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DI RECT- TODI G TAL HOLOGRA | SION 5 CROSS- REFERENCE TO X&? Eﬁ)
APPLI CATI ON Thi s applicati on+isaised continuation-in part under 35 U S.C. 120
of copendin r. No. 08/873,252, filed June 11,1997, now pending, the
entire cont &&%ﬁlgp%ﬁm ch are hereby ini:orporat ed herein bYCHES te as if
fully set forth herein. 10 , STATEMENT AS TO RI GATS TO | NVENTI ONS MADE
UNDER FEDERALLY- SPONSORED RESEARCH AND DEVELOPMENT Thi s invention was nade
wi th Government support under -contr%cﬁy%AmS%ORZMM awar ded by the

United States Departnent of Energy Martin Energy Research

Corporation,dis&d tvhe Governnment has cez taro rights in this invention. 15
BACKGROUND R VENENES BN AGQUIBIEION AND REBLAY SV STEM$HFEREHIRECEVEOH | 0N

rel ates generally to the rdjggt tM"P ,cularly, the
present invention relates @?%Lﬁ%ggi gi yalﬁ?)%z@gm acquisition and
replay system (i.e., no 20 filin, no plates). In a preferred inplenentation
of thesgpresent inventi L SEL i d on a charge
coupl eg devi ce (CCD) c%ke?%gﬁ?ﬁghﬁg{égmﬂﬁ@hﬁf%ﬁﬁ%@ ates to a

hol ogr aphi ¢ sy?hismpplﬂ:aﬁdﬁisaumin&ﬂidnf-in-tpbﬂuﬁiﬁrasQI.iS.é.r§lﬂ_(fﬁ@b?énﬁﬁxgll).% 0ds of
hol ographmohWiﬁd Ii l.m or Eﬁj ographic plates (glass plates 25 with a
phot ogr aphi ¢ 232 fied Junelily LIP75 2aw prndingr thp Bytire contenisefrwhietrnse hexblygr am ~I ~
Repl ay hasdnoofpoyatdakitfei B felfddtiRe dSifTelly RERHA héRfn, | N SOME cases white |ight)
and the original recorded hologram' or a duplicate o it, in an anal og

nmet hod. These anal og nmet hods are slow, cunbersone, and expensive.~4~ There

1's)al 90 no way to STAYERMNEASTO RIGEHS POTRVENITGNS NIABE thifigRe transmitted
t

and repl ayed at _another [ocation. It is al ways necessary to send hard copy.
FED

Worse sti ERALLY-RRONBOBEDRESEARSH &ND REVELOPMENE the fil m prevents the
use of hol ogr aplyy iRRkkd b Gd Yo, 3l tuatd ons n_Lf e expense
of the classical holograp ylgardg?}@l?rﬂwl %,se'%su%‘)sfy‘fno recfoﬁg?‘g}(]%tﬂg"%é%é
1653030. 1 960RB2464 jayrarsiod by the disiitad States Diepatrhdnt of Eyiepgyt to EatidRed MyrtinFhengcessi ty
of processl Llm. d oduces expenses associated wi.th the delay that
are absol EQtCe fhitafra?{é) ae%bdrngtnﬁee.go‘&mmeé‘t g’?srcggﬂﬁﬁﬁﬁtﬁ&@?sé’twe&g%ot wait 45
m nutd8, or even two minutes, to know that a particular tire has a flawin
it). Referring to FIG |, | cal _side- d_hol ography system
etor dat i on geomstry s aBXbm&?ND%Fd'FHB%GVENTIOIg

1. Field of the Invention

The preserit invention relates generally to the field of holography. More particularly, the
present invention relates to a direct-to-digital hologram acquisition and replay system (i.e., no
20 film, no plates). In a preferred implementation of the present invention, the hologram acquisition
is based on a charge coupled device (CCD) camera. The present invention thus relates to a
holographic system.
2. Discussion of the Related Art
Traditional methods of holography have used film or holographic plates (glass plates
25  with a photographic emulsion optimized for holography) to record the hologram . Replay has
pnly been possible using lasers (or in some cases white light) and the original recorded hologram
or a duplicate of it, in an analog method. These analog methods are slow, cumbersome, and
expensive.) There is also no way to reduce them to electronic signals that can be transmitted
and replayed at another location. It is always necessary to send hard copy. Worse still, the time
30  delay involved in processing the film prevents the use of holography and its variants in many

situations. Even if the expense of the classical holographic system itself was tolerable, the time
1653030.1
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shown. ~2-3~ Light froma |aser 10 is expended by a beam expander 120. After
passing through a lens 130, the light is split into two corrponenﬁg FyyO"M
beansplitter 140. The beansplitter 140 can be, for exanple, 90% P ezctlve.
The refl ected beam constituting an obje¢ct beam 150 travels toward and is
reflected by a mnor |160. The object beam |50 then travels toward an obj ect
170. The object beam |50 is then incident upon a hol ographic plate 190.

Meanwhi t ti f the.light f | 130 that..is.t itted
b defiy P onP BibidBul bads B8 bl (A hedei B oEPRerdiner B8 ik if B figkhses
travel ssiRédwaiahd &elipitabalceBsdlitely Mtdlé@ble 400, a}T iR malfRtiefcimbewsnas

beamis then incident upon the hol ographic plate |90. Mre recently,
hol ogr apisites; orteaen BFominytes, kukndye that @ particelpetite has bdlaw ialifo as an anal og

met hod. ~s~ Thiss _has, i ed the develo nt of focused hol ography. ~6- ~~
Wi n hi s SUErEae B el ol R SRR o e SRR sR@s Bl R CeRuet, P o
conpos eflowh. "2 Biphe flouR 1abA 104i BxpenBed By alRamSexphddr 1201 Aﬁépg@sm ?_rthﬂohgﬁ 8
and other, publications may be found at the end of the specification

i medi ders yfopﬂ@c]_éﬂht dgyspliténte| tworpemprhents by el besmspliten fl 40, 1The bragsplitds! i4acahons

in theiyr tiJ S e Lehyexpressly, incorporated by, .referen i.nto the
or esentealih PRBHIE oA FelRE TR REER R borlt Sl RhBinE M PR IS0 e

pr esenttoivandedidi ie Refbaetkdi By AlGdificit 1600 Thé6bjeétBed@mOf 50 then &hiels BIYRRY oBfect! HED.

| N\VENTI ON Therefore, there is a particular need for a nmethod for 1

r ecor di Thg abisch Beamnd SQisrthen ingideat upoparholegraphienlatsl9 ed devi ce) camera or

any ot her sy vigdeo r iLth |ai i face an hen
3 storing tyieaRiflcy BEDEAOE' G e feikt FoR LR AL B, dofbeilied Hhrif fnd

drijve, Beameplitictdd0 damstieutédn reférende beatnOI8(f thardvelsaawhirdemdaé rellecRB b3 adhitforf Or
impl ementing this nethod include the use of a very small_ angl e between the

r ef er er?98. Beareflgpiad sefprence bragnisdben ineidentiupgn thechalegraphiaplanIne i nage pl ane
t inmplify i j i h i . f i gh
0,71 TP 0, SR, IR USR8 UL AT Wl

i npr ov angthbd: “YEtiehassiaclalied/ie idavélopracrit bf fdvasaliegiraphydfi@ optical conponents

to allow the_acquisition and analysis of high resol ution holl%gr ans. In

addi tion, i ny¥itbiethinaeplicatiomgeverabpabliceliensarefalpeensed by FHBRSeiMs campesgd of
witin : LQ ar.afl : h

phot or e bl Gl oalises. Putf ikical e s B ha bubiRafons may e found

wi th a asitigbrd bfisler sppedivatitn émardimcdy pfectdiag ithy ehimorTher discldasesof alpphesat us
to record .an, off, a{;i.s hol Ogram cqQnpri si nf):, a |l aser; ane} a digital recorder
opt i calRUpliaiings dby thedr eatirgies,arerherehyaexpeesshyi ingerppiatadnly refetsacs e ithe present
opti cal ouiSRioR 6L hk i ' [ j :

form ng 1r ef erfgﬁtc e%zlil mg‘?n(gqg%w%tg}ggﬁ b%%%ﬁéup (L)l rog’it&ﬁ]e rgér]eﬂgg}vé@técﬁg%%QQ?ﬁg%ﬁﬂgn

i 11 um rihe¢ stete di¢lznmpl itter is |ocated in the object arm that a reference
beanmsplitter is |located in the reference arm that a beam conbi ner coupl ed
to both the reference beansplitter and the illum nation beansplitter
conbines the reference and QoA RPEIBTHRTVERGiIOREANS are provided to
vary an angle of the beam conbiner such as to Inpart an angle between the
ref erence arkheodfpreg thebeiamepapticudar nebé foriatnethbe far Dtrecrding helogfamshdiratilyite al
record rein the reference beam and the obj, .ect .beam are copbined, at a
fooal - RTSReCaHEe; SPUmleg T 0SS e, 0 SHeT RS shee HOFBg N ® AHd* L d
abj ect dapidftciatddad®hen 2y @@rﬂgam AOIBSEanisUb S &igi%l%&h%é theBfund {0 SL a0AME! |y
si mul taneous reference and object waves. A second aspect of the invention
pr ovi ddwrddrieg, ape, ofcordabler @Pnefc anSighifficanti feathrss of amapparatop forsimplemenging tthis ng

a0 onetiey WidR B 47 bER e R BHels hSish BRRGIER eyl g chigcs s and "
accor dapa@inyd thd halosfis bf thelihBS bRhETT AmPREAIB iMaget of results,

characterized in fﬁat a beansplitter og?lcally coupled to a laser splits

| aser |ight Thetimpaovesfeatsetisndosed henciroallawntprhiighef quaity, dowemnaiseddigital diojcpram
beam f or m.ng. an _qbj ect that an illum nation beansplitter is |ocated in
Che. obyeiiioRrnftefiay. P bpirdSemBlls st i 3 \ABsRIR I Bhe ety pbf EPLfH o
arn  t hanpandeaid IR eI acgRisrlichdadd al@ydis bhidt tddBlufich iHbRAASERI Addigsn,and
the reference beansplitter conbines the reference and object beans; and

t hat mdmpsovementsr tov iigetbplay systom davebgere niddet that bldewn widtiig 0€ra digithl gemting
inpart an angl e between the reference and object beans prior they interfere
at a plane of a digital recorder.These, and other, aspects of the present
invention will be better appreciated and understood when considered in
conjunction with the foll owi ng description and the' acconpanyi ng draw ngs.

It should be understood, however, that the follow ng description, while

i ndi cating preferred enbodi nents of the present invention and numerous
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FIG 1 illustrates a schematic view of a classical {Leith & Upatni eks)

si deband hol ography system appropriately |abeled "PRI OR ART"; w22004
illustrates a schematic view of a sinple direct-to-digital hol ograp

system representing an enbodi nent of the present invention; FIG a

il lustrates a perspective view of a "M chel son" geonetry direct-to- d| gital
hol ography setup, representing an enbodi nent of the present i nvention; FIG

3b illystrates anot spect iV W di rect-to- hol ogr aphy
sotup SHOREER @EPRSARERERGHINE ot Mnbe Sayof Bt vk, PRt AT o
a Scratgghblé [asér Bdaf O, representing an enbodi nent of the present I nventi on;
FIG 5 illustrates a plot of a 2-D Fourier transformof FIG 4; FIG 6

i |1 ust rat es Qne appesy @fthhdnwmam presides dat apraraivs thaecnsd dgr affrasis hologram,

5 July 2004. \WD 0 /0502 /,US00% 349 ateg, che c,View
of 5 horaishia & edr ) ARt orial el to B an hefiet BT b

i nvent iseamsplitter ptichllysbifled®to dhes Rls@Cipis adsen light mtdal &ﬂir@tmeq;eaﬁpf&'mm%]
particles on an anorphous carbon film representing an enbodi nent of the

pr esentrefemr@ntamnandSaerblectg qam fammg aR oa:esbam,tt@at an dhumtlatmebmphtt@ isf

the Fo nsfor a n ter,are,

ot ocorPefthd I FRSHGET ot WIF o BIEHR BenhoPlicly iF LOGERN' 3 8 EBronb By fhat
enbodi rgain sémtnlaer pogeNto IbBtheﬂfel xefbre{r‘cbcbeamgtértérl affilt fh@t BSmination t Beafmsplitter
transfer function at Scherzer focus; FI G il lustrates a hol ograph

speci alcombingsfthe reforence and abje@almmsr mch@hat mepghesierpyided i vary antroglenefthe of

L1 anot ot OriBE a1 bl s dfEle ST et o Yot B BlGY v

{ nunberinttfett st plin® of ﬂieSdlgllfald'b@ﬁd@I azhE@tﬁ iherreferéits foeaand tBedbject beam are
representi ng an enbodi ment of the present invention;, FIG 12 il Iustrat es a

modul escogbingdatia fosalmland of said digalicaorder tolorm antoff-axis helogmmgnd saisotgect
16) {cogapald £a?4]te% e{r l}e%ﬂtlé ?ﬁi&?&m&'d} shgﬁ&}tlaﬁggﬁﬁ%u@?%%ﬂe %&8 Taf! G

11 and none 0 ure-can

r epr esasbjécd gvages. enbodi ment  of the present invention; . FIG 13 illustrates
a nodul es of extended Fourier transform of cos-pattern (original set of

di spl ay poi ntgecpnd aspegtofithe mventiom proyidss & meth le"ﬁﬁ@toéqug-a@G fiyxis Bologigmber

o 9 O SAAGS SA) (H5eMeg doy
enbodi naitd offfaxishkolpgrane mhdltraneﬁohnmg said off-axis hologram in accordance w1th a Fourier
transform to obtain a set of results, characterized in that a beamsplitter optically coupled to a
laser splits laser light into a reference beam forming a reference arm and an object beam forming
an object arm; that an illumination beamsplitter is located in the object arm; that a reference
beamsplitter is located in the reference arm; that a beam combiner coupled to both the
illumination beamsplitter and the reference beamsplitter combines the reference and object
beams; and that means are provided to vary an angle of the beam combiner such as to impart an
angle between the reference and object beams prior they interfere at a plane of a digital
recorder.These, and other, aspects of the present invention will be better appreciated and
understood when considered in conjunction with the following description and the'accompanying
drawings. It should be understood, however, that the following description, while indicating
preferred embodiments of the present invention and numerous specific details thereof; is given by
way of illustration and not of limitation. Many changes and modifications may be made within

the scope of the present invention without departing from the spirit thereof, and the invention

includes all such modifications.



