ Iﬂiﬂg&ﬁqr Faurier

ang?srshaéna ﬁlgl ﬁpef {e@ a Sg(%l é ﬁg[ F{aﬁo]i;]so%lrce f%]e upterﬁaro lge&lf, gn‘gf

sedonCoBakisrildpnspet s;ahdlly h&ﬁodawthelpgrdy meluding snge&v Hetsyod¥Bour i er
. [ rises: a plurality of illumnation

m@%ﬁ%ﬁﬁg&ﬁm&ggganspl|tter optically coupled to the
plurality of illumnation sources; a reference beam

AdThEHOG adBet A Of the AWEALiGT &&hﬁl&ge@ammtym&d ad

focusing | ens, opti c, t.he reference
plurality of oﬂ'—gms 111ummatgi spatia {y hetero f ho?ogtams mcluc? ing spati Ii

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 fo an optical

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

the focusing lens; and a conputer that perforn@MfthO07
Fourier transform applies a digital filter, and

perfornms an inverse Fourier 30 transform mherein a

reference beamis incident upon the ref
Y% %t a non- nor mal angl e, an objec?Eﬁ@%ﬁ?Q?%@

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

optical axis defined by the focusing lens, the

ref erence beam and the object beam are focused by the
foRustul teasnt 2T planAGf BOGLLORBZ&I0 PO Al IBPBB FORFET HatBlly
heftego%?xﬁlhglg %Jarg ﬁ?lyﬂa%(s?augﬂ%?tkro@n%ﬁ%g for k Jﬁﬁerq{la%}sfs Fhic #€Or der

um'nat ed spati al het er odyne

tepraded by thordigitabreqoeien apd s semrater fangferme pxseigfiths rffCPrfiWQ@saX*F or

111&1%&[&&@35&@?13@16%:%[‘1 Még%ﬁ] ifh@ing Ep@ﬁ&é d@dodyye thikpes ifl Fgkiéral
recorder, ter t n orns es o the
OB £ 67 § S S i doToeE B el bt 5 adyne

rth@g:Ea&manu fh€ bibjetk trgm sydahts off dignalk etwnd edlytiz@aloripinggae | n
%|t on top of a heterodyne carrier

p?%hnﬁg%euwﬁﬁ ommﬁgmgy an angl e between the reference
bean1and the object beamand cuts off signals around

TEREE, Hdl dtHeR) Blped bﬂhﬂn&ﬁlﬁo‘ﬁ )| b@%&pjﬁﬁe%dt o€ kBB dShen
Fourier transform These, and. ot aspects of tgIa

oqufideesd i eoRiuRgEPe wﬁbfhfb%]#q“@}s daspintiat oy the poconmanying SP Eipe
shokl€ Be uddrs®Od) HoReke thai the GENDjvIAR Qlbdctitiony Wiile tnhﬁ;aﬁﬂg| daﬂnMs ng

i pti th | d
-SSR B0t 8 PSSR B BRI D
illorstion i gt i oh ,of ilniitation] Mehyc sibstitigionsa miodifisatiomsradsighionse prdér of
regrﬂgﬁin%&g@yﬁ%ﬁg QI iy @ F&gesof%qwegﬁog ﬂﬁ&@ 'dépi‘hﬁMn?@g

Iven wa tration and not
spitit rifereaf japrh the wawws dnslelgst allt ughnaubstighienst me%ﬁfiﬂm additions
aRfelriafRSedNd/ Or  rearrangenents nmay be made within

t he scope of the invention w thout departing fromthe
15 spirit thereof, and the invention includes all such
Bmmnnﬂommﬁ:bmmms addi ti ons and/or

rr.angenents., EF DES TIONOF T he
Tlg Aanings ccgrg%ag%nyl nmg1m§ Ha‘?@otrﬁlrsn sF]emﬁcatlon% H‘gﬁw tl)\@%ml-
cesbpe&p«fcts ofitht Drentigre A iclad pebegptionot the pnvcmmn, 201 of the taaipppents
anﬁ% ibs 0fQs gr&vﬂyﬁﬂ&'t&nmﬁoﬁ |vﬁﬁ‘5§:5m§195}9 Rt ltygﬁmeﬁt vy he

ent | on he corrponent S an eration, of

re@y@s dorgdhep PWP]@M anglj therefpts eronlpiting |°6‘PPd“W“€ 5| e ®er e
.drﬁmgﬂl &néreaﬂa@ﬁ@niefmce RS ddsip@iicl iBe dafie clex@BPTIR rMcntBﬁ] d
qgrefor I|n1t|ng enbodlnﬁgtslllustrP§ ql &
\RFF?{;%“ erStRST D& FHFSPERR P1CCRImOTP &F e AEETE hspiugtion wr
theldssedptiad @rebehied dasie. ke lsknid rifesnoted et ithev foattresoitiustrated in the

drawings are not necessarily drawn to scale.

FIG. 1 illustrates a schematic view of a conventional direct-fo-digital holography apparatus,
appropriately labeled "PRIOR ART." '
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may be better understood by reference to one or nore
of these drawings in conbination with 25 the 2 March 2007
description presented herein. It should be noted that
the features illustrated in the draw ngs are not

, W(ng%@ssarl ly drawn to scale. FIG 1 ill ugé@@&aﬁéﬁoﬁgﬁ

&% ¢ view of a conventional direct?®
hol ography apparatus, appropriately |abeled "PRIOR
ART." 30 2 March 2007 WD 2004/ 023219 PCT/ US2003/ 027575
",. 4 FIG 2illustrates a schematic view of an
FIG ¥ illasthigs 4 bohenntio) gibw of ardoff-adst lltngnatipy fitestHto-Higitad Gologuphy
r L3 9 g d a] anﬂaaaaeﬁtl Ak,
oo, Bt 3 o RS oty -PRefisl SuBRR e
myepfiqyst r at es a schematic V|em10f the of axis
illumnation direct to-digital hol ography apparatus
nterfero ter) an off-a
2 gllusratey 4 i Wﬁ% ‘é%“’ g é%ﬁf‘é%% ‘ﬂ%ﬂﬂeﬁ%ﬂ%ﬂf%ﬁ shiy 3"1&%2@ y
apbdrdtiéin@Adrbrixter)ChE FIECT inbweffliaxifiposiionnol ogr aphy appar at us
(interferoneter) with nultiple illum nation sources,
representing an enbodi nent of 10 the invention.
FIGESORNAT ONh@RIPREF BRREF-Siatoninting drepte -digin) bolegphy and
apEﬂﬁus\(ﬂ{effg&ﬁ’et C?% L:’r[uﬁi%le ﬂﬁ%ﬂ@%ﬁ@%&g ?éﬂfégenﬂ%%bdl&dﬁﬂaﬁ loeof
are explal ned nore y wwth reference to the
ﬂﬁﬁﬁﬁmqﬁtlng enbodlnents that are illustrated in the
acconpanying 15 drawi ngs and detailed in the
| ALl Qn., i ions of well known
Dé%%#?fkﬁﬂﬂﬂfgﬁﬁgﬂgbﬁgﬂgﬁﬁﬁﬁ*%?techniques, conponents
_ Tlﬂﬁldreleﬂm apelrtieniaricns @atows txﬂ@dvastmeas detajls thewof apnexpleiaglonars | y
ULEredcl % thd ot b Bl fiihse3aOhlett 08
%ﬁ] ret@reﬁc 5 thecr)]nv(\)glv er, H}ﬁgh gcé sn]§ : descr F“"?“?’”Sgn
drayriegs tanda d@plg@ i the, followring M@gnphvm iQegeriptioas EfaWi’“n’ﬁmBP éP@P& ed
mﬁ&ﬁ@dk%&h@ tothnileg coﬁxﬁﬁﬁ@ﬂﬂ& hﬁnequ@ﬁl@lt QteV&ﬁltt@ly soV\QYndi‘tho