FIG 14 illustrates the results of an extended Fourier algorithm which
al l ows di splay of conventional discrete Fourier transform but shi&t?qmﬂ%
fraction of pixel (again, sane cos-pattern as for FIG 1 x is use

choosing true values for nk (and a 1 in tw dinensions), it is possible to
25 display at |east one peak in Fourier4space such that it falls directly
on display point; in this case, sidelobes disappear (see right peak)),

representing au enbodi IG 1 Sillustrates
that reconstructing amWDkggﬁﬁ’ﬁ@wwaﬂ%ﬁW@ Sot trul y centered '
causes artifaClisiicBndpROSE of {HedVRBdes Shll Y&hed cbﬁstlmﬁ@ thé fe@ént‘?ﬁvernhgn, and

t&
sideband falls exactly in between désp l'ay points in Fourl gr space)
r epr eseoft thng:ompoanﬂns cindrenperatipbn tdfenpded sgstems rpv@sndw) with3Be Ealrﬁeﬂtﬁmvbhumt, rvalles

a Mach-Zender out cherratl c, of hol o m acqui.si tion em W
t hr oughPSRE| g&% itPadily ABRAreR, bY éﬁ& 9 B aReRR: 4B (e qrﬁenqni\?aﬂfl&on

-~ Jul YerdBHmYs QihRaldls the E@Aﬁ#ﬁ%&ﬂﬁﬁ&f §ad fofmidg 4'phrt of ﬁﬁs §péélﬁl:'ah§xll

hol ogram acqui siti on system | ayo drawng 11lustrating an object beam
r ef | ect whereiof likef referendeenuimerals desigmate Ihemmastlemmtb@aﬂmmemrabwewndlt tshowtd be

conbi ner ereb limmpating.asti tls represen an enpodi ment of
the | nvitied Bl G fedtuse e 88 e SRS CAFR SR Rt ool ogr am
acqui si tion pyst @”illu'é@z&é@%e RéHenthtidNviewe a‘pocdlcn@@itcalof@élhﬁ & NUSAhieRs): sidbbandl
illustrates a schematic of a practical replay system representing an

enmbodi nlml(’gr@PhBtmt@mwmpuatelyﬁaﬁle@‘d’RIURJARﬂ"ét es a |lithium niobate crystal

and hol ogra I lay optic ent| n di. t

i nvention; mléﬁ Sa?'n&%%a% fe Y‘ﬁ laeSI gengﬁFégb \% ‘gﬁgm!%glr’l‘pé"é’t FXstem,
spati al rebf@éﬁhdﬁ%%ﬂio@[m&ﬁbfﬂﬁ'préseﬁﬁiﬁ’(f&{tfohes suitable for a hol ographic
replay system Trespectively,. representing enbodi ments of the invention;

FIG 22 ill uBkG.a3 ex illustia®s & PGGDeQitanYmWr ofipi ‘\/Mrphsban gbomatgmtdlmﬁtspl—@gnal

follo olarizer a a ho mrepl ay system

| Oor oo babiraBp S, Eftechtind FPLRASHNER oS P HBIGER &Y VDI O es
phot ogr aph OFIca 3P 9lRistrBRS Mndthed gﬁﬁsyédti% ‘ﬂéﬂn@f e @irécu&edﬂgﬁms h&lagMbRY setu
spatial |ight nodul ator pixel ge diffracted orders (the. center brigh

spot i sshoma indilQ. dhder di f f r acted inage), representi ng an enbodi ment of the
i nvention. 4 I n b t with
1/ 4 wave pl a%‘ es é@ft %pérjgs téﬁ% agé‘r?r{)egg’loq& %’ o%‘fa %&P é m%ﬁ rgl%sen%%g
embodiment of the present invention;
FIG. § illustrates a plot of a 2-D Fourier transform of FIG. 4;
FIG. 6 illustrates a replay of hologram phase data from the hologram of FIG. 4;



DESCRI PTI ON OF PREFERRED EMBODI MENTS The present invention and the various
features and advantageous details thereof are 25 expl ai ned rmrejjlpklzboxx,ith
reference to the nonlimting enbodinents that are illustrated in €
acconpanyi ng drawi ngs and detailed in the follow ng description.
Description f | | known conponents and processing techniques are omtted
so as to noﬁ”ﬁﬂw\é\sﬁg’ésari |y obscure thepresent invention POTH0A4982 1.
System Overvi ew 30 The reason that digital hol ography has not been

devel oped unti Wi hat .t he .resol ytion of .digjtal video cameras or
caneras adapt ah‘g& ‘H“%ﬁa f SFhenatic Wew o ?i‘ﬁ]@?»réﬂ&? Y SHEAI. BRREESeRfEANe nough t o
record thembedimeht cfhetadehBihvéntiegtuenci es i nherent in classical hol ograns.
The 5 July 2004 WO 01/050201 7 PCT/ USO0/ 34982 invention conbi nes several
techni ques t hafI@AdHusgisies eaelected ares ofiy hologrammof e9ld rewicles oo en mgrpbousnatheyr ans
and al | ol @hlosshR hitkmbIRAUR BEME Brobhe ideddds, | nher ent. hol ogr aphi ¢
resolution of the re orcﬁnng canmera for Fourler’ transform hol ogram anal ysi s.
It was SnecessaFiGt9dlinstrates 2 gelbesed aren afithy medulus of ediodriatrangfoincel thébdlograam

(and that .j fiA h,ogho r ooql o\ al sq.necessary, tq.realize that the
Fouri er trliéiﬁls(lf‘gr(?ne teé%heﬁi Sgag%&%%at}%y\ﬁﬁ%# ?@F BiFat ﬁ’&‘? S’ﬁ’%‘&?“@?)ef&’%ﬁ?gﬂ%%gr aphy
coul d be embdditmenitofabemesehtiaventibmgram It was al so necessary to realize

t hat mat hemat i dj,tion of | ane, wave, to the digital hologram and

witing the regﬁjﬁ'tlsg‘dhﬁm&?ﬁgf? a?m?effﬁ%ﬁn%né cé‘ﬁ'iz 8f4sy sensitive crystal

woul d al | ow acFIGI10BeMshitedh holograptyl spedial WamdferFumibtibh 8 Gdbbr fodidrefhésbting" 0€r)

diffrai ti one%ﬂgl,e a, than the ang e used to create 10 the original srdeband
r ,

hol ogr'dm a# 9@@@%@}9%&1}1‘@ # of Preferred Enbodi ments Referring now
toFIG 2, a spr@lig iﬁhsﬁﬁ'ﬁ&ahﬁa@lhgbft&écré?@maéﬁmxfoﬁxsf&ﬁl&hﬁmﬁg%%igf% Ca

illustrate the hardware concepts that have been conbined to a
r ecor di ng 33Paintseas FaNpling rae soiyetrmberiof Hisplay peints in discsete Pagier tansfparisid?), by a

beam expa ﬁﬂ;}gl i kg Qﬁgﬁﬁ] .expanded/filtered |ight then
travel s tﬁg%%sé a;ngﬁhé)t)%‘%r%ﬁ{ he ,“’%ﬁ@“ﬁ&ﬁ? travels to a beansplitter 240.
Beanspl i tter 2BUG.danllustates amodwlunef apalyiOBourierf transfoim of cdsipgii¢n hbtdingto

ref | egked fhy I i, 14 8t stitutes an object. b 0 ich.travels
touer d>andrac(s) C2p DIER R dnkiiie SRRSHA G oBite PR rthG FEmdMasaeftict 250
t hen pass dstatlhindhis figtde eatbbefoand intRIGT 11346prasemtiig mepitddineuesfdheprbRatsi ng | ens
270. Thi s.Iig.t then travels to a charged coupl ed device (CCD) canera 20
(not showr‘i'}v.e nwhile, that portion of the light fromlens 230 that passes

t hrough beanspFiG.t8lluéRescHmodtiiltisidfRextededHHoti @ MaRsIHRRM 38 Pattc@rigRbEiceHC €
beam 280 i.s %efl.ect edB&roméggn'l ror 290 at a small_ angle. The refl ected

r ef er ence JBEFPPIOEAT3Z 23 { [FEPPsing RARSter BiRipedl 6 ENlsE ghdipnlax palpts fnj 0.

That [ort iepénded Folifertahifomi RS 12 SARHBWS SanRRils Ravtisibie i Alalyec ey the

beanmsplitter 240 then 25 travels toward the focusing lens 270. The
r ef er ence YBBHPH r ERRFHHNE phenbadimend ofthe present IMERLIoR; t owar d t he CCD caner a.

Toget her, the phi 945InReAER ke PRk E of Qe g‘crn!ﬁtﬁlfg%@mg@ﬂnﬁ Jlﬁwrsﬂis?fayg?e beam

fromthe focusing | ens 270 constitute a plu taneou erence
and obj ecronygyiéanabdiscreteBopier franpformcbut shifted Uyifactidn ofipixet Gugaihsame eos-pattatn at

| t th i i.5if . . {.
o1 ogr am % SF ER s el SR al BYep o Pt 21 L IS el dor § RSB0 o1
uses &@5hi displagstleast oupealCin Farigr spacessuch thivi itfallpdireetly on dilGDpdntyintthis oase; 60

B e

FIG. 15 illustrates that reconstructing amplitude from a sideband that is not truly centered

causes artifacts in image (the worst situation is when center of the sideband falls exactly in
between display points in Fourier space), representing an embodiment of the present invention;
30 FIG. 16 illustrates a Mach-Zender layout schematic of a hologram acquisition system

with through-the-lens illumination, representing an embodiment of the invention;



PCTI USO0/ 34982 rel ati onship of the beansplitter, reference beam and the
obj ect beamto be conbined at a very small angle (the referenc%ﬁﬁ?%m
mrror, and CCD resenbles a M chel son interferoneter geonetry). S
geonetry allows the reference beammrror to be tilted to create the small
angl e that nmakes the spatially heterodyne or sideband fringes for Fourier
anal ysi s of Wh®/®¥bgram 3) 5 The invention uses a focusiGI¥}E8% o f ocus
t he object onto the focal plane of the CCD. This lens al so provi des

magni fication or demagnificatjon, as desired, by using_ |enses of different
focal |ength aRiddjlivstratesy digital belpgramaseiisition ) mlarowgéraMrluu%@tl@en ratio
of object .St o I fg&qﬁ '“P&F i r¥igerd! | oW
di rect too |e§til{é§ﬁ??ﬁeegtg}%%§mgr??rep )g.?/xllo %@ggﬁﬁ%ﬂ%@%&% I ne €\.'/r\iith
Fouri er t thersbyclimimting sstigmations rgpsésentinmgtah ontbodimentrof ihe inventibn;t erature tic-i x>