rati on onl

e oS ORl AN DL DY M heliol Wt Oy e

' de&[léﬂl/ @Jcn]ftﬁﬁﬁﬂdmgﬁﬂiﬁﬂ éxampies) White iddleering piefsiréd cabdliimmtsstbpe

nd t .
e T
suwtlmc#ns,squ@patwust 4dilitionss prdér agpﬁngegamq; wﬂm.ugtéwmaand/or scoge of .
P HREAER ERSe MGl PlBEOME Sibaldt o6 \BHREmEAUATRE Ak Sro kil N

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 2 March 2007
specification imredi ately preceding the clainms after
the section headi ng References. The disclosures of
these publications in their entlretlg 808 h7ereby
w %?B‘Vﬂégéﬂy i ncorporated by reference hef TIH PBP2PRe
pur pose of indicating the background of the invention
and illustrating the state of the art. 30 In general,
the context of the invention can include obtaining,
irgag® Thagntaridf tbe inveptiinay aly imtiuds trandformihg tiets frobmmuldpaineges of
on can include processing digital data that
m?(};aglrléésgnt gé an 2 March 2007 WD 2004/023219
PCTI US20031027575 5 inmage. The context of the

Th&hMﬁHﬁan&l Heiteal ol decmgtﬂnﬁa@ﬁ QsdThtidg helBdrabhic idery

A L ot B e st g A I SO RS A on
inblodeq Bgppiatue for aradjenig)improvell resututian bhildgepliie inagaly Witk edirect-to-
e n e M

an apparatus for acquiring
i mproved resol ution hol ographic imagery with a

Indéreﬁe%@ tthetoglect% 8 dbathved @hasd) %OJ}Mcaﬁmhl)lecﬁM $h BlikRAL sdRes

f-axis 1l lumnation, |n t he object to be
ViR B \RIEP ‘(H“?Fb@‘é’a’jm‘?“‘é f%fd’c‘el"’tséﬁdl"j}ﬂ‘d'%rﬁl HG & %Wﬂ“mma“‘m
bdain | i Hpicslly pR5ed SIQGHEE e cchfdr Wi the @13 objEctiND(.C,, B sydad) along,
As discussed w e rd to Fl
R B ot Subaf 56 Bad oot SARRE® o ieses ot
“cpenis Sumphtionhend g epatia emetciey @) Qﬁ theenbject tebﬁsacgyasd @t a
ceﬂ!uﬁﬁxgrt %qOﬁ@ﬁcﬁ@&@e d%%lthglobjécﬁvea%&ﬁreppt ical axis. This
ype 0 configuraftion’can be referred to as
"on-axis illumnation” and allows spatial frequencies

THeGaveon bdAGncRiaE BCoffafis MBmAGRI sc@hid) RhdrOh@illumRton kdtrce

gy b0 U ek S SR TLREE, R SOLEEL Y S

pairdllhlumhm qitiiceo atis. Sthe fliaminatjon Wik e té ihefobdsing pffsatdfithe Pbjsdive, C e

aced l.ate I t a
D R s R
111]@amﬁioméﬂlgh@r@pftﬁhleﬁeg@n¢i@é¢>q9><¢f$he oplaet chn pagsthnaughitesrpbigetive |
pgtlth?e Ly ﬁ'xtl’sebef %éﬁ\?\eﬂ nlﬂane(faﬁ &5th oggxmt nﬁmﬂmoﬁ o'f‘Hlsvﬁ an 11191?0rtant

i nci dent _upon the object at some angle to the optical
adyapfage of g dnveioRhi s of f-axis 20 illumi nation, higher
spati al frequenm es (g>qO of the object can pass

throuah the u%? %en(}ég DDH system (apparatus) adapted to digitally capture

The inventron can incl
the on-axis- and one, or more, off-axis-illuminated holograms of the same object. The

mvention.can also include analyzing and/or processing (fusing) the digitally captured data.

" - The resulting, fuséd irage 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 systerns is limited by the optics,
most notably the aperture stop, which is required fo prevent degradation of the image quality
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aperture, and thus be observed, than can with on-axis

illumination. This is an inportant advantage of2 Mgaeh 2007

i nvention. The invention can include an extended DDH
system (apparatus) adapted to digitally capture 25
t he on-axis- and one, or nore, off-axis-ill i

d
W%@P%ﬂétfzg’n‘s of the sane object. The |nveﬁFT’8%003@%’%1%al SO

i ncl ude anal yzi ng and/ or gorocessi ng (fusing) the

digitally captured data. The resulting, fused inmage

will contain a wi der range of spatial frequencies than .
dierto Zheryatios. Thigmeaoy thegyiptia of thob D ryates aremhﬁaapntmbjddt Frgtiad
ﬁé;#;&@fesf WeRAls LRG' G358 %b Eaﬁ%e%nﬁlﬁéd Bk NGe @ SRAlait | ON

system conpared to the case ere no

ﬂlammté&su the qperfugpyith aading QapPeRTs cgnteelLn| 2z patiad dregugncy; (r=ahy

maﬁw?a@ ofbﬂamlh nnﬂjtn&gn,rtmérmfa vﬂt]i ifiusfqo Bﬂ@ﬂ?ﬂﬁf&h (@Iﬂ; the
StLe ) mlte Opt 1. CS, e
e B B TR ey 1 PEGiogomh e skt i
shi'fegr spatiat irequernfes witle ghqtage trepsmitied. y OR Mﬂ@hsﬂ@@ﬂme M¥adial
0 P J.027 t t .
S4BTSO FTIREOR. RAERR o ) B,
imaed yitolhp ébitnmafp:atsmﬁﬁd mfﬂreecma@mqh@show thén pnertyge afippasy shified

(ergaeﬂ #S righ) ag@ﬂmpﬁe Lo %Eﬂu&fcf‘eéj“loslt nﬁanhﬁe Géﬁﬁm&f ardRpA%d S
umnatlon he aerture with radius q appears

i B egtmgies SO Wi e ofogaBn D P mageg rofsie

- one &bdge Gith bitbr r&‘éluﬁonl $ihdd rnmabdom@ ;thetpl%e aﬂﬁﬁdhbh{ 6&1 thé dobnplex

di h
b5 A0 QBRSPS o 48 8 M5k

ncy do S AT &5
adwaﬂmth: tcsultheﬂapmtm empreves thhirdsblaiibn of pgaltenabbjéct gquisrei es
Ieg;ﬂﬂﬁggsgm‘g e transmtted. On the downside, sone

Spat 1 al farequenmes with g close to g0 are "lost" in
the opposite direction. By acquiring a second image

TH8 ifivantioR Qarl inkmamaﬁaiteﬂaﬁn shiné teShlemal lDTHT SRIRATS hiomatically

dir i on, ure ars ifted
capg O ks o @ DT S O Rt 1o veion (e gy
métlivds foianadytze anddigetharemlts ﬁgmmIigﬂﬁs Wptohuoad ehpteseﬁtﬁm:ln of the
ob%erveg Hbﬁ%)gm‘%lstflokl)'ee %f fjres%fglﬁon%'latsl a\lglgabﬁe 1Smé ]?raoé t I on fromthe

resol ution. Since DDH recor ds the phase |nfor mati on on

A Vet BTG QX the bﬂj@ﬂﬁm\l\@\é S palalld® tol tHY BEAPLsQ5y. fzﬂ[s%ﬂe@é%% (or

nore) 1 nages can fused wth surpri si nglg
thig) &R} &hﬁ%‘g’é‘d&%“‘idé%ﬁﬁ ?ﬂsﬂm T‘H‘émlaFRPerﬁ? -8 TIpiRdign on tigeother
hafidh S o 111 bade fwhgie e lobjéct BdamelQs isSilclde tupin@fe objeJa0 6l s@:6s Of

angtra IW? tre%%ecg Q)' thél' gptical axis 127 (an example iz illustrated by the object tcam

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 DD apparatus is
illostrated. 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 Match 2007

on-axis and off-axis illum nated hol ograns. The
i nvention can also include nethods to analyze and
fuse the results of these holograns to g#oduce

WO RNt ation of the observed object WYRHHSIHES™S

spatial resolution than Zvai | able in the prior DDH
art. 20 As evident in FI , the object beam 125 is
parallel to the optical axis 127. As noted above,
bd tdvablSAdng P oGatiat beu&mfnemmﬁduﬂ @ taSoptient &isi 197. In more detail,

thﬁencfésure%% can%e {novaélﬁ:ﬁongas Sl/%er 3 % m%gli b?@%meam&%? 0.

thﬁbﬁ@mdﬂéthﬁrllﬂpon the object 130 at sone angle with
respect to the optical axis 127 (an exanple is
|IIustrat ed by the object team 25 215, 305 shown
tfH referring to Fithh £ andh & seriggfl Jrofificsfenss the 4ddiion P%%°bt9ftf°blasa"§
z1lol | i I At thORser Edﬂ&e elﬁlbﬁlﬁeomhs ﬁdsﬁﬁfbﬂtse ﬁla‘lhtﬁf a@a‘ct Bami 125

re%l??é ngf)gtge ige%rs% a% ég {ere %%F ect e’cliwe B% %e

obgenichedn 12hthenioayel thesmhectcdbjeawe @lﬁ‘ andxs mclddnt lum theobjenh 1$DDH
ccﬁi&@@grmnﬁ ‘%he opti cal%le Ilic?l ?E&[s%l)rﬁgmatéoﬂ Jl:ll-a.@ﬂlu%mgtﬂ)g 1s?bch1w3@ re

are cations fromF first
aqdfﬁﬁlsﬁte@aﬁl@nz1F3ffﬂFWalﬂthFPﬁ@elﬂ%f§@Pﬂ@%dr ce 105 the beam
expander/spatial filter 110, and the lens 115 are

uedlntoaco uter-contr veabl e encl osure
3. 5 TRNCYEh i U oSS SR Z%aﬂs ﬁnﬁfg?f% gl partiulic
coRALQY 3169 HECHéctsa0 05/ 13R#5MbugH the baemeam}eelmdf@agteran
cou?se tf@e?%seli s%urg’eue%c osgrgtzt)ﬁfan Xlte?r%ﬁ% gj b% lslultteq dg\prg 8%3{:133 G

ncl osure can
forroin ptopertids of gioentioehebisctivk 310, e cbisbiskea 21 forgnicibp bbipth

ob‘ﬁécl%xjg 28 {3 %cﬁﬁlt 1 091 thelo (g Gﬁﬁﬂ%&h& dnp1e it ?e@pect50 b bpteal axis

erring , a second nodification is
127 yfperehy enhtewasqof%mtlm@%%ﬂne E?euSdbﬁ qbieptibgrmn 21% g be lnﬂdf}ﬂf ¥8on 2
thé Js*n?eci 36 anastafgbl[yqﬁn Wlﬂ@tﬂfhf eptid @fs 179, 'I‘h@Slb_]Ect Eﬁ&dOSl@flId'cltaﬁt
ect be e [
b i ey s smen SRp Rl Frash f; BER RO o
prapklies of e obmhjoaemvimamdﬁ%fotlhmm lehseld( @stilf foeusatqnetbet CCD
(n&%%({%%i elz{} e ou nl?1ﬁﬁn§ndn r&& %ﬂr@éﬁ@pozftdﬁﬁacﬁﬁ %&E]y :I:I%p'che

hofogrami fepmed ot thrnCCId by th m@rfﬁrpqc@ pif thaetiashbeps 3¢5canl Ey agferenpp
bedRd34 R c%mh %Sﬂwos];patﬁ &&u%mbssofqﬁa‘ 8fded MR dohSbsGdARsS

that in however, the |aser. source
ongps yaipe ié’nZOS is shifted (up in this particul 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 fransform, applying a

digital filter, and performing an inverse Fourier transform, wherein a reference beam is
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configuration) so that the object beam 125 passes

t hrough the object objective 210 off-center. Of2March 2007

course, the laser source enclosure 205 can

alternatively be shifted down. Because of the 15

0 s'n properties of the object objective 21 he

‘Wéﬂﬁﬁ%#l eam 215 | eavi ng the obj ect ongEVPV'ngg%is

i nci dent upon the object ¢g130 at some angle w th

respect to the optical axis 127, thereby achieving

off-axis illumnation. Thus, the object beam 215 can
inbident upoi Hemferong bewm rhitre abbjoeoomil3fels arbdieatibeanaibs lnyident

1% e Qlﬁtl:cF'Jt Lr?:in%lte 9]} ﬁ;eé?ﬁ ah GptiRat s dkAred by Jﬂgfogﬁing fehs, @ am

5 reflecte &ect passes hr ough the
refspedeamBi aabi e?fée@l phiglf ousiifutes plupsliy obsipalipReoyspderense i cal
ard @bjR: RBRY, tai‘eQ‘&:u.@fl by thefoQbh s a%@rﬂwnwfﬂ;’e%m&oﬁmo

focusj 50 IS sed. on_ .t he (not
B GRR Yelsire Pepraniptkmgepa R ot (e
arplygweiidhiiasconitd tgithefdighta rdcankr) ajpd iheqpimputérhaisfoheaxesbthogr am

rops Rl RS Y nh Bt idbloi bl WL RLGHGR Bope WFoBR BC
spaqe 4t stz top pachateredsine eartist fr«tqh@cmﬁ@é by antgagle bepwsen by

reRRSQHYURn s Bk btect lﬁﬁn ﬁfﬂ'c&s bt dighhlk fednll A origiR8l OE'IFEH‘II 56f0r$ he
i nvention can include an appar at ys Opera

pegfpragyine e iy erseopiey trapsiop, fheppparatus prnincludeap pRicH 8‘?-1 ?9&1’% m
opumy cudpletbe R thetlcdnyspliti il melyuj@t fI‘lieI apgesfus f’;aﬁhfmcﬁﬂelm er