10 The system | I [.r rding. [ .09 hol ographi ¢ _Ji.nmages in
real tinme or Ihy’érgiﬂ?]‘%%t%seg (t)org$ % eﬁ?%y t%l?l glro.g%%' ae 39%%%86%5%%11{& ’gea%

di gi t abl y embodimgnt of tidnventiof hol ograns can be nmade to create a hol ographic
notion picture 1e hol ograns can be hroadgcast el ectronj.cally fqQx replay
e arenote i 08 MieiartarRat ol p e o S CROT SN oo gt
hol ogr at r iof fle@iwREticIP! | t ude and phase, wi th phase being directly

proportional to wavel ength and optical 15 path length, this direct to
di gi tal hol ogr E¥hy0dlinstratesslithim giobate orystal and kolegrom Xyrite/replay 9ptiesur enent t ool

for veri flf??&e&ﬁ@%%n@ﬂﬁnﬂh@‘ﬂ%iﬂ%ﬁti&f preci sion conponents, assenblies,
rly Al ’

etc. Siml “the ability to store the holograns digitally i mediately

provi d@s a net FIGS. 2o and 41 B Blustratt wapsmishive andreBective spatielilight mpinlygreptisalof t he
1 oAUl 5 S SR Bpiens o

subt ract i direiovenfiigse) to 20 cal cul ate a physical measurenent of the change

(phase change ing.directl ropartional .o wauel.ength) .. Sim.lar one

obj ect can be ggdrf%grﬂglﬁa?tgs %“yqqlaﬁ‘ee%gﬁf%elgeﬁ%wﬁ%g’s?églélgpﬁrgo%}ga\l/t?ra@%‘ﬁ%d Bé?a t he
second objpelatizériae impléraerftéd ia b hologrmatglny gisieas teprdssgnting lah embodimentiolf eher

respecti ve ho{io raps. To t unanbi guously neasure phase changes greater than
2~ in The B UYh&%Bver two pixels in the x-y plane, hol ograns nust be

recorded at nNDFEG.2BallusGREs APhotdeiphilof a (érberia 9t HPGurief pladdoff d tesHIS showing
interferonetry are well-kaown in the literature and will_ not be repeated

here). Thé&patishlght modulaonpixpledet dlitagied ofersthgirentersieht spahis hedsty rdsrer as,
very smal |difﬁ&&tle@in|{9gé)if RYreddntind 8n BiRbSAhEHR BE the Reftfdn. and reference waves

(mxing at an angle that results in at |least ' two pixels per fringe and at
| east two fri n&légﬁ-aéA-?é#Pallwtefpebt@néb@a@lsnhttqr%mhm@)vyﬂh ‘ragveplaiss. t he

obj ectypat ‘tﬁfg@iﬂﬂo e, and Fourier transform anal ysis of

t he sngti élsl%?%eﬁow 30 rggﬁg%ﬁvgghe@gdyne (si de-band) hologramto make it
possi ble to record hol ographic i mages (i nages with both the phase and
anplitude recorded for every pixel). Additionally, an aperture stop can be
used in the back focal plane of~one or nore |enses involved in focusing the
object, to .~ July 20DESCRIRIONS0RPREFERREBEMBARBIENT8vent al i asi ng of

any frequencies, higher.th can.be resol ved b he, | magi,ng., Syst aliasin
" thor augni y. ABSRPEbia TSR AET S Farlel Rl ofd s Aieb S ORI ERS | 0 ne
ba;:lk Ijzsc ale?qts)lhma@'d mgfe falllytwhnfjdfaedcb m'dﬂw hordinsiting éntbodimety thitcr eﬁluﬂfqﬁa?ldﬁ]tl}ei s al so
we escri bed an un st.0 aperture.i s necessary,i

epatial f recmenss Seingh snbiag e Kotk ey Daeriras tuc e
Once r ecordgonents ah pfo@ssing keRhiiques hielditidddlad Yo Aol GniltRbRAEHIP BHYchrel tRPEIESenBS
3-D phaseor anplitude plots on a two-di nensional display ox to replay the
conpl et e devegtiomim delor ded wave using a phase change crystal and white
l'ight or laserqli ghSysie%b%}l/i%% the original image. The original inmage is

replayed by.witing 1t in the phase-change nediumw th lasers, and either
whi t e 30i ght or Theirsasearthdt digital hiodograpbylhasmot bgsh dgvelaped Bytilmowds thatie tasolutien e

with thre j .ent f | ; i reghayed i.mages,
't 1's pos i BlehFliepBa® b iathers ARG atali ol s et ire RO B Lot T
and r el ayieagugh t6 escotheovery high ematial frequencies fithefehiin ichssical holbglamgr Tphi ¢ noti on
pictures. Since these imges are digitally recorded, they can al so be
broadcast with radio frequency (RF) waves (e.g., mcrowave) or over a
digital network of fibers or cables using suitable digital encoding

technol ogy, and replayed at a renpte site. This effectively allows

| i ol ographic tel evision and 15 notion pictures or "HoloVision." Wth regard
to the use of a lens to focus the object onto the focal plane of the CCD,
the diffraction pattern of a point can be described by a spherical function
whi ch has increasingly close fringe as the distance fromthe center of the

T o A " o o o




~ July 2004 WD 01/050201 10 PCTI USO0/ 34982 As anot her exanple, the

i nvention can use nunerous different nmethods of witing the int.epuzi gg

pattern to an optically sensitive crystal. These include usi ngba h %y

focused scanning | aser . beam (rather than using a spatial |ight

nodul at or), 1t with an spatial |ight nodul ator (SLM_but w thout the

bi asi ng | asﬁ@@g‘%& and many possibl e geometric variati orRCTHS0U3882r i t i ng 5

schenme. As anot her exanple, the invention can use optically sensitive

crystals enpl.oying,optical.effects_ other than R,%és“f change to create the

di ffracti 6‘?@5‘?%‘[%0&5‘%3?"8‘64 tgchnigyes 1‘?_6‘] QY&W&WP%% t&ﬁé‘aﬁ_ﬁ?‘" Eeaidineorf t he

i nvent i onholaprans ahdhll ¥f théiespatiyl FelfudntiSupio ﬁﬂer@ﬁ%lo@{aphic%%luﬁ&gb'ﬂ'tﬁior to
e

create the intensityfpatte,rn, t hereby obviating any need to wite t

i nt ensi t y §5atding amets forFosier Eapsiopm helogm anelysis.al for repl aying the

hol ogram 10 ExXAME Ld i qj;)%gj t | ngion wl |
now. ge further des%ér%iegbsg?%s&? eﬁ@(l)ﬁ 0 %gm%%d%h%ﬁ?"ﬂ Eélgéggl@%%lgﬁ ‘Wi |
serve §o bplogram)altavas alse oeeessaeytta idalizethitdhesF dugiat ansform ftechnignesfusekince. The
exanpl e i .l facili e an.under st.andj ng of. wa i n which
the pres egl}tér%(\?fgn i og%{rgg{yr&b%oq%r%c i ‘Sel‘gi)%ﬁs(f f WP&E&O%WP‘J‘ f”ﬁ%é%p of skill
in the ar nedessapytactalicethhtraathématicaisddition ofeplaneomave A6 e difitaliojogrinengxanpl e
shoul d not _be construed as.limiting the,scope of the pre I nvention.
e Sa'y ity BRISRAR S e ko o ORiegia B erigleid replgy

di r ect - t 0df (i hologanl 4@ difsnat {ad ShoM gkl SFactidrodhblei of RO &gté usél 18 create

beamsplitter 310 _An obpj ect beam fromthe beansplitter 310 travels to a
sem cghduitlec?FlgWéjf%ﬁiebﬁ‘Efm‘fﬁoﬁ% and then to a focusing lens 330. 20

Meanwhi | e, a ref er engsidaerstrdpionvt BiefeRefrEBbdinbRE 310 travels to a
reference beammirror that is nounted on a piezoelectric reference beam

mrror nount 3BeferringoowiwFIG 2assimplerdingesrto digital hadograpdhy systern ksshevaetwp| ar y
recor di ng;j ' " i j | e, ot he position of, a
direct-to g gi ?gie%%’%[s&%iﬁ%@?&%d%at‘%&ﬁtﬁérwéu '%W%gﬂ@'n?fs of
t he appar helogramanLigbt from @ laserI0liyexpppied by abesn expanddnispatial filver 2201 eTHROSI t i On
of anq{25 | [ | S e re readjl eciated. FIG
3 1o 47 e PR AR o U bR G Rl Pt TRER. B R Lo P B b SEasRh i et
in this ca4&)Beatisplitieo RéGcanrbeyfosexmanle, 5% keflebtbved iLight that 13 reflegietl dY teol ogr aphy
systemil rated in FlGS. ,3A.3B escri bed above.  The fringes

obser vabl Ilé%pﬁ%% cﬁ‘&“&ﬁ?gﬁog\p‘gf o5 3? @Wgﬁg %qu%?f”éﬁde%@ Qbiseh et ngﬂé’n of

r ef er ence tierighoieflectdd forn the.objEBK260 Gien pasiethiRaithiFi beArdplinaS240 iahd R&belsl | ght |y
to create 304h se.fr%ﬁr}nm. it 'gtbhe J‘){resence' of  these_ fringes which

al | ons Folff12¢ a focusing n&JIhVé’:g t then trayels ke, shprasdhcpupleddevive 4¢/ED) spaephase
and agp! i (notshow@). t he pi xels of the hologram The Fourier transform

analysis will pe di scutised in nore detail bel ow 5 July 2004 WO 01/050201
i | PCT/ US00/ 34%¥ganvihyilke, the poction of the Lightfxom leng 230 hatinasses thenugh heamsplittea 240our i er

t r ansf or megstifotdsa r&ereﬁé%eém@%b.sTﬁe%eﬁ%réMﬂ Ao if FeROIME e dm P hifto g@y@gat he x

gi,n;ensi on and the axis is the spatial frequency axis along t

i-mensi onsmathgngle: (Thgreflpgied refereraerbeqr frgmmairor 29Mthemizaslsiteward thedwmospliitery t 0

t he stren i i f i L. ace.
The munbesSs it Borlf 4 b tefbo el dibe BB AL hdlod e bidknsp A A ko P

posi t #on travelytoyardibe fosusingdensf270 hEnsioferenaé béanefjere fausiag fene2Znther tavelksG. 4.

It b i E t th f i t

et or odyn S TR BE CETF Ghalel Boabfir, o RBIREAT gl G e BA Mo B e Bbtertos
of f axis bemh fibhdhei fogusitigdéns 29€ parstitutearpliralitylof sitRiteneo@tetence dnd dbjdeNoOWn f r om

Shannan' s; Thegrsm (or Nyquist's limt} that at |east two pixels per fringe
are requi nars 8 rTesolve a fringe, and from el ectron hol ography 10 that at

| east 3 fringeSompdting PG) 2RIHIG. f, adhn'bEsedh tat MYkt (REFAIBwIR N F Enckd oW ECt
in thggholsj%g{am (nomnally it would require three to four fringes per
t

featu agre ta sesrst the holegramyatherthansysing film or a photographic plate. 1) The
invention uses a high resolution CCD (e.g., 1.4 million pixels), (CCD’s with over 60 million

pixels are already available). 2) The invention uses a “Michelson” geometry (the geometrical




spatial frequency plus the object frequencies, but work on the extended
Fourier transformby Voel kl, et al.,~~"i2~ allows the use of 2 éﬁ&$@9§4per
feature). Thus, these two limts determ xie the required magnification of
an object and the tilt angle between the reference and object beans in 15
order tore eature (spatial frequency) in a hologram The data
shown in Fléﬁiéﬁpﬁmgnalyzed by transfogning (shifting) t hBCHRRO/34982 Four i er
space to sit on top of the heterodyne Carrier frequency (the spati al

frequency used by.the snmpll apgle tilt befween {he ohject and reference
beans), tl’i“gﬂwﬁgﬂ’ 91y ttt}@g%f’"_?fggﬁt‘?rarlep"?‘?qc? Gany .%A%e"ﬁg?aﬁq '@ﬁ’ngGPmEE}?Q ERWSHE i h
filter) temelhngld fthd BRréncdBedhbmatd hd OIPreRéhBlbAMIRELEH RietiblogRRrar €
actually the si gnal s 20 resulting fromthe reference beaminteracting with

i tsel f an&cARRitydhi ks geomesinn allawe the aefergpcafieam mifrertorbe tiltpditooreste thesmalkangle f r om
t he hol og}@Pimaky M} B aREk ' : LI Ler
transformrt&Al_I g]'}ﬁ %%?%Mggl\g?e%d?gg%%%&ge ca?l%{se%d{%)ly%lg%ﬁhlg&g?gﬁﬁ?gﬁy orri:)a? er
and caf bdhelinvention usesal foeusing lerRde foctis the object] optni the forgl plang of the CEP. ity leas 30

to 100 hi I sSQor 0., .Pentium Pr.o. .aqr C

Al pha} togtagt?:ﬁfogdég%g ra?rae%’?g% 11ee oﬁgg%gfoﬁla%ies%%rg%%g ﬁgseﬁr%?&m?‘é syst ens
of tEi S silmgth'mcli aqunm:gl mgrthd clyom:'spﬂrdm i gypamahgt_l_'h ofBtrl eelr.g,&aﬁlﬁ@f&ibmb Edifﬁ&ic\w);] fnagad

stock market ¢ tional, enqgi pes. are,also syitabJe for_short-term
| ow r esol E{#af}ﬁeg\/\/@g? ﬁé‘?@f"éﬁéﬁgfp’ﬁbﬂuo rfg‘}éF?fﬁgég"ﬁlz‘ﬁ?%%P&P‘F‘ifﬁpl%ﬂfW%@%n f or
the film iwheiednibined wittCPourRetrasRREIsAwhibd ahalfdi-hethy G kAR M th liRkAnFE8k®Rop
syste wthin 6 to 1Q yeaélgg FIG ,6 shows a replay of the phase data

created by perpberﬁi‘?ﬁ@ 15 fratagle forrpeneding and pRipging holograplieimagesin cepbtimgoant from
FI'G 5. Repliayihes ﬁmpldﬁla;@erasmaam@%t«sgimﬁg%&&gm{v‘éto}éd h Sl Sﬁoﬁ&%ﬁ ﬁﬂt Ion
um nation of the

of ‘a diffraction grating in an optical crystal and il

di f f r act i baMgAutojcFReted hatographia mptiopnictyssror thsdologramstcan Ye broadeass dlettaniaally i ght )
at the cog I : A 4 /050201
CTI Usool 14018 et 38 B RidShonfindilaBbiiion eRuNbn? Sinke WoBERE 00 o
from t he Horesgmplitudeensl nhpseawith phass being direatly piqpertional te- waveleggthrandioptidal h( x, yz)

o1 ccod? a) Paa 1S Bifuire b Ohchogrll i s 8 W0y R brsgscommpet
functi on ¢adiéul vedifying shapes ashdimessiqgisys preeision compasalis,agsembiibsate. Bavikarly,