[ Lt
apgrgfei glcftgyleggnt;gqe % {’Lgecﬁ%Q thF % usmg lezés '?h: eea%rg; {tter, & am
wﬁﬁmmbﬁmn@mmmwdmymgebapNedmnbﬁmh@mU@hwap@mmWéM¢ an
be%mgﬁﬁe& ﬂ%ﬂfiér&@\l, l;e)(m ﬁlwgnﬁ%leh%ﬁl neg?r&? nE L f\/ﬁéhi:]Zeﬂner

using lens opt1 cal cou bot h
gepeier B e@%@feﬁw #fwcéﬂde aﬁa W%HP@E’% Gouraeddp B pompputer

fof &E&fn@@[a RoWRied tmlfdrmf , apPIgid @@mmtmt mpérﬁﬁmﬁg :fﬁgnvlsz@@S and
a.conputer ertrormpn r|e ns
KR e it i s Gl coneia) B AE R Py er se

THe@ptiate®E cah hﬁ}n&fa@ém expdnedr/@patial fltdr efoapmmeaolmmmbmseﬁhel\/ar ch

0 oo KR EN0el D2 REk Dot RA Q0 D] Rl e Bieds BG5S
upon PRl Br EnceE beam rmal " angl e,

mapifioipremevidsé binthd focupingclengeman be Sdgmﬁd i dn@r @ttjﬂ@dtgltdtrecemer
@% hﬁ%%&&&o?ﬁé&ﬁﬁmy&ﬁmﬁﬁm%ﬁ&g&@hdﬁ%ﬁﬁpﬁﬁﬁm&ﬁgﬁﬂy the

cusi ng the reference beam and an obj ect beam
friggsp @hFQ‘:‘B"ﬁ §’%a?3’€1§:tsé that thyy digitafireeprger gy giobg P faMEows fiingfser ence

eaamfawﬁ:@yel ﬁi:}:elmyﬁifﬁge,@ﬁﬁ‘edﬂr@@d&@ﬂe ménﬁoheauﬁmga ﬁ;@nalllji‘ns at

a foc ane. 0 e dig recorder, to

v Bt by R RSSO PR oL o PRPYS-

reddeflengithyne fringes for Fourier analysis which is
recorded by the digital recorder, and the conputer

transfornms axes of the
Accordingly, the invention can include a method of tecording a spatially heterodyne

hologram including spatially heterodyne fringes for Fourier analvsis, 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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* beamn 130 passes thiough the object obijective 135" off-cénter. If only & single object

recorded spatially heterodyne hol ogram i ncl udi n
spatially heterodyne fringes in Fourier space 3U“§Fﬁ2007
on top of a heterodyne carrier frequency defined by an
angl e between the reference beam and the object beam
and cuts off signals around an original origin before

wdfogeszior mi ng the inverse Fourier transPEFHP208PQS

apparatus can include an object objective optically
coupl ed between the beanﬁblltter and the object. The
apparatus can include an aperture stop coupled

t}E ?oc%g rl]an.% a6 f&g{l)ﬁﬁetof 2Gitat B@rcdeiO6 Woh B 6pati- AR ﬁetenﬂjiﬁ hologram

reference bea@%ﬁ:{rrord Eﬁ
inglugjng saanau:é@@rna@ﬁ fringgs 1 BPArema S CREPIERGe o dry” The
h&&@d}ﬁd}ld olobrl @ 'incluﬂlh@slnitﬁﬁ}a{e&ﬂ)ﬁﬁle hﬁ@ﬁdﬁm&r aaaizislst lfvenam gital
recorder c ne ﬁQHE& e
anayRing G ﬁ&or%g P a'é"\f“% ge?er%&h/%gl S i lélc Jl?g]sﬁahglt or agg fn;igﬁ m
by Brgbieshptages bftbe reoNplipeilly lie@rodpie Mlﬁaﬁlﬁ indJudipepeptisliver

hewrgyyxslg AL in ¥R ﬁlpzﬂzg toit gﬂ lgé $ﬁ|hetérbdy5&fameﬂfdduaﬁ@r def@edisng

an rnver er tra orm The a{ recorder
amglewm@@rﬁer@@@e%m@aombqaﬁ@w&gﬁ%e HEEPLE e

S o%{l&aa oﬁ 1 bt Hﬂﬁleﬂpeﬁ&@ﬁﬂt g&%ﬁﬁ@@&é@bﬁrﬁpﬁﬂfﬁh Thel t er

I ca cou et we e
n@@afi@ﬁ e lpgeghi a"???éﬁ)eé’ﬁﬁf geaﬁ’e"? (i e?%f% é?@gggécg Am and
otg@@béaﬂj fReitan Bg@ma: avangle itPOspeagan bptls@\tamfui?ﬁ{ﬂi byt gegingy
he focusin S - R &he

1?5‘? # €.§eir re?l cgg% tlctie et b%‘a%{'frrégrgo%%& ?teagngi Ruifl F:egﬁzﬁt b Bﬁﬁm

t dres of
asip definallbly y foesing feowl ylmten of towfaming Fes é}eﬁfgﬂfé‘is‘ét’%ué‘m y
g&% ; gl‘lfb( m cfn{ hdhE §an§i@fnm§g% lafpéxteniibd |Fb‘tﬁieﬁ:rans$ﬁmt Trasteg he
|

ecorder may resolvea e forin
oéé@wlhraw@@ ceryigelyge delpelng fhsbeanys Héa%ﬂ ‘rleémsﬁg‘g?
ThDGer ki BRhihaB safdlly hobdytibehoBeraip adniba bl gff~axtsel!1m1@t¢9! ne

hoIo ram produced by .t he b ve-

o4 am produced, Dyt ig, BRSNS, ASSElRGtuARPRLALUS
fMﬁﬂerndl fiigge\epatitl Iﬁequemy Bielpw fhe Npquist sampling Emis. Thempthed oy
i Bmf L& Flgn ?S % el&éﬁﬁ@ L5y Gudind S04y ﬁé’f&rbdﬁfﬁd felflie1g

ringes for Fourjer g si s,
forcFoyer mah-‘gs aS§1§i’ﬂqi deftd. Feg mgthod oaa alpo ARl TePAYIRS T° BORFE ence
%ﬁ&@& mn%w%#@ Glog2RR Mhe ikl O6bistvgclida eraﬂsﬁftﬁfge‘m@mriee am

rom a reference m a _no
ﬁﬂﬁfﬂe‘é@ﬂaﬂ@hquﬁb?l%im EE%{PH@?H—OB {1118%? sé’r[?hylf%@an angl e
Holofym pREARADY the BboRiideaiibidamithod(s)) cmboiiidion e dontpytcarefdgideisi ng
| ens; focusing the reference beam and the object
BEEH  whi ch constitute a plurality of sinmultaneous
ref erence and object waves, with 2 March 2007 WO
2004/ 023219 PCT/ US20Q37:0 A équfsiiod the focusi ng lens at
a focal plane of a digital recorder OrM.a. e obi
Io BEE. Bcthd lymhlé%t’éli‘ Wﬁ@cﬁw%}&p is pechanically dlsplace s0 that the 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 stow. The mechanical displacement of the iflumination

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

H
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i ncluding spatially heterodyne fringes for Fourier

analysis; digitally recording the spatially 2 March 2007

het er odyne hol ogram i ncl udi ng spatially heterodyne
fringes for Fourier analysis; Fourier analyzing the
recorded spatially heter odyne hol ogram i_ncl udi

w%ﬁ’&‘f’qz?ﬁ?y het erodyne fringes 5 by trans?ST/H‘?zﬂodm%ﬁ'@s of

the recorded spatially hegferodyne hol ogram i ncl udi ng

spatially heterodyne fringes in Fourier space to sit

on top of a heterodyne carrier frequency defined as
thern iaplyt @ ivel Ween apivech e rdirses feawedifia bighepeebjofetis

illhxﬁﬂﬁﬂoaéagmﬂ}ﬁe@g a digital filter to cut off signals

aroun n original origin; and then performng an
inverse Fourier transform The nethod can incl ude

TH fhrfeh@fat ) ShollidtCan QlppeRibib abceaeﬂlw@ lfor aehugiag RfigroveDiefsbition €
ef ore, reflect|n ect. be obj.ect. at
bl [REAT  PAG RSO 11, ST G i DLCPPBREE P OHE R o

miilchgie) Siffagpntlyl iBumsinaged (ﬂolaérztmsrm 1 dfrécemtdngmg hblhgraphip {[(RH) sipeam

. t I
T]Ierlgv@l fe%ﬁllo)g n&)ult% e i Aot HQA &u%@@s I')l’hg %ﬁ&?&{ ca}l Qucﬁ e 1919151'.:15: a

aXIS SN
somc%sn%#toerrmhvgca&x @asitippedt ﬂqeﬂdiﬂ@@ dmdfexbp ﬂlpramnt@h | cgnditions. The

Rk ARG R BRI &ﬁbﬁ&féoﬂn@ﬂéd%&ﬁceﬁ Fabed QfitHed Qﬂ‘\é‘ﬁdtdﬂ N
extended Fourier transform The step of digita

rapii s FesRiode caBpre i At hejagramsy B R diblabemsnthey

- th@iﬂﬁiﬁilﬁmﬁ hathedQbdiang ﬁm&bdﬁﬁlh&mvehﬁon-ﬁbﬁm@ bif-ax@edilgnination, with

at ed. spat het er od ne hoI gram.can be. a
o PSR TP AR R 1) % P e ALnE e
enhmnmmnyhmﬂfmbmgmaﬁiymmphcaﬁhr ase I ow—frequency i mplies
that the fundanental fringe spatial frequency is
bel ow t he ‘I;I{ qui st sanpling |limt. The nethod can also
Refrine el BIGs e TAYgRtion sansiprindp Emltiple Hivminetissenacen 5100 dlots et
FIGrmkrmBya ﬁvesﬁﬂ&és%hiy)és B@épféﬁeﬁﬂﬁ%&:xﬁxﬁﬁw O®svioudl rtheFxﬁhlBér QF
Iana‘%/lsls as di |ta4 ta The thod can also ¢l ude

i SAYGCF Hé" Fatir e@"‘r“ 1B%) B FRIZEY "SPETIHT| v e’i“ 8y ne
111iimhﬂ|gﬁ &iﬁi’cesTdﬁlﬁbd’@hlhﬁﬁ camblled|ss that theyl chid& dwiitetiad off tutdi dﬁ@n t he

ra}In succe{ssaonh owuﬁé/ tﬁe ca u a o% mﬁépl d@fgﬁ ﬁfy?h Yol uéurrté gnll?cégam%hot]: 4r am
phicaladisnthicihy arwrcemmmse Hesmlt widlche n@tﬁn@d(aé ylme @Mibgdined on

méiho@pﬂi%!ﬁ %sﬁl{é&%@ ifumiFR6H sdibes Geii RARInGo 68 Miitfhl bl b N

FI G [ 'um nation source enclosure 120 is
TeqyEE Wé‘ﬁll I%S&P‘P‘i/ﬂ‘?i‘l Péﬁlcﬁééﬁa‘%‘e”(t ‘hEfe Sysfea We’@étmay Bfilliprdntajrg o
phpsaB@splabdifetlegiabilifee fod RjdRiohal abGHRRY. | Weh §ha Bmofdngqivaied | f

onl, .single agbject illumnation s i s .used,
by Rt T b sovizes Hhe 108 ol ftgpoleatn of
mudiifid-shote pif-boys illbdhination &iné che shigbqnent asselutioe qmprm&mexttm time-

h i on source.
B EAl PR oSl ARGl BB 01 50
mechani cal displ acement of the |Ilun1nat|on sour ce

TH6 bddintEhilsh AR 71634 dhOW (Qfagfaleh _1I:u_ﬁ §rra5( 80 b Ofstrbdhure for

time-constrai ned scenarj os. her ef gre
performing the function of rapidly switching through a plurality of off-axis illumination

DL

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 swiiching
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2 March 2007 WD 2004/023219 PCTI US2003/ 027575 10
there is also a need for an approach that addresshgrch 2007
the need for high-speed off-axis illumnation

capabilities. The invention can include an apparatus

wEBBRIR ") mgery. at a much ni gher r BRUrhSER:

prior art, by conbining the results of nmultiple,
di fferently illum nated holograms in a
direct-to-digital hol ography (DDH) system The
thrquglenplinality efhgdiasizdilwmigationpingles, Inflndingnbit Wayrof seaplyasparalifhe
(Pl Pted, @ Bhdf B tarlat) Gy A8 oV ¥H b bdtRbGI pRRWLESS that are
physi cal | 'y p05|t|oned to achieve milti'ple illum nation
conditions. The invention can include nultiple,
OB ARl 20 Elﬁb"oﬂsh'nleﬁdshsw @ﬁ@utérh&ttm&erdﬁm@muewﬁaebuﬁfaﬁ thand

on in 10 ontocaturet feent
s o BB B RS S e R SR et S
letidre that the nhmalteam passes ﬁardugleﬂlaslsﬂt:obaicmd obcemter rogf-centtrhit
thb MR (iR FelsSur@ feaf bl upéndel/ i BRE LQ%ens Mntﬂé aB)} §ifer

assocl ated I magl ng reso rovenent,

on |
sEpHpE icepable pf Rerf?i@me éh?s@?ca?m@oﬂhg@m\r}fer Breatcistn smetr ibpistes was
thRRY the Ubjedt dbjéélﬂ@'ohfe‘éik& @r oli2edtRf BEHdiIRY by Wvalr| B exdimpld he

| | t
m i b Brtp i 45 s By i JE SBBPURR o 956
the kpnsmg Pmiaad ihw ECR xarpl rélatwé)b\ﬂle@blsdeyhearh h@aﬂderr‘rba&ml fidter and
Iellls tlr laﬁgn%ér € aglplé,_lal%gr?eg §ﬁ @o@gﬁle\/ O%Elé{élf %&r@%@ I ng, rE)r g’s%goqjler

requi renents um n |on s Jur ces can
@@m@@%ﬁﬁwkeﬁwééﬁwﬁmﬁﬁG@kso that they can be switched
off and on in rapid succession, allowing the capture
of multiple, differently i 11 uni nated hol ograms wit hout
Thy (PriptA et 4t ¥s57 hgreunnre dafipg 25 prp OEBPFp Bfetie-s e FRR PR o
usid ]ielrembﬁ définEd H $ o2 vl thakh itWAe TReAMtn2GEhes; Iaﬂ&?s@d hai@t, BQelned Or
t chi the | on so known