I nt ersect iyn ngle.a,wth the.original. abject,wave _of the.h ram, The
function é‘}eggﬁ"i%%bsg"? fhe h%ﬁf%%ﬁa‘h %"F‘%‘{Ia@}']pfc’[védeéﬁﬂ’ﬁfhgg f%’fﬁ‘@@éﬁ?&%@? orm
the absol idteferahetey. iHulemahs of the/seie dbfect, WAérGbme phytical dhange (Btrdsk) @emperature, -
onl'y. 10 FRSIPHELTENE sfoor SHodesibtzeisd Bomonearabg (e cbmEaior AT e ) ect, and
only ? - J ect, an
drop' pbe aaltw&eh pRysijal MBasuiemehd ik ehaﬂ_ief(gﬁusg Ehangd bédy difetly ?xﬂp&rﬁb&?alﬁf eat ed
in the light sensitjve crystal can then be. illumnated with laser |ight at
angle a tg'aY%l?HKﬁ\j- %: a&‘?/i%?ﬂ‘échtﬁmbf‘g@&mﬂrqdfto a like ghjechto mepsirs ghe depiptonsiehs a
tempor ary HRiaRAd 6HRAMRNPhe TR bbb B sRAAGHE MESRbI B et Toaser
light, thenanggi con;%%%xﬁgéggg%%vﬂiagaﬁg;;éroT el ;ﬁh%l 'nshfnt;‘atr:eousl y
acqui red YnamRigious] , £ Aplang overitwaparelaan the kaser
I'ight fro Y0y ol ' ' i he
angl e a, gl %&%Bﬁg{ngﬁagf%{%% or tgﬂ% @éfé%‘l ‘;s'ﬁ[vg%;@ ggyg%%h%:sgor? s Bg%(%%egq[hg%y Thi s
i s ju@b ointerfeousstty ase well-hoewmindheliteratineandnvill noblesiefdatediretehod for writing

t he hol ogr aphi . i [ cal Ly. sensj t.ive.crystal 'and then replayin
1 oY 9P e HRAoh SoriindRhd ElorHieh FURItAY Fiafd iRl vl Bnaliflel b o o
usi n% thﬁniixingmﬁthe)holoﬁephi% olsjeot ahx?reﬁmrl I ce Katdsethirtingpds tahlh@gghﬂbagﬁﬂtﬁ i 48 loakt tten
to the phase .change.or o tigca active. crysta iptersecting two

| aser bea oplﬁaﬁp ﬁuﬁ'&@ a(?h&ﬁ%%s?g’ml&nﬁ?y Wi@?at‘ﬂefﬁweﬁb%ﬁﬁe?)f‘feéﬂ prassiegrliths ough a
spati al | objét afhe weaidiig ﬁzaﬁerh}blﬁﬁédbﬂdqfoﬁri&ﬂlﬁnm&&&Ea?ﬁlsioﬁfﬁi%%ﬁ&tfaﬂy RAk-tern into

it, crgat gd mat hemat | cal _%fromthe original hol ogram as descri bed above.
38 i B {side-

SLM 7 eQUSREY Ratar {side-bandbhnlegram apmgket possibledo reaend pbographic imagssi ng

| ens 730 iRAbS tyish | lftﬁkﬁa m%gf&h%@gﬁj 7 he

i nter sectitlon osﬁ Eltaser gggé%%ﬁaw% aser  Beam , l’é?ég{dﬁgfog%%#gﬁm

i Nt ensi t y stop canthe usegbin|thsskack facs! plawpiabeortroredanses invobved art foousing the objectdoyst al
710. After the pattern is witten, Laser Beam 2, incident on the crystal
710 at angle a replays the original hologram Introduction to |ightwave

hol ography In order that the hol ogram processi ng steps described herein can
be nore easily 30 understood, it is useful briefly to review first the '
nature of off axis hol ography. In an electron m croscope, equipped with a
hi ghly coherent el ectron source, e.g. one using a field-em ssion electron
gun, the electron beamthat is incident on.the specinen is, ideally, a

pl ane wave. In S July 2004 WO 011050201 PCT/ US00/ 34982 13 practice; this

o L o o o




o(r) =a(i). e ~~. (1) S Both atr~ and cp (r) are real functions and

descri be the object anplitude and the object phase, respecti ve 5'@04
vector ~ is a vector in the specinmen plane, or the (X,y) plane easons
of sinplicity, magnification factors and inage rotations are |gnored SO
vectors in g}bn * Ele pl ane and the object plane coincide. Wen recording
the of f axi %’3 am the object is, s;hdeal ly, positioned@MRPely on 10
one side of the biprism The bi prlsmt en overlaps the image wave (or

obj ect way ndi n t he ex se w,th the ref erence wave,
"% e Mgt B3 e O oo Righerhan onygp o iR by s ot tgomahpoine

al., 1993; mmrwh@tmbadmmkﬁfemu&e&m ldciripapeitire stbPOiR)the BadR dch 1aﬁehﬁa
ref er ence, way i,S aﬁ&*&nﬁ wave that does nogt. go_through an E)grt of the
speci men, leahodinitie upfisies Rrpsent i also well degesibed E‘?fje‘ﬁ?u‘!m'éf é)eﬁ‘fchbl e
resul t's nggeripdelis ﬁecbé@al‘?l?f :ﬂl $pafhl 'ﬁfe%ﬁeiﬂﬁeén%er (ﬁ{lé:clf %@? W@b? of, N€

speci nen or is deforned %/manelc or elec ge plane
bel ow ¥ heOnsasesosdadyib issnostible kreeitherrgplay thpéals»gtaphm images 84 3- kaha& drlambhtade 1 990) :

: (.r) 1+A2éll&?sthatwé)& e%fsibo‘{xél)dl gofito ??lé} pxﬁ%lét%)on% rgcogl@ ?ﬁﬁ?{?' t}fggalt ef renr m

he in tic sca ons®rn

| ~kl descphab@dlanmrQantaWhﬁﬂ@lmenhgerhghtttdnmphgltbmgmgiﬂalnnafgm’n‘m&lguﬁu(x) and
~(r) desc nd h ch ar ff t. from
t e’ obj ec{'ﬂag ﬁgﬁégbgq‘%ﬂwﬁa‘ghﬁé’ﬁ %%?fﬁ ﬂl\%lkﬁ%rs’é‘fl ¢ t% ghtOE | ens
(and ot hesnotienlaserds wd ¢ mpluy haBg eéb))rdxﬁﬁhﬁ mageémvm; d@&faiﬂfé?&& cblb? dlmaérraagt of

sed, i =1, and I~ and cp

th f f
e o0 o SRR G idae SRS Eeup PSS HisrbolSinsiosgitn B rononeisly
parti cl eswdfngdndaeRying e beics afmFesf Riid pdséibld t&ﬁfﬁmeﬂgfaﬁmé B0k Petukdd! 8 @f ence

frlnges hey run fromthe to ft to the 2S bottom right corner o

i mage. | nthgtedwpgss gregligitally recoped i thaynanalse babipadeast withaadie 8050 (RFOrH\@EGW\/ave
and from~ r@tmlﬁll%%/amlr b&éﬂq(ﬂlﬁt@%eam 8f fibbrd YHabied LFH;Q&% WETo%ngihiz

i mge |ntenS|ty T(~ is perfornmed and we obtain
(i)} + 8 techuolpgyang Wdatare@pteslte } This ¢ffectigely allows hyJographitftalévisiyn ard | ~~ }

where1¢  dgBRLERctaRE b » July 2004 WO 011 050201 PCT/ US40/ 34982 14 The
Fouri er transtf%(r:m o? }Flbtl ﬂigfoggram of FIG 8 is displayed in FIG 9. The

central area iWithregond taﬂletuaeofadmsao Grcngthe objoct ontarthe fivalqubane @f thei@i2D, e t he

Fourier tgansf e . The. Lntere features in this
i mage are the %g%‘aoggglgﬂﬁ{ﬁ%tgel SOk b?d%ga Phee tugu Slﬂ‘éhn%ﬁf’i?ﬁﬁflp ation. A
cl oser | odkseﬁwﬂkeahstmme fromi the cehter oﬂhamltem inaeasen NAS theserFiRgds et dsbr

respect 5 t.0 nt of the si and; osi tg beans dq not have t he
sanme intée |°Ik§§¢r f’%e S Y AT R AR ﬁﬁ&eg’ﬁlﬂfﬂg ?’f‘yﬁ’o‘"sﬁﬁ’ét thedptesagiipn of these of

Ed. (320 copoissiiiaction@attéras from asbipleR bbjecticreateh ﬁun%os%ly defek ahd dnplicge®! the
si debands fromvévﬁ Fourjer t ansfor tain the Fourier transform of the

conpl ex i PG canngt b 4uyy; ?fﬁi‘eﬁ ra'bvaaﬁ §9 fimes Focysing theohiect pn theansf or m
of the colrmlr@mg pEBYEliniRNes thesei QfRPasns, So maﬁnEM m@ﬁ-réssﬁﬁéﬁ Qg of the

corrplexo ect wave in the. foIIovmn (~, eil~~~~) _ ~ (A~ -
e-u~ ‘ﬁn}%gﬁmmﬂ@{og@n{s@wmrﬁe{som letﬁé@% bes t he i sopl anatl c wave,

aberr at i OnS.  Hewe rooBirdiny lﬁeélmﬂwfqo@ hﬂémfmvfﬁsm?gaaﬂgé %gol{fﬁ’&hr\h‘ﬁrbeslaace (or

reci procal space), i.e., back focal plane o ective lens. It is
obvi ot fenprAmAtely 46 aawm, thhef grdsz(of 59 gu«mm uniti mgmﬁcamonau‘h:s timitavan be

he. poi nt SYESELt PLae phebt s cplontls. pylhinked f50lch drdgdlyespeTe 1"

desi r abl eholeggam h@oluhomwﬂﬂm@pmumanﬂy b60jines/amwifatmagnificationtofll 0 tusedit ur e

e poi nt SPB R BRER S ot o= Y At B R ofdB e mace

| i ght wav eort@the a¢catdling dametdie di rect accessibility of the i mge phase. In 20

contrgst to t conventi on contrast transfer function which is a
si n-ftnhction ( eé‘f"ﬁﬁﬁ“"i"@%@@ o b embgdisd)in @ apmper of plégrnajiye appreashesy Faxinatance,

function g idvbgioakineade plah@%mu@tram&mad Wﬁ@ﬁtﬁﬁlsitﬁn%?%ﬁlbﬂgﬁu%a&he

cos-function. This transfer function is displayed In

advant agendrmpligd e Bxegeherivel aFhseshifting, uﬁqrﬁrpm@ryuhmll depumented in the btsrabwet r ast
(details of size > 1Inm is not decreased and, apart froma slightly
degraded point resolution, the total anount of information is hi gher in the

,_




25 image phase than in the image intensity at Gabor focus (Wierstall, 1989;
Lichte, 1991). This is one of the reasons why a direct display Qflul&t}% jmge
phase is preferable over the image intensity in sonme cases. The éX enged
Fourier transform In order to evaluate holograns in a conputer, discrete
Fourier optics is convenfiionally 30 used. Although the discrete Fourier
t ransf or m of V&M e contains the sarr@ i nformation as t EEYIYP8 i mage,
t he conventional discrete Fourier transformis not the ideal tool to
performthis task. .5 July 2004 WO 01/050201 PCT/ USD0/ 34982 15 To
i 1 1 ust r at &s@Rpler examplgsthe BEntipn canusgingmerse difigregmeshodsiof smiting thy iptencity s
which is h i 18 I : | ze of
pth oI WnsR B Atak | PS8R SRRy ,?yaf;?%ﬁ%gne finihf fuodt

one pixel “of the canmera has the di nension ance

bet ween n&ranGatherihaising asspatial ligktaneilulan) wWriting sithan spatiellight sogylatos(SLa€or ded