| uni
osp A5t P R el B Pl o B e
comprdsing (e spenddngwed (Tha cemenpled, Imecsl;e@tnemdeﬁmmmecWa%/
<8 ot BB, o P Blop R, BRRERR, i 208 kbl |0
2s lygpd fherpindié Gefingdrap ﬁtdeamﬂlqmr ol aegivien aluei (meu Ireferaldo withie §0% Pﬂne
mdra 1%1:&@{% 3, Eﬂ%&hﬁeﬁ%hﬁﬁm /R o@frha ﬁ:rm substantially,
il ‘?EF f gxtls illum natll on gv iSed Th
s S o feOr 20 T S PSR s i seviied. Too
tcrmogeﬁdrzna,l N ackd heripais idefedVBedt &eaﬁtﬁbptoaﬁhmwd gv&rme Thagng
bl
%seyﬁp]é) ﬂere S{agtlmleg a 8e31§rn% %u&cﬂ;rogr (s:i]ylpp‘ : ngtglgn ang@)r t he
opgratmgClihg feam fncms, atp\éed‘ lwrem 1 gefinbdastharears, Grmvoike and/pi sdftyare

foxsé%igﬂﬁi zpﬁsuit.h’hﬁ L{&B ﬁog?ir&‘&raﬂh}agé’ coglﬁsutg}fpttdg%, s LJBJ] Hé}éiﬁl qg ion

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
methed, 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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30 angl es, but the structure for rapidly swtching
through a plurality of off-axis illumnation anéﬂ%@ﬂh2007
can be any other structure capable of performng the
function of rapidly switching 2 March 2007 WO

3219 PCT/ US2003/ 027575 11 throu ity
w%%&%z%%ax' s illum nation angles, incl ud?ﬁyﬁszﬁb}ﬂ&g{;

exanple a parallel (plagar) array, a radial (planar)

array, or even a polygonal (planar) array. One of the

di scl osed enbodi nents shows a conputer controll ed,
fippyensaleh wsed herbinswan e defingdras implying thafdtheufordafnental fidngé el ng -

sbdagncth M BGdW ANRbisBhiSR: g t he source, beam
g&pgﬁderlspatgﬁ? fI??%r and lens so that the object

beam passes through the object objective on-center or
of f-center, bulractich@pplicatibat sfti theatied | gni ng t he
source, beam expander/spatial filter and | ens can be

Aaﬁ%tl&i Qﬁ)ﬁcatﬁﬂ bt %V%HG@EQPL& lef.Ie @%@1 Q:flemce olgé}é%l arfs is

function of aligning the object beamso t It passes
metrplogy gl FECTER} dt (s 18 ceoriestion veik nw@foelemwf(méw%r

fabmﬁduolmlgs deyen‘Hﬂ%du&far m@fmll ﬁeam&&toﬁa\é@abdeﬁi Ialct vh@lom
acCl n eaan e e rror,. e .
Wi bR Kty Syt e pigtyioa L I iom g

nanbreca@CRe amrahalikecTiet ihveadioh ds istfel is diercomext b aninterferometer

us%fé Q%‘%?récgﬁﬂ I?llﬁiéoé fa.l rT\.léltrng‘; c\l/a%brﬁq%nléltﬁg Stior ?J{amﬁrg n%ﬁ]?ett - -d1g1tal

hq%ﬁgraphyrtgel basef} Oria%ecawdtohetiﬂphm%aqqpte eﬂr&lalm inyuiistakle Bt focﬂw

Gt alRR O 6Bl R derkiRa e terms a or an, as used
herein, are defined as one or nore than one. The term
plurality, as wused herein, is defined as two or nore
than two. The terAdvaitgbdwEthe identisied herein, is defined
as at least a second or nore. The terns including

A ?ﬂ@ﬂ(xp Eppg}éﬁfé AFor c@ﬁpﬂt@ SIGgrgﬁ éf)ke&mu afie lﬂﬁdn{é%f &2 mefnhtgx as

rising (1. t erm coupl e

e
oapy é’@ qosh éﬁfeeﬁ“’ﬁ ang gdvat&%a%% @r&"s ﬂwﬁé@loyals reasgns. g yerion
prOVeRe SRmple i Mmﬁrhaﬁﬁﬁidtubées aﬁlsdmﬂaﬁﬁou' tﬁ&ﬁ%ﬁt Sfaf hl%ly-speed capture of
erm I, oXi i1} as used
e, ey hyhed p5i5k, PRGOS PO vicE Comyy e 8f e
obfeet. ijupinatiore fToe tlpdnyionntah pfomidd B8ipr0bf, resulOfrén paubible thalbgryms.

Th\é"ufvgﬂngn %u( %IQ‘;ldﬁ sFhilA cﬁ&f]ﬁq&gegé%gﬁgleyoﬁﬁoﬁ bIth e]p %uggrgws The

terms antially,

qupliy gdoredyers costyicompated pmavionsapipachie.y that vvhl chis
specified. The termgenerally, as used herein, is
defined as at, |east approaching a given state. The

Al @ disclereh PaYpoimgnts 4 thy deygnion dipegserl herein @rer heryade gud used
withexs iugduie I&gqembmtdudl mglghisd’f itRdiso@surd. TBd AbdntisiOis aRdinGled Bp
T ATRRE Y N CRE
conterapigtad by Them_tegpmlsphag@seé,mr@uce pfi tha syergiomBUtoeimifed dgremim
Ac@tﬁdﬂ@ﬁ% \piﬁ rb%'aBprec‘ia%ed by those skilled in the art that the invention may be

practiced othetwise 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
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defined as a sequence of instructions designed for
execution on a conputer system A program or 2 March2007
conmput er program nmay include a subroutine, a
function, a procedure, an object nmethod, an object
' tation, an executable applicati et,
“Kgﬂgégv %t a source 30 code, an object ngngQBBQQk
i brary/dynam c |oad |ibgary and/ or other sequence of
i nstructions designed for execution on a conputer or
conmput er system The phrase low 2 March 2007 WO
012'@011¢ SAGRKIIPER BROOR/ OROET Besdribed haredq ariley, althoyghy e d

R BecrB@MRE HEhd NQPhrASmddIR! Y bilGbelnifest BA the apparatus
undanent al frlnge“wgatlal fre uen I's bel ow the

mmy'e?uwg&rat 7P (e Stgiom vt tvhidh 5&%8%’%& preogre; e displosee
elbrfﬂéﬂ&l’hhdl @htures 4F cidhakstloed bmaalaﬁ{ehtcoaﬁ beOddmbined Wigh, biSiEstute®N

t..has ete ol.0 arts
o B PG e et S PR Feg Rt b ot ¢
mnhdﬂmmﬁec&ﬂnwmm@mmdbanmsab) fabrication, such as for
sem conduct or inspection. The invention is al so usef ul
in conjunction wth nanotechnola&y research,

It aprdll sy Wh@ma‘c SV abstivtes lﬁqd)(ﬁ@ahmgs Hitieps and/or rearrangements

oﬂt&ﬁ&‘ﬂr& ldﬁihd_,- iﬁﬁhﬂmﬁ ramy b HRAOWRRSUE AR rom A6 sgirfi@nd/dr k8pe of he
nvent.i qn usef

f )
 top P e oo [ el (b8 v s P B s Eping

mdelngvd @hceptas aefﬂet]w thé ppended ff]ﬁms edatgd egpivaents cover all such
t | based on el ectron
n#%%%é%%ﬁgg é%%mggg&@?%%p %?§8?nnunerable uses for
the invention, all of which need not be detail ed

TRGhRndeAAMAR taﬁglﬁtsto 9f infebpRetc BY RALAIQ ek~ ;!ﬁls-rﬁﬁlt:thﬁ(iimltatlons

appar.at us, an /or conputer program  representijng

unlest el Hiamtatiorys pgplieitly sepiodiin ¢ Biven claimusig the plasels | f”é“’&‘is f‘ef e
andiofl"sefl ¥an Bﬁ@aﬁm&nfbﬁa’imais Jf @ Sitvedtor ark abﬁnwmbg tHe QERATRS .

he .inventio I ovi p i On _sources.
m%;’ﬁ@d?“ﬁ %“ﬁ 4 o{?‘i“Hée ﬁﬁlég‘heﬂgtﬁé‘ﬂlan 85?‘& grgon @
mﬁuﬁmeﬂgﬁwdmkﬁbd@mﬁﬂgﬁﬂhﬁumﬁﬁmﬂeﬂwﬁaﬁogranB The

i nvention can provide conputer-control of object

il lum nation. The invention can provide fusion of
results frommnultiple holograns. 20 The invention can
provide significantly increased imagi ng 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 w thout undue experinentation in |ight
of the disclosure. The invention is not limted by
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25 theoretical statenents recited herein. Al though the
best node of carrying out the invention contenpl h 2007
by the inventors is disclosed, practice of the

invention is not limted thereto. Accordingly, it

Ny appreci ated by those skilled in I at
W(ﬁ%}é‘mﬁﬂ@ent ion may be practiced otherw génﬁsﬁ@ﬁ}mgg‘g
specifically described hgsein. 30 Further, the
i ndi vi dual conponents need not be conbined in the
di scl osed configurations, but could be conbined in
virtually all confi gBREEEREBNGES Furt her, variation may
be made in the steps 2 March 2007 WD 2004/ 023219
(PCTLLIRRRE M@ﬁﬂ\ﬁ?ﬁu&&m@&o Folridr DgticS, emw@raﬁ&mgﬁggsl eps

o] t. Fur t hough
A N T e R R
Pybbigheds.d99% t Wi Il be manifest that the apparatus nay_be

nt I |u t e [

) 0 SRR D TR SUEh Mot o B8 shecPoapon
6%nd features of each dlsclosed enbodlnent can be
conbined with, or substituted 5 for, the disclosed
el ements and features of every other disclosed
enbodi nent except where such elenments or features are
mutual |y exclusive. It will be manifest that various
substitutions, nodifications, additions and/or
rearrangenents of the features of the invention maybe
made wi thout deviating fromthe spirit and/or scope of
10 the underlying inventive concept. It is deened that
the spirit and/or scope of the underlying inventive
concept as defined by the appended clains and their
equi val ents cover all such substitutions,
nodi fi cations, additions and/or rearrangenents. The
appended clains are not to be interpreted as including
means- pl us-function limtations; 15 unless such a
limtation is explicitly recited in a given claim
usi ng the phrase(s) "neans for" and/or "step for."
Subgeneri c enbodi ments of the invention are delineated
by the appended i ndependent clains and their
equi val ents. Specific enbodi nents of the invention are
‘differentiated by the appended dependent cl ains and
their equivalents. 2 March 2007 WO 2004/023219
PCT/ US2003/ 027575 14 REFERENCES
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(1) Goodman, Joseph W, "Introduction to Fourier

Optics," McGawH I, 1998. (2) Voelkl, E et al2March2007

“Introduction to El ectron Hol ography, " Kl uwer
Academ cs/ Pl enum Publishers, 1999. 5 (3) Eugene

" Opt Third Edition,” Add 1998,
W‘@E}éﬂt’%"sqzabc%gg 1602, 2 Il\/gpch 200%303#@5’@%?1%8%7519

PCT/ US2003/ 027575 15 CLAkMS Wat is clainmed is: 1. A
nmet hod of recording a plurality of off-axis
i1lumnated spatially heterodyne 5 hol ograns, each of
the off-axis illum nat €dAdPati al |y heterodyne

hol ograns including spatially heterodyne fringes for
wWralus dieétedanal ysis, conprising: digitally recording,
with a first illumnation source of an interferoneter,
a first off- axis illumnated spatially heterodyne

1hol @gneim bivedotith A glusiim b odif-dxiz itheinetedghytiably hadradgres f or

1l géﬁ{uln dﬁrachlaofﬁle ¥ bt ﬂl&ﬂ%t&gpathg?étgﬁdgy Hofo g @ PinliGingM th @

um nati1on source Srferoneter, a
spgbiadly hejerodyfeffringey far Hopufien prialysis eqpsgie | aI I y heter odyne

hol Q%ftﬂlmdc&@hé] dmngﬁrapmﬁdnﬁhénséomto%q&meoﬁeret ReRsotE Or
Fouri.er ana hod of m 1, wherein 15

2 ngﬁtqdﬁpafl@@?tﬂpw Wosﬁmﬂrﬁ@dlfis ﬁpgftﬂbr lfeFeEPﬁ‘W?ﬁT‘}g‘b“rf" sour ce
Fﬁﬁlertahﬁysisj’lil@rf eroneter the first off axis illumnated
hot Sy e LY Neons BB BN ol AR R Bt
off-exiy :awnwg Spatially bptaedynti@mmmhdimp@b}lﬁm@b}eémmf@
Fgﬁgl%ﬁysﬁefl 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

2.0Dbj @ﬁamﬁbhemdlﬂw vabk@r reflecting the 20 obj ect beam

fro e _obj.ect h le with res t be

opt (R Rt et By pion st ot BT meten st o
axgH ifjintigeted ypatiaiy betetbdyge halopdam triadisgspaially Hetetodynie idpesdor

r

R R e ko 1 HRT Rl B SRERNR Rl Rl
thg gaqct bghrp gtoqq ait @Jﬁgt@%ﬁl@ngle with respect to an 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 and

digitally recording with the second Hlumination 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




fringes for Fourier analysis includes refractin% t he

obj ect beamwith the object objective 25 bef or e 2March 2007
reflecting the object beamfromthe object at an angle
with respect to the optical axis defined by a

focusing lens, and refrdéting the object beamwith the
obj ect objective after reflecting the object beam
fromthe object at the angle with respect to the

lmbpwméah&awmsh&é&wwéﬂwﬁby%bhmmﬁmmmmhngOﬂbﬂhﬁm@mka The
or RGOt FrahReonh LAl SRR SARg e
Fowtisatrpeg|te S}t oh tep ef addignadynOcanist dquegiOietined @s an @@y@p@mn the
referBfck B8 RP@febBbdny aﬂﬁ%g b &Q&'ﬂ ﬁltef o 'c{&%‘%gﬁ)é alohRAR T OF M ng

axes of the first recor -axi s iI'lum nat ed

0ﬂ§pﬂpﬂ%}}=@}ﬁ%p@f@@@wuﬁwe&gwman#@wmdng spatially

hetQ%ﬁdyﬂﬁbéﬁgﬁE&E&d&kmd%%ﬁéﬁ@hm&ﬁﬁﬁ@q&%uﬁm%mﬁﬁmtOD of
a heterodyne carrier frequency defined as an angle