) -y e B Wi e, bl o o B P e 2
val ues5of sthemef dis@hother ebcémply,)tﬂeamvtd’ﬁeiwﬁmse bptixfall? h@ﬁipiivx_eﬂystlélé Bm%l’ogrim@%f ([1,
-1/z)d du ot he jinteqgration over the_ ar f the pixel. s effec
togé% h)ea \R,P{?‘H‘i iy r%heégtf?ﬁrpgﬁgﬁlﬁn GreRte Wﬁﬁﬁg?"%f’ﬂ 065% hﬁgzrd%i s
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def i nd0t he nunmber of pixels needed t EX¥AMBEE2~ in the 15 direction f
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t hen ﬁﬁe PRPE FER- ﬁ&c’c?ndmgﬂ,}h(ef),( pl?\fli’(oﬂfdﬁmtt h%&‘&?%g‘fdé? ﬁ?‘ﬁg’gwc%ﬁﬁfr‘? i s
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di spl ayed with r..exanple, 124 X 124 or 13789 X 13789 sanpling points

(i. 2. , ydi spl ayF 5%3&%?&‘%@6 v Yiew ahgn ?‘ﬁ’&&’é’ya ichslsop? geqmastry Jer dissgicle- The

di screte Hpital logrdph) $5 Mowh Flased light Is prévidiafith a%&h@glmﬂld Anol%i)ectzbegmﬁoh :
yetit~~"~""~)rN <pg Nm-~mwiere V2 5 k, 1S N2 -1. FIG Il shows the
modul es offbetheamrdies T0 teavels & iemicondistor wafermopat 329 and then ime foghsiemions¥dland
N=32. 26he Meahwiifd, b AFerbfife A $EhAALEn{sPIitier 810 #MARM &mﬂrgﬂde%é}ﬁ‘bh%ﬁﬁﬁs from
the surprising difference in the display between the nodules o , ~}

S July 20mountes] on 2 pisgoglectric reference beam mirror mount 340.

o FIG. 3B is another perspective view of the exemplary recording “Michelson” geometry is
g shown. In this view, the position of a direct-to-digital CCD camera 350 with regard to the other
subcomponents of the apparatus can be more readily appreciated. In this view, the position of an
25  object target mount 360 can also be more readily appreciated.

FIG. 4 is a heterodyne (sideband) hologram of a scratch in a mirror (the object in this
case). The hologram was made with the direct to digital holography system illustrated in FIGS.
éA-BB and described above. The fringes observable in the hologram are due to the interference
between the reference and object beams. The reference beam mirror was tilted slightly to create

30  these fringes. Itis the presence of these fringes which allows Fourier transform analysis of the
hologram to calculate the phase and amplitude for the pixels of the hologram. The Fourier

transform analysis will be discussed in more detail below.



16 PCT/ USO0/ 34982 and the display of the nodulus of the analytic Fourier
transformof Eq.(6) FTa{l (x)} The analytic Fourier transform 1' 9004
defined as: FTa {...} =f ~{...} ez'(~+n") dx dy (1~) =] N??“&?

ez~' (~~+~) ~dy . 0 5 The modul us of FTa{l(x)} is displayed in FIG 12. In.
conparing Fi nd 12 It is clear that none of the visible in
Fig.12 are W‘m }&maFl g. | . Also, e FTa extends to |%Fﬁ‘?m”§f9’f2n Fouri er
space, vvhereas the FTa does not exten beyond the well known N]%/qw 3t limt
at 1/(2d). cret d Fourier transformEFT as
follows: 1 N JeF@kr %C&?E]%)FO etwo( 15199 L\ﬁ grmoiﬁléi% € X axis
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nunber ofsd?nggl ay p0|cnts l!:‘I@qthgs'z (Pﬂ;)aﬁ‘eqh DF bHc g M%Jmf FTd.
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of the antiayitileasttnd pistels m?m@e&eﬁquﬁaet&&md FE&)Hﬂid ﬁﬁmbreatﬁfﬁﬂ‘ magraﬁdﬁlyr st

t he ui I|mt .t||| ho t he extende ourier transformand no
spat :\gﬁ ﬁ@hﬂé‘ﬁ‘éﬁ INSFRY Y E@/‘Eb‘rf‘“l Yuge pze TRGYER p rsplyg the objeetdn the hologram i ¢ e
i'mgge ar emondhidigst Whdd RGuiddthice ASHHANEINGSs Peb farid fodllow Re6RitioN\be tR\cati&

refl ected back at the quist  limt and cause differences such as the

di sappear S8l fRauensy plps @J%bﬁ?ﬂé?l?ﬁlqssb‘\? workondthe xtended Faurier trppsfasmityct  of
t~k 5 Jyloy2e0d WD QildARA2RE of 2 fringes per feature). Thus, these two limits determine the

requlred maghnification of an object and the tilt angle between the reference and object beams in

15  order to resolve a feature (spatial frequency) in a hologram.

The data shown in FIG, 5 is analyzed by transforming (shifting) the axes in Fourier space
to sit on top of the heterodyne carrier frequency (the spatial frequency caused by the small angle
tilt between the object and reference beams), then applying a digital filter (e.g., a Hanning or
Butterworth filter) to-cut off the signals around the original origin (these are actually the signals

20  resulting from the reference beam interacting with itself and the object beam interacting with
itself, and are just noise from the hologram point of view), and then performing the inverse
Fourier transform. All of this analysis can be carried out on a digital computer and can be done
in real time. Real time analysis may require as many as 30 to 100 high performance parallel
processors (e.g., Pentium Pro.or DEC Alpha) to achieve a frame rate of 30 frames per second.

25  Computer systems of this size are presently commonly used as large database servers and stock
matket calculational engines. They are also suitable for short-term low resolution weather
forecasting, and image manipulation and creation for the film industry. It can be expected that
such systems will be desktop systems within 6 to 10 years.

FIG. 6 shows a replay of the phase data created by performing the described analysis on

30 the data (hologram) from FIG. 5. Replaying the data as an actual hologram will require the
creation of a diffraction grating in an optical crystal and illumination of the diffraction grating
with laser light (or appropriately treated white light) at the correct angle. The data to be actually
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the special case ~k = 0.133 and i =1. In conparisonto FIG 11, 'glryr%tr ght
of the two peaks now coincides exactly with a pixel (or display ig O?
Fourier space. This causes the sidelobes, as visible in FIG 11, to

di sappear. hifting of the display points in Fourier ace is very
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illum nation beansplitter 25 1b30 toward the beam conbi ner 1650 via the
tube Il ens 1645. A reference beam 1685 passes through the assenbly 1660, is
reflected by the reference beansplitter 1665 and then passes through the
refer ence Ob] ectr ve 1660 The ref erence beam 1685 t hen reflects fromthe
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Mach- Zender geonetry. Conparing the Mach-Zender geonetry of Fi 951&132@63“ | ed
Mach- Zender because of its simlarity to the geonetry of a MachZender
interferoneter) with the Mchel son geonetry, it can be appreciated that the
focusing le boeCtive lens 163 Sin FIG 16) can be | gser to the
obj ect 1648%‘(‘3@%2‘5)12 t hrough-the-lens 3 illumnation all gﬁéﬁpﬁ)‘gg@sz
beansplitter 1630 used for illumnation to be behind the objective | ens
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1720 vi a 5B Py 4 ikl appreci ated that the object beamfromthe
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exanpl e, Whase & detsitessdnvodiion. t ravel to an Apogee KX-14 canmera with a Kodak
KAF- 1400 sensor. 20 Quarter-wave Plate and Pol ari zer Beam | sol ati on
Suppresses Unwanted Refl ections The invention can include the use of
gquarter-wave plate and pol arizer beamisol ation to suppress unwant ed
xef |l ections. Experinents have shown that spurious reflections fromthe | ens
surfaces of the objective (or any other source) can be suppressed by nore
than an order of 25 magnitude with a quarter-wave plate isolator design. To
use this technique, the illum nation beansplitter is replaced wth a
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.quarter-wave plate is adjusted so that the incom ng p-polarization is
converted to circular polarization when it strikes the object. é‘*]ﬁlj;g)bw”
fromthe object passes through the quarter30 wave plate once noré dand I's
converted to s-polarization. The s-polarization is now reflected fromthe
pol ari zi ng j.fter and passes down the optical path to the CCD canera.
Spuri ous re?fég?ﬁ))ir?g fromthe objecti v,% are now suppresseacyg§‘¥9(?§5!§2t hey are
still p-polarization and are 5 July 2004 WO 01/050201 PCT/ US00/ 34982 21
not reflected . pol ari zi eanspl i ro.A.ternagi ersions of this
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is used to eli ctpeesile ppypvsErealsiof thepoint resplutiery ofarmikroscppe angtheand a
digital fildRtant £a "??WE : LeGk:. hase. and.anplitude
after the il%]verseatlﬁ:ﬂ%%kh_ tﬂae Oﬁ%\{%él?ggp fgﬂ%égﬁsggbglf&gﬁ@gElg)ﬂeipgasﬁb{n )
const 88t , cemkast to Hiegonveptiorialientras drensfertfunution whizhasis sinSmetiow (Reimert 1989y ausd ar e
created ip; Is t by. th resence of t.he additiangl
frequency alg%l%g r#(g mﬁs Slgf&’ ‘?‘E g i%sgérr rlﬁlne%o? ?gtag 8% 86 P ﬁ§§ Hito ﬁﬁéﬂﬁecpfi‘lasedﬁﬁ“esﬁ?beé]n d
r ef 'er encebptheropinktion: Ghid ttansfenfuactioriy disglayed A0FIGE PeB] The adkiithdy offthieespgency
for the 3 odyne hologr.am An alter iV, 1 ho uld be to exactly
cal cul at egpggﬁ?r%cﬁg%gﬁ&yg}rg&mea 8‘??3?%2@%?‘%&? >gf‘¥$ Kadopdesreaspd agdner a
and use shpapl feom @ plighdly delgaded polht teolttigl, GU6tal dnhfint of nfdtthatiod @tetPidhé 050201
PCT/ Ugg)O/ 34982. 22 wavefront i.n the reference

beam FIG 18 shows a
phot off? apif"#f Phess _ﬂfﬁ“&‘f the fmagedytensity,af Gatas dogys, (Weiemshy 1 9880Lishte. GRRAD, Thistin
. seni - i denbadeftheMehas why sl diret _&i"sﬁ&f@fth@ﬁﬁﬂ_g@%ﬁﬂé id ﬂ?&eﬁﬂﬁ%aﬂkpe b ffidnsi
mechani ca|l attenuator and infinitely variable ratio beansplitters w tt¥1
Acoust.o- CBYSOB GBS at ors The i nvention can include repl aci ng mechani cal
attenuator arid infinitely var td 0. jtters with acousto-optic
nodul at ors. For hi gh~speed ope’l‘rhg?%c%%@aﬂr?gn%g%%él% the wear and tear
associ at ed wi tlh onde tregvialvate hologtatnsiis a cahputéredistirge Falriet aptivsds donveritiosdlnce)

t he hapi.gal .or and variable ratio beanmspltter shown.in FJG | 6
can batn ety SAAAME e RO aRork 73 ined S 5aR 1 s feTgprps the
acoust o- omtiginal imaie| the oonventionel disréts Peurlep tri@PrRGEndt iR idkdl el fREfora s | an
acoust o- o&ti c nodul ator in each of the reference and object beam paths

coul d be g%d to adjust the power in that particular path and act as a

hi gh- speed shutter. Acousto-optic nodul ators are usually driven with radio
frequency {RF) el ectromagneti c waves and have an . onloff time typically on
t he order of one mcrosecond. This is particularly useful for situations 15
where i mages are being continuously acquired at nultiple franes per second
(e.g., holovision), where mechani cal conponents.cannot adjust rapidly
enough and are subject to failure because of the nunmber of cycles of
operation achieved daily. Use fiber optics to couple the laser to the

o o r .Y e - S - S r " 1 o - v
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25 time-consum ng and finicky alignment of the mcron size pinholes of the
spatial filter. The single-node optical fibers rapidly attenuat§hﬁ??ob4aser
light not in the allowed node, thereby "cleaning up" the beam pro e. It
can be appreciated fromFIG 16 that if mrrors and | enses are used to
coupl e the I»ﬂ?@ﬁosﬁz&the obj ect and reference | egs of the "hol ocanera” that
it would be 1 nconvenient to have the | aser |ocated farP$VEWPP4982 canera
system Renote |ocation would require unobstructed beam pat hs that m ght

have to be enc f.OL. ons .of safety.or tp.k ebrjs .and artjfacts
out of the pat t@g@%:%?{msgfe{?‘ﬁwnag i fdser mfaﬁgogst‘?éﬁ&rﬂﬁﬁ‘eisfw@?%dﬁ}” dilipde
pol ar i zat bbtainpd Remraslovgs@piGODBdamera: %Féﬁe%%ze@oﬁéﬁ&&%@% CED camera has

PCT/ US00/ %9 2 fibers . arg used to couple the laser to the matching | enses
for each df,gm?”é}?ﬁtdj Fload‘gtﬂi“’o‘ﬁ“?ﬂce priavepnacighbpringpixels isadsve rfibe image fmrtion e

si ngl e- NDUR,yH islt€dosded|ab Buch PRRI 85Phalthe VIRAESS except the all owed propagation
node, so that the two spatial filters in FIG 16 can both be eli m nated.
Renot e5l ocati on of the,lasdr rand pustlg%oglxi ¢ nodul ators gsr mechani cal
attenuator and beanspl {1t eg? ¢afr§ Jhawve ok @ar abl e advant aes in many

situations.,Lasers cagn of.ten be bul ky and haye consi derabl e environnent al
requi r emeRid Q’&foﬁi'-'ng; L@I’%@@&%Q‘%{?B&%ﬁ’@%@‘@“%Bftbﬁﬁlﬂcﬁ‘%s@ at thegentenpfini t h

a {1 exi bl GeGReAQaLi), @l bou) dide homRERE v 8ddrdr iR dldnifdfeaobi | € fox
applications where weight is i nBortan or where mobi ity I's 1 nportant. 10

DI G TAL Hiasetheyitirptheragongibutesye e CEDcamera; tRor thiis diyovsséom, waydllit The

i nvention ' ' £ ' ut, dor e
arating off ane UBEASNEITR bRl conPSa L ahhigfnd RGn Tl B AU 1 By WERS

i npl ed@nt awpoe, forthemement, it Johp) has thefgrosy st em descri bed in the ori gi nal
invention disclosure. Al aﬁer' ;Qog%ié o%i cal ly coupl ed togg 15 vari abl e
beamspl i tter 1910 via a valtabTFE&SHAGREABx 1905. A write am 1950 passes
fromthe fa0kepkdhaadispdlidihere. 194 Qigitve@ualped, sSut ter 1955, to a mirror
1960, through a spatial filter 1965, and through a collimating lens 19?0 to
a spatial |ight nodul algr =S8 {(BrWud-h@-$Pedl} al |ight nod(ator 1975, the
wite beam 1950 S hr ough i.near polarizer, 1977, through a tube |ens
1980, ¢ by BUGRIR St P Elsguise. Wadopi b obbide prebed WeRs 2ugutieo ¢ h
beam t®nbiineatiod ndfllad fockhé Rfvged defided DY, (7PASANES i {al ve
crystal 1995. Apfkgela beam 18%5 passes(?ir(g?nthe asaalt)rhiﬁgaﬁ%;gfgfegl%%%?%ter 1910
t hrough afréqueneyvgpt ape: 1920, through a shutter 1925, through a spati al
filter 1930, and through a collimating lens 1935 to a mrror 1940, to a
beam conbi ner 1945 (e.g., -~ bg@__rrsglltter), and then to a f@zal pl ane of a
photorefractive crystal 1995. A géf2 of> viewi ng optics 1999 are optically

coupl ed tg‘;‘t he crystal 1995. 25 Still referri nﬁ@to FIG 19, after being
filtered 4AtPtEamirerthatdhis sunpesiof prelibe as infager.  Hhe sompling thensem 31989 thptis thes

th h t : i : itois. diditald
modul at ec e e AR Rt PRI toh ot SPMIA MRiplenbl Bl e Hhage s Sinfll Bob
hol, 0g#& phthe Nyawist ligeit| gﬂlen therimageinetrntievmiquefihdefinebwithianis: (@@ad der@CDbj ect i ve

1990 t hen ‘ [ ' tQ_the.appropriate sSi in the
phot or f rma%?&. %Zﬁ*&g?@#@%@ﬁﬁ% St e AP et BRI HerBERR, 50
bar i um t i with st2s then thedhfoematipind, porel(x F¥ tvithie tierayat ofitlee GCP cauah istoiplete. The
demagni fi téf%{l' such that.th ho{o raplti)'c jffractjo ating ipn the
crystal 13%5 W r‘|t §‘§°¥Ea & Weytien 028158 aﬁgﬂlé(’r Béﬁ S E‘Y‘F‘iﬁ"‘%g{’ﬂ %‘ﬁmglﬁ %36

repl ayed 1ol ardBa8n X TBE8Oaminpliny godis €., ARBIAY béidis)) bbh if HABsPhbd @Y $n Faurfeh e

Wi ti$§; 5 Julé{%dffgrO%S‘y\O.Oll 05 20%?#5084{34982 24 process. Once the

hol ogfhphiPetyr Hieidigrefet quries fansiops Fin & pIssleBrekdsact i ve crystal 1995 it can
be repl ayed by cl osing thed WK i te keam sk}gt twelr 1955 and opening the repl ay
beam shutter 1925 so thadl“ttha=hol »qr.opghte*Yating witten @p the
photorefractive crystal is i||LNr‘in§-gt ed by the replay beam 1915 at the '
Fepl ayed Bane NDs kORI I B ARLRe S Bl by Bt O GIRATN o e
wite bea??%‘l{bu}d@mn&adimamiomdm&dmpmoﬁmmfmlay eplended Foatier algotithid nat i ng t he
hol ogr am I lveWitten 1nto.the photorefractive crystal nthis
conf iggur aﬁ%wndn?légm?’(g&n ee%qu{.gspl(g&)ﬁ?ﬁ %'QQ‘SP{aﬁﬁ?tf”ﬁ%“ Pégt@\gl}ls ‘%é%g{lai t he
angle that the replay beam woul d have struck it to replay it in the wite
eam origi na irection. This is represented in FIG 19 by the downwar

b i gi nal di [ his i nt ed i b he d d
pointing arrow in the | ow




10 right-hand corner of the drawing. In this case both the entire replay
beam optics and the 1 beansplitter between the objective |lens ?‘ﬂﬂi?@m
photorefractive crystal beconmes extraneous and unnecessary. Thds,

hol ographic greeting witten in the photorefractive crystal 1995 can be
replayed with the replay beam or alternatively, replayed l%y the wite beam
al one with MOPEHNL 51 |ight nodul at or, .turned of f, t her e RFTHH093®82ng t he
need for any replay beam or associ at ed®1s apparatus. For reasons of display
timng one confiquratjon or, the other nay,.be re ir I 20 is a
bhot ogr aptradhe b e hemoRiint e webive Bptie Gorinm ke GRBN kohe The 1 1 he
hol ogr aphanaly®ie FehridPabhsforlMBT£isAeRncdianer al - varieties of suitable readily
commercially available SLMs, both reflective LCD (liquid crystal display),
transm ssive LCD, and m@f Oy i I § . %i@u+fl). exas I nstrune DLP-digital

| i ght processor-inpl errelpgtefiﬁ orr)-‘:;gT %i cal Idfd}he LCD SLMs 20°require a
polarizes. FIGS. 21 A and 21 B show two SLM geonetries suitable for

i npl enentation in a hol ographi”o {epeHi8Ydtdm Note that a micro-mrror

i npl enentation would not requife a polarizes and would not rotate the

pol ar i¥ at Themedulisod FITQXx) hisldéspiagediin RIGS1 A dpicathpaaing FigsFl1 1Gind A2, is h@léar that

phot ograph of .the 800 pixel s. by.60Q pixels tyansm ssivwe SLM eppl oyed for
Phe 25 hoPBS oS E e BRI e 42 BEdnieit P L L Rk oL PP oF G 10
El'i m nat i Pgiehspad; MhBieteihe BUE @odoinbi xdeuiibeyonBital vdlknblva Nyauiiinhid i 19@4).
include witing the hologramdiffraction grating to photorefractive crystal
and repl ayi ng Wet(dis¢rgte) ?R@e‘ﬂ)ga?ﬁ%?@%?%%‘ﬁﬁgg‘@ﬂm ollg®es al | i ght

modul ator) signal on 30 to wite and pff to replay. W-:th no signal to the
SLM the wite beam becomesERTHL pae-Jay.e}suitable for replHYy and no
separate replay beamis required. N g=dul y 2004 WO 01/ 050201 PCT/ USO0/ 34982
25 Begause the SLM pi xel s have finite gdges.Hasmopposed to infinitely
thin),  the edges forma fairly strdffg gtid‘?)fﬁa(:)?,?'o)n grating. If these

edges/ di fwith act ARPADE &f INWR <lt, @<I9t/2-a| Mhe hvteelediendsd Fhgier fRAGRHImiiSdsfinkdey
formartifacts at a higher frequency in the hologramgrating witten to the
phot oref r&ttive crystal. These artifacts are undesirable since they produce
confusing diffracted 5 orders of |jghtrand interact with the desired

hol ogram grating to be WEREdn.} e photdrefractive cry§kdl . Referring
again to FIG 19, these pi xel edge@’fd‘i#—f'ﬂ”acti on grating can be elimnated by
.placing the aperture 1985 at .t he FouUnjuedmRtane-0f the tube |ens, which
occurs between the tube |ens and tHE focusi ng objective. The aperh~re is

si zedl3 o Phesevovdriableh Ak ZArand d périnitecehedgedn derdispley imBouwter spacensnedlles thehe pi xel

edges but_does t .elimnate t i wWhitten.t he..8LM because the

pi xel edg%%maef(gP%ﬁ%lajﬁPcaﬁtg's#%?ertgaglg%rﬁggé\g@834Téfédﬁ\“/atfﬁrrt'he SLM (the pixel s

t hensel ves can at risteffdttyflkay a frequency half the pi xel edge frequency,
by Nyquist's Limt). The Fourier plane js.easily found . by turning t SLM
of f and obser#l??gef%ﬁﬁ'e‘?fgcf’ﬂ equ’flif‘iog’cﬁgidl%rs(é%?%‘?:iﬁ%‘ﬂ&ﬁﬁt_ﬁet e)?éqgn°§£&§és
batsi g 1ot e M e be e e r ooty &t the b tens.
Pouri &F pa%tﬁzs.vm@ﬁina@emé‘{(t rHENEg e HPE@S?%%P&S_ ?f&ﬁ“ﬁFmﬁ%"- Ve
Acoust 0- Opdairs; bUAAHE BED(f0r © > 1) AMIhSF MU oRtaliHE bR iRfolmiAfoh O Théze 8RN kA9 Fi bers

The invent]on can include Teplacing a nmechani cal beam attenuator with an

acoust o- ofifferences indgdisplaiof thsrmedybis of theanalie aad itherraeduluysf the sxisaded;Fonisry
mechani cafsitht ?i@t @@Ng@ﬂsﬁﬁﬁl %ﬂ%lﬁ@' fhith@ERMAEPF R el ﬁaﬂyﬁgﬂl A6 Spakitr SPeed
I stussed abo th th

and conveni ence. ve 1 n connection w e hol ogram
acqui si t i tequeneiesshowaipdejand the\Nyguistdimit ficcond, the Hmited ineage atea cgusestdghenr i abl e

beanspli t wn 4 n.ElG 19 can be replaced. w acoust o. . optic..npdul at ors
(Acn 23 BERGR otk siack wERR aGrficb R e Yo BB Rog e B e
25 hol ogr suvchras fHealjsapgarhnte dRthovers finadetdiBadkibldin thoFTfect i ng themto the
replay optics wt hh@{ %edgzﬂe pol ari zati on preserving optical fibers. Once
nmore this serves the® ’f)t of elimnating mass and environnmental effects
(heat, vibration, (..) due to the laser and AOMs from the hol ovi si on head
and makes it |ightweight and nobile. The fibers also serve the purpose once
nore of elimnating the spatial filters shown in FIG 19. 30 Many simlar
geonetries are possible. Angles can be .nodified; reference and obj ect beam
geonetries can be nodified. Wite and replay beam geonetries can be

nodi fied. Specific conponents can be replaced with other kinds of
conponents. Laser wavel engths used for 5 July 2004 WO 01/ 050201 26

PCT/ LTS00/ 34982 ' '




recording and replay can be different. The system could al so be inpl enented
W th coherent xradiation, W DW VW ox infrared coherent radi @Ju‘?;p ohe
replay systemcould be nodified to use white light to replay after %%e
photorefractive crystal is witten. A phase shifting rather than anplitude
nodul ati ng be used for the replay system Ferraqelecfiric SLMs
could 5 be M&ﬁ@%‘dm cromrrors (e.qg,, Texas | nst r ument®™T ’%“%zt en
could al so be used in place of an SLM  Practical Applications of the