holggrpmpinshydipdrgatialleletsiogre Bingre Byraatferming axes pf i@ ecorgreqded
offRURB HIViniAGteBspSHall) He@odyiné h&@mﬂl&lﬁmg siffidily BeiBdUgdeFrigbsqNd  an

original origin; and then perform ng an inverse

FORISE PR O 0B 198 PISHRProde qaumevAetneg 359A grefervevea disnd
refér@RObAR Andihd oh¥ib&; hjplyiNl: B ALROHIEPE bit 3ffkiynah eb@idagly ne

ori

hol ogram i ncl u spatl Iy heterodyne fringes by
2} ?ﬂﬁﬁ@pﬁgﬁggﬁ?”Wﬂg BB ®eor ded  of f - axi s

iIlum nated spatially heterodyne hol ogram i ncl udi ng

* o cbpmtedt a8 iR Rebe pr G B ABET Bt an

ﬂhﬂﬂgﬁ&gﬁﬁﬂ%ﬁﬁﬂﬁhﬁ&dw?ﬁfﬁﬂﬂh@ﬁaﬁﬁﬂﬁh??ﬂmﬁﬁﬂﬂ?b$eCt bgan1
{ t t
PR it i Papern ki Bartes g e Ao o

5.,

6.

Fourler transforn1 4. The met hod of claim 3, further

co ISI S| irst Fourier anal yzed. off-axis
1 Rl e b s e b SRRt
second Fourler anal yzed of f - aX|s illum nated

Spat-Ith L@(od%?%ﬁ&qdfé{rﬁ‘src lglm?s%%at gmp&“axsr SI [e]cgl ©

reconstructe arm farther

SPwdhpetmdyn@dWMHMg mglatlﬁetemdﬁg lrengesdonbosit aaalysrsag e.

ey SRR T ind RS B ShB, Oy ne

Hwh®MB@mmﬂwMﬂﬁﬁnﬁﬁmgﬁﬁpﬁmnahmywhet@m@hyhe frlnges for

Fourier analysis as digital data and storing the
second off-axis illum nated spatially heterodyne
hol'ogram including spatially heterodyne fringes for
Fourier analysis as digital data. 2 March 2007




17 7. An apparatus operable to digitally record a
plurality of off-axis illum nated spatially 2 March 2007
het er odyne hol ograns i ncluding spatially heterodyne
fringes for Fourier analysis, conprising: a plurality
of illum nation sources;l7 beansplitter optically
coupled to the plurality of illumnation sources; a
reference beammrror optically coupled to the
beanmsplitter; a focusing lens optically coupled to the
refe 1L EOr I gibal -recordes Lheal!y
T i T S L R L g
hefseadfns hplgeransisiydipggpatiaflphetsfodymstinggs fir Feusiernadistyi comprising:
filt Sfal@ W iRShiiRh MRircedN 1 NVerse Fourier transform
wherein a reference beamis incident upon the

r ef etiepeelittseeptisaly opRied tathe plumlnef illymingtion saiFrgh e, an

obj eftfeRRaBRanSuikd 6hRAR RN dRMeARpRG! at an angle
with respect to an ogélcal axi s defined by the
f ocuAPHES e spticilhisoupisd totheefarenseleat BTGt he obj ect beam

ar e { AGESQedYplcS cofpRE ihdTouli@Ngs;ahd @ focal pl ane of

the digital recorder to forman off-axis il]unm nated

spatd QrEpyier ﬂ‘ﬁ‘é’f’%‘i’%‘ﬁ?&“ﬁ’i Binsigrh ARpfiss @ digtal fltsn apdpertorme
anhiebed RSP anttdnges for Fourier analysis which is

recorded by the digital recqorder, agnd the conputer
traH@F@Pﬁéﬁﬁ?ggmﬂP%Pﬁ mF@@ﬁgﬁégw%W?- oo 4L p pARad at ed

noﬁﬂ?idgﬂjdah ybjhfﬁe_aﬁ @ehsident hlis:oh@ga_sb@em ok ﬂﬁhgldm:]g«:@&tﬂb h:ad:dttiyal f

r n 1 nges | ouri er S ce 10 Si on (0]

R T e P RS e e

fodneih gyl at atfbvel plahedf et rdo@asntodnth ah bif-vatijlediatcl gadaland
1 sicnal _ g i T

nefelpibo Bty PREE nOLPY Bt et i

recapipdisyaliedigitd fecortiaiand tHe cofaputérivedsfoamrmpesiobthewgeoatad o jodct

. j eGti ticall | ed the b litt

R R e L N

- spwawhit of toyt ¢fe herdredyad cariyr fizfuendyldefivediatah enzledetweamds

| ratus of. i
rob e U S Ao BRE oo ol RPBALRN R olbine b Tt - o
peiifming the ingdrmbyiecamform] | ed by the conputer. 11. The
apparatus of claim 7, wherein the plurality of
illum nati on sources are noveable relative to the
8. bea ﬁl@p fppartas-of clgm ypfhthsr @@Piising an object objective optically coupled

-between the beamsplitier and the object.

9. The apparatus of claim 7, wherein cach of the plurality of illumination sources
includes a laser.
10. The apparatus of claim 7, wherein each of the plurality of illumination sources is

switchably controlled by the computer.

11, The apparatus of claim 7, wherein the plurality of illumination sources are moveable

relative to the beamsplitter.




18 12. The apparatus of claim7, wherein the
beansplitter, the reference beammirror and the March2007
digital recorder define a Mchel son geonetry. 13. The
apparatus of claim?7, wherein the beansplitter, the
reference beammirror and the digital recorder define

a Mach-Zenner geonetry. 14. The apparatus of claim?7,
further conprising a digital storage nedi um coupl ed

to the conputer for performng a Fourier transform

pl yi gﬂ?i ' . f erse
E%Uriéﬁg? ans &Fﬁ#“ﬂ§#£$ﬁ§3app8F§§E§ﬁ%%%§%§?ﬁF#@¥
véiné the fligita taeorddt dyfinea Michslsoragemetryncl udes a CCD caner a

that defines pixels. 16. The apparatus of claim 15,
wherein the angle between the reference beamand the

olj ectThpanpaptusaidlaim Tkt thehsnsphitep te vafaraer tsym miser

f RGBS HBE L&RRy defifc MRh-2Gh&JednirPr dEr  that the digital
recorder may resolve features of the off-axis

illum nated spatially heterodyne hol ogram i ncl udi ng

sipat i afnk ¥pphahesreen e fuftic: BaPsideQldiold o & maanalcppled and
two fringes, each having two pixels per fringe, are
ﬁ? ¢ soepwpfer tor performing a Fourier transform, applying a digital filter, and

performing an inverse Fourier transform.

15. The apparatus of claim 7, wherein the digital recorder includes a CCD camera
that defines pixels.

16, The apparatus of claim 15, wherein the angle between the reference beam and
the object beam, and a magnification provided by the focusing lens, are selected in order
that the digital recorder may resolve features of the off-axis illuminated spatially
heterodyne hologram including spatially heterodyne fringes for Fourier analysis and two
fringes, each having two pixels per fringe, are provided.