I nvention A pragctisa | i ion of the, i,nvention i ch, _has ,val ue
within the tgc eo“rf%ﬁiOﬁplgﬁi%-glﬁﬁﬁpwfigﬁlﬁfﬁfoéﬁegpMPﬁﬂg& fdfer
assi st ed readncenptisey tofIGH 11 the righPofihiem@Peallstholw 86@1dided Exactly Wileh Pixell (Br
conjunctiqn wWth, I}Q I‘a{_)hl c Television or Mtion Pictures ("HoloVision")
such as afiPigspeinp i ‘gﬁ’é Do Weémeéic{embﬁ%ém’@lb@rm FIG 11, heedipappesse of
training ' t ! . i _ .

raining, or timgskiifiRg oNﬂiéQ‘%sF%??bh?sﬁﬁF@ﬁm@%c@ﬁ%W:ﬁﬁ@%t fd?oh*hh%ﬁogr aphi c

di mensions, for |ight wave hc aphic mcroscopy and el e'ctron-
i cr oséopYighipav anhy, espedially, ¢ regesistipgtionof the impge amplittide underThest e ar e

~virtuall 'a{%gﬁé . f ' i which need 15
not be d)étc i:fu e %?{g? ‘#ﬁ mveﬁﬁﬁgtrr\&lieg%gg%f %ﬁwe?g’& t%ﬁe? %k %ﬁ@%f‘é\@% cng

met r ol ogy off Bidisplay\peint,icembé somywesatad ehsily).3The efftcisqfiti/ceateriofthasidobaid tingof

t echni cal terials.and scient.ific data sets. The .invention is useful for

3D vi sual °§§w‘§{ﬂa§8§+@ﬁ?‘88ﬂ~°‘%ﬂ%‘?” %gl}ﬁrg?oé‘ﬁ °§'F§,m"r?5;‘§1d8's, ganes, advertising

g!’ld entert SI nmltcalﬁdérﬁmﬁﬁae tH2GffBchofithe g0 Er dfﬁhetdi&bhﬂ&&nbﬂigida@ﬁa_ Iy off (]Ecnteﬁ ofa
irect.to-digital .hqgl ogram system representing,an enbodi nent of the

i nve nﬁp on disglgx BYpt '@&J PB@%SW M 3“3&8‘%?&?1:355% [llto ‘P%'ih‘SaY"e pAnSEAte AN FEpiiohalegRi g

regsons. Tiwhe eerititiqinia@0 si2é 510 XI312)R66H tht tRési€bkhd ANSle@Bly Gifthe LIEARPHAMES

t'hat reduzlg thﬁégl_ensity of the interference pattern 25 (fringes) to a
density t QgD 1 Fouriergnace, dn this ease thesgergstrcted amplitade és fzb and shows a mear siandard

t echni quegedaionlop Qﬁ&:ﬁ{'él? 0bM £ LIfERE GHIRS iéi_ﬂ?ergﬁin&gﬁd?f, i.%(;ﬁ)@/ér%%ipfﬁglﬁeosginﬁrg o

hol ography, allow the electronic recording and rep

di scl osedS<anws thesenter ofthe sidebanshte fall kstwetn dherdisplay pointetkl) adik tvd, k-eb).i zed and
oo F \ .
practhge fkggﬁlg@b‘t ehil! a@%@{aﬁ%ﬂ%ﬁrﬁ AEq aﬂ%@g&gﬁ{l%&edepﬁ%te rtitgoslgrglelénﬁtrate

cont enpl a e Inventors of talrying ou e prese ion is
di scl osedusiildhecenisr ofithe sideband fatie opthe display poinegkt hid -+ 1. The rehilidaftidsl t her et o.

It will b ' : . Vit ditio dificatians .
rearrangegen sog?ss %Wtég}?‘gé ﬁ?égyzlpq?%‘g&ﬁtrcggdéﬁlggqﬁ\?@?ﬂ%?r gﬁjﬁﬁgﬁg&@dr‘ﬁ@é‘l“/ﬁtthout
devi at i ng(¥+ &2, 1 trd/2), the thehryst2@8rl déHafidy i B donBfucRdaigEaAL 24982 16%i rit and
scope of the ugderlying.inventive cancept., Accordingly, it wll be
appr eci at ed byﬁ?sﬁggli%%’?‘fee" S?f?ﬁa@ﬁseazf&gﬂﬁ“ﬁa% TSRS ﬁ&@rﬂ’f‘?%@f"%@’ Y%e practiced
ot her @0 seadvaatagams:speci fically described herein. For exanple, the
i ndi vi dual ,.co nents_need not be formed, in the, disclosed, shapes, or 5
assembl edPn {Tﬁ%e‘gF@EP&QM‘??@PWHW&RW%MWE’BW‘M pessiiledded i n
virtual | y@ny Ampﬂmﬁﬁgmmhﬂgjarég‘(oyglr&mhdgym@ny configuration. Further,
t he indi vi?SuaI PC rrp%rr}gnt s need not be fabricated fromthe discl osed

%gﬁtp b

mat eri al sGbut and extrertdaforpation gheuf exact Basition of sidehand. sHhisdefinesshk al s.
Further, aid Ri0ehe EXtEnde8 F80:ER blgBRthgAUI preNnt described herein is a

physically separate nodule, it wll "be manifest that the recordation
equi pAent ey Heply BFEgsiag e inferrmationen A8pad Al UdseT Wi th which it is

associ at e Fuy, r ] i enents and features of each
di scl osed@nboé%’%@r?@%%ﬁ’@%“’%%&?ﬁé@%‘ﬁtéﬁ&%‘ substituted for, the
di scl osed(®I enBerfosmamgrseFIf.ur es of every ot her disclosed enbodi nent except
wher e .suchy el ts on.features are nmutually exclusive. It is intended that
t he appenggd gﬁ%ﬂdﬁéanépmfeag#pﬁag&ch addi tions, nodifications and 15

(rj e ?][ r angenent sExdmpie gy Haidﬂmgdlviﬁigcﬁvr anddferfolif Fpt. elscfaﬂiorzl ggM@ébbﬁdJIB, 1846 Say,
iffegentiate the a nde ubcl ai s, Do JU 4
56 (1%4.69, %.3 1;1, using %‘?J .de u?gter et t?l. in Proc. 10"5Pfcffer¥com Conf. Scanning Microsc.

Suppl. 6 (1992) 347; = Ak = 0.62 and Al=0.31. Use these data together with © = 1 and perform
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si nul tanegus, reference and object waves. 2. The apparatus o aim1l

wher ei n t ke Bngemb B’éhHSPrl%?mﬁﬂw@@é tq the bassplittes d6@Syvimariotheritubé keve of sai d
i Il unmpgat y@m. beansplitter that is closer to said object than a back face of
said illumnation beansplitter and a reference beam from sai d reference

mrror is ref|¥Bkiefming tg FIG.0i6; af ehiest bramst628 fowfthe varioblelbeamsppittértl6ds t hat i s
cl oser topRsdsrGhdNhSadibdbIf635) ?s%ﬁ‘ec&ﬁ%? i %68k b@ﬂm%htter 1630 and then passes

through an object objective lens 1635. The object beam 1620 then interacts with an object 1640
of interest, passes back through lens 1635 and then passes through the illumination beamsplitter

25 1630 toward the beam combiner 1650 via the tube lens 1645. A reference beam 1685 passes
through the assembly 1660, is reflected by the reference beamsplitter 1665 and then passes
through the reference objective 1660, The reference beam 1685 then reflects from the reference
mirror 1675, passes back through lens 1680 and then passes through the reference beamsplitter
1665 toward the beam combiner 1650 via the tube lens 1670. The combined beams travel from

30  beam combiner 1650 to the CCD camera 1655 where digital data is collected. Of course, the
digital data can be recorded, transmitted and/or transformed.



ref erence beansplitter. 3. The apparatus of claim1l, wherein said

Il lum nation beansplitter includes a polarizing illumnation bqgﬂﬁybbbier
and said reference beansplitter includes a polarizing reference
beansplitter, and, further conprising, an illumnating quarter wave pl ate
optically C%Hﬂh smﬁtheen said polarizing illumnation beansplitter and an
obj ect; and a refefence quarter wave glate optically cou @EPBUHR%n sai d
pol ari zing reference beansplitter and a reference mrror. 4. The apparatus
of claiml, f rising a.fifrst.polarizer optically coupled between
said illuni natjluS @ ?E s‘%ﬁvé% Su"ﬁ o) gﬁﬁi"fbﬂg’r&g‘tﬁ&%ﬁ°&’8ﬁﬁ-i ﬁ&%‘?ﬂr eMach-Genger

pol ar i zes gepdtryalf Fig. ¢6 (allatiMaet-Beder teadde sEifseimiteity DRRERbetY 6f a Bagh-Sai d

beam conbines. . Jul y. 20 , 5. The apparatus of claim 1, .wherein an
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and said reference.beansplitter. The a tus of ¢claim9, wherein said
first ?%pt ic fibsFalieds 5‘?"‘&“’&#?%&9“9#2@‘?%%@ beamgombiner L4905 bosaed jusy
opti c fi bbefonhe GEDdamead6ss. Otiel finafl beafconBibtE30 cAmBRELME rebirbifte GndB6lEct

polarizatjon pr rylng optic fiher. 10. The apparatus of claiml, further
conprisin eaﬁ“ﬁpggﬁﬁ)f{‘t’f?e‘n te dhs digitl pQDé‘t"}ﬁlﬁ‘laéég efhgagle ofithe beah gombiaet on

beanspl i t iy betiedab thaP@e TRfGAMRIaNE Bbjéé%féeeans%@&&gdﬂyt ébgﬁ%ehﬁ 3F in%%%érﬁlaslnjiﬁé

coupl ed between said reference beansplitter and sal edm c I'ner. 11. The
appar at usth§rharged qeupled devieecaamers b an ariglago and another socthah thedpeteroyme sqraiex al

filteys opkingdd dr plogtiRlze 2’3}3%13‘@.@@&: §ﬁ}i%edr'i§€¢eﬂ'eq§&%y ?Ofiﬁcwr ied yfﬁ“{;@%’ :ﬂ%r}g%‘l}?ﬂt ed

beansplitter and a seco beam expan path a er op
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recordi ng f oA S K 1.S) Q. itting.a |laser beaminto an
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Fourier t Eo%r‘:ﬁxfuﬂé Qﬁgtlé)be?&ge%l tﬂe &jesc? Elncp rfefege%cs:é%éa?n’s to be relatively large without causing -

20  the spots from the reference and object beams to no longer overlap at the CCD camera. This

allows much finer control over the carrier frequency fringes. It is possible to vary the angle
between the two beams from zero up to the maximum angle allowed by the constraints of the
system without the spatial carrier frequency of the heterodyne hologram exceeding the Nyquist
frequency allowed by the CCD (i.e., the angle can be increased until there are only two CCD

25  pixels per fringe of the spatial carrier frequency—beyond this angle the spatial carrier frequency
is no longer correctly recorded by the CCD). With the Michelson geometry, the maximum
spatial carrier frequency of the hologram may not be reachable because the angle required may
be large enough that the reference and object beams would no longer overlap at the CCD camera
for some geometries.

30

Front Face Illumination of Beamsplitter/Beam-combiner for Object Beam

Eliminates Astigmatism




5 July 2004 31 characterized in that a bearnsplitter optically coupled to a
| aser splits laser light into a reference beamformng a referqgﬁﬁ ?pgaand
an object beamformng an object arm that an illum nation beansp {étet is
| ocated in the object arm that a reference beansplitter is located in the
ref erence aggé Q@@% a beam conbi ner coupled to both the illum nation
beamsplitter Ak L reference beanspbhtter combi nes t he PeFEYRA#E2 and

obj ect beans; and that neans are provi‘ded to vary an angle of the beam
conbi ner such to i.npart. apgl.e between the referenc nd obj ect beans
prior they int 3?‘?8’9’8“ °&n’5‘Fa§ﬂeeﬁg9t%%{‘e&‘? F?%é?%@m t.terig’.r EHAT I
claim 12, tidieydielping)topedvbitGbtighthtisdingihe thse! APBaiRHon WL Hydit bP?id!fiB PN
beansplitter includes reflecting said object beamfroma front face of said
i 11 um nat | ﬂl?é’i’!Fﬁb‘?‘ia?’tPé?sef thzqueh the dilyaigationpeamsplitiomaterial ap i ravelptache f ace of
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r ef er eAce bsemspligen anfyefor jliyainatian,ibyt the beanefebireing &onwrthe otjert is reflectedSmm the a

reference gn C £ [ ference beansplitier, after
reflecti nggggfagé?ﬁe@%&enc@ ggirrﬁae ro%ftes%?dqﬁesfegg?’@%?; rﬁYCP?sc?F.gnﬁl.smﬁ et hod
of cl ai m impgensecisted Wwith paedingsthtouplyths heainsplijtercdndiraptifies tais desigh fod dhyni nat i on
beansplitt | ncl.udes .refl ecti,n aid opject beam.froma, polari zing

Tt nat SGe TR Pt BheSis 1k iRl lf B pRaberataidl kb 4 slirstern o
pol ar i zi nguetes grosmeRy, WiES0BDIbidctitds, instilld (the!syshad is GRIRSAdSH Bk coah%\&aé&i Wigh sai d
obj ect beq\g}éth %&2\1\3{2 iil I.nat.ing quarter wave 1 plate both before and
after 10ef| ?9{98&] NIk} A& oblsEtYESE r om sai d obj ect and b) passing said
reference beanRefhiigdh FIG.N9f £PER s IPAY ik Bpti At ' apd after
reflecti n%ﬁsai d reference beam f ro?n saild frse%agﬁr/g%@?ar%&??or. P?@;rq-m &ret hod

of cl ai m T¥getili3q sopticallysoupiadie the beamsplitiersl 70 visdpns 3635 ot nant berappugbiated fhiat st
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beansplitter and before conbining sali eam an
wi th sai d aptpvelsdaisibpam corbiterd Z3&via tibs kind 1735, dt eancdsotbe appretiatedithiat the second

pol arijzer I | ' s f a feference

beam;[} i ttr%&g'%y egﬁe]tﬁg@e{hg%g%%c? rﬁ‘{gﬁ’éﬁ@? g«%l}egtg?@%tg%@%t a%eéﬁ%ﬁ r";}grf’g‘feence beam
wi t h sai d bowasplitemiiiéreln this example, }he20Mbinda bédins tiblvel torai Apoed KICH fbdimel2,

wherei n an_.phj th traced by said object beamis substantially

| denti cal r;!‘flgltl"la ?@%@68%ﬂ?path traced by said reference beam 17. The
met hod of claim 12, further conprising passing said | aser beamthrough an
acoust o-opti c nodul ator before splitting said | aser beam 18. The method of
claim12, further conprising: passing said object beamthrough a first
acous0- opt i ¢ nodQuaiterwive Peieariddioleigér BramIadlsiAB pEless2eaiwMiEd sai d

illum nation beansplitter; and passing.sai d reference be nTough a second
acoust o-opti ¢ nodul ator before refl eBﬁ.ﬂ_EE@Q%i d reference beamwi th a

r ef erence bean¥md intértion caincllditheBe P uadier-3afd Platd and pihdiZiE beatiCiRAL R 159

suppress unwanted reflections. Experiments have shown that spurious reflections from the lens

surfaces of the objective (or any other source) can be suppressed by more than an order of

25 magnitude witha qﬁarter-wave plate isolator design. To use this technique, the illumination
beamsplitter is replaced with a polarizing beamsplitter, which passes p-polarization and reflects
s-polatization and a quarter-wave plate is placed between the objective and the object. The
ﬁuarter—wave plate is adjusted so that the incoming p-polarization is converted to circular
polarization when it strikes the object. The return from the object passes through the quarter-

30  wave plate once more and is converted to s-polarization. The s-polarization is now reflected
from the polarizing beamsplitter and passes down the optical path to the CCD camera. Spurious

reflections from the objective are now suppressed because they are still p-polarization and are



passing sai d object beamthrough a first optic fiber before reflecting said
obj ect beamwith said illumnation beansplitter ; and passing Sa#lgy2004

ref erence beamt hrough a second optic fiber before reflecting sh )
reference beamfroma reference beansplitter. 20. The nethod of claim 12,

further co | sing: passing said object beamthrough a first tube |ens
after refl gﬁéﬁé})@@g* d obj ect beamfrom,said illum nation H&E¥9PPB4982 er; and

passi ng said obj ect beamthrough a segg(}nd tube lens after reflecting said

reference_hbe rqma reference beansplitter. 21. The nmethod of claim12,
furt her 08%6‘?@54%3’? tgea%@?rfﬁngrs}ﬁf’ﬂ e ctlioRating Yersiar tis rouldinvelemist
expander / plaaing alpolatizdr o fro@foB e tilkf 1b@Ghi B HRding a PBlafifihg 9%@%& B 292! Adso

i | lumination beamsplitter; and passing said reférence beamthrough s_eéond
beam expalldPIAEARe; sﬁrmqpﬁtt% cpuld@asssepalasizationtand geflegt nipelerizetion o tyevant wi t h a

f a@%ﬁﬁﬁ ' I %t%rte-[ | [ rising
;'? o(rair ﬁncgai of?ﬂlg%?t%% ogr%ﬁﬁfﬁ%ﬁ%ﬁwﬁgﬁﬁgt%@?&g&# %&%&cﬁ%@eza An of f
axi s hgl oeterials, rasisioncang yhicknessns theophandér-wavaiphatel Dtha@wise Treaquardidr-vave ptatol ogr Sm
of clai m g1 calBedfilehsiithslisnl dr otk Sochiahia P He o8ie 4TRSS RS ihiafe Ak 1kt SN0
AT AL A testedonBie spstem APORIGP. with the GualiBnwivehlatéyindy@lar&yinAront of the tube lens

: A[ y. A A&dﬁ%ﬁmﬁoﬁf‘ aég .o'%.hc'l 'tA(‘)Rs'u';A)‘pré!ss' tﬁé @#wa%’teg 'oﬁ?lebt'ia% leAn%(grLeSt?ections and other noise by
more than an order of magnitude. '
10 Referring to FIG. 24A, a p-pass % waveplate 2410 is optically coupled to a polarizing
) beamsplitter 2420. Referring to FIG. 24B, an s-pass ¥ waveplate 2430 is optically coupled to
the polarizing beamsplitter 2420. Referring to FIG. 24C, a p-pass ¥ waveplate 2410 is optically
coupled to the front face of the polarizing beamsplitter 2420. Referring to FIG. 24B, the s-pass
Y waveplate 2430 is optically coupled to the front face of the polarizing beamsplitter 2420.
15 _
Identical Object and Reference Beam Paths

The invention can include the use of identical object and reference beam paths to the:

maximum extent possible, thereby keeping the carrier fringe frequency constant and allowing
Fourier Transform analysis. A varying carrier fringe frequency creates artifacts in the replay.

20 It can be appreciated from FIG. 16 that the object and reference beam paths in this design

- are essentially identical. The point of this is to make the object and reference beam wave fronts

as nearly identical at the digital camera (CCD sensor) as possible. The semi-identical wavefronts
will interfere and produce linear cartier fringes with a constant spatial frequency. As discussed
in the original invention disclosure, Fourier Transform analysis is used to eliminate the

25 holographic spatial carrier frequency, and a digital filter is applied to leave only the object beam
phase and amplitude after the inverse FFT. If the holographic carrier frequency is not constant,
then this technique does not work because spurious artifacts are created in the inverse transform
By the presence of the additional frequency components of the carrier frequency. Semi-identical
object and reference beam paths results in a very constant spatial carrier frequency for the

30 Theterodyne hologram. An alternative method would be to exactly calculate the object beam

wavefront characteristics at the digital camera and use simpler optics designed to reproduce the
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% 0% ()-10%& ()-, 109 ()-10%& ()-z[<+f110"!'10%&' ()-109%& ()-!:!'10%& ()-:!10
% ()-1a0"10%&' ()-2Z! 1109 ()- 6 }Lh;fl | N-$109%&' ()-!- $109%&' () -, F

109%&' ()-!f $& 10% fiber opties torpomn asqrtg(ﬂmnatq:hmg lenses forfeachd®d | $109B& ()
1098824 ) - Y 10Y8H iiventidfcan use fiber optics to couple the laser to the matching lenses for each leg

(object beam, replay beam) of the acquisition system. For example, the spatial filters could be

replaced with single-mode polarization preserving fibers. A fiber optic 2435 is shown in FIG.

24B. The use of fiber optics allows the laser system and acousto-optic modulators and other

beam conditioning components to be far from the acquisition system if desired, and eliminates
25  time-consuming and finicky alignment of the micron size pinholes of the spatial filter. The
| single-mode optical fibers rapidly attenuate any laser light not in the allowed mode, thereby
“cleaning up” the beam profile.
| It can be appreciated from FIG. 16 that if mirrors and lenses are used to couple the laser
to the object and reference legs of the “holocamera” that it would be inconvenient to have the
30  laser located far from the camera system. Remote location would require unobstructed beam
paths that might have to be enclosed for reasons of safety or to keep debris and artifacts out of

the path and off of the optics. On the other hand if singlé-mode polarization-preserving optical
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10" 394.09% & quite #aDsight; jnd the Sigle{odSfibdrd ﬁf'z:;(&édp)n:ess all modes except the allowed

1908 ) Yo W RS a5 g o

10" | S&10%4008tidr of tHR aildt Adaido-optickiBBMldidrs bBhEhAMM Sitbuator FndtiMRsridter can

il +-5|-’ ) m: c/onsiderable advantages in many situations. Lasers can often be bulky and have
considerable environmental requirements (cooling, electrical power, ...) 50 that remote location
with a flexible connection allows the holocamera head to be light and mobile for applications
where weight is important or where mobility is important.

10 DIGITAL HOLOGRAM REPLAY SYSTEM IMPROVEMEN_TS
n Practical System Layout

The invention can include Fourier lens filtering the SLM output to remove grating effects
due to SLM pixel edges. FIG. 19 shows one practical implementation schematic of the replay
| system described in the original invention disclosure. A laser 1900 is optically coupled to a

15  variable beamsplitter 1910 via a variable attenuator 1905, A write beam 1950 passes from the
variable beamsplitter 1910 through a shutter 1955, to a mirror 1960, through a spatial filter 1965,
and through a collimating lens 1970 to a spatial light modulator 1975. From the spatial light
modulator 1975, the write beam» 1950 passes through a linear polarizer 1977, through a tube lens
1980, through an aperture 1985, and through an objective lens 1990 to the beam combiner 1945,

20  and then to a focal plane of a photorefractive crystal 1995. A replay beam 1915 passes from the
variable beamsplitter 1910 through a % waveplate 1920, through a shutter 1925, through a spatial

) filter 1930, and through a collimating lens 1935 to a mirror 1940, to a beam combiner 1945 (e.g.,
] ; ) beamsplitter), and then to a focal plane of a photorefractive crystal 1995. A set of viewing optics
1999 are optically coupled to-the crystal 1995, '

25 Still referring to FIG. 19, after being filtered and collimated to appropriate size, the write
beam 1950 passes through the SLM 1975 (spatial light modulator) where it is digitally
modulated (e.g., by an SLM driven by a computer) to impose the desired holographic diffraction
érating pattern. The tube lens 1980 and objective 1990 then focus the holographic grating down
to the appropriate size in the photorefractive crystal 1995 (lithium niobate in this case, although

30  barium titanate and other photorefractive crystals are available). The demagnification is such
that the holographic diffraction grating in the crystal 1995 will separate the zero order beam used
for replay and the replayed hologram. The entire mplay beam train is superfluous to the writing
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5  replayed by turning off the digital modulation to the SLM 1975 so that the write beam is now an

unmodulated approximately plane wave illuminating the hologram previously written into the
photorefractive crystal 1995. In this configuration the replayéd hologram emerges from the
crystal 1995 at the angle that the replay beam would have struck it to replay it in the write beam
original direction. This is represented in FIG. 19 by the downward pointing arrow in the low
10 right-hand corner of the drawing. In this case both the entire replay beam optics and the
2 beamsplitter between the objective lens and the photorefractive crystal becomes extraneous and
| unnecessary. Thus, the holographic greeting written in the photorefractive crystal 1995 can be
replayed with the replay beam, or alternatively, replayed by the write beam alone with the spatial
| light modulator turned off, thereby obviating the need for any replay beam or associated
15  apparatus. For reasons of display timing one configuration or the other may be more desirable.
FIG. 20 is a photograph of prototype replay system optics that was implemented inthe
holography lab at ORNL. There are several varieties of suitable readily commercially available
SLM'’s, both reflective LCD (liqhid crystal display), transmissive LCD, and micro-mirrors (e.g.,
Texas Instruments DLP—digital light processor—implenientation). Typically the LCD SLM’s
20  require a polarizer.
FIGS. 21A and 21B show two SLM geometries suitable for implementation in a
holographic replay system. Note that a micro-mirror implementation would not require a
polarizer and would not rotate the polarization as the LCD implementations depicted do. FIG.
22 shows a photograph of the 800 pixels by 600 pixels transmissive SLM employed for the
25  holographic replay write beam set-up shown schematically in FIG. 19.

Eliminating the SLM Pixel Edge Diffraction Grating
The invention can include writing the hologram diffraction grating to photorefractive
crystal and replaying with the same beam by turning the SLM (spatial light modulator) signal on
30  to write and off to replay. With no signal to the SLM, the write beam becomes a plané wave

suitable for replay and no separate'replay beam is required.

~
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image, then they form artifacts at a higher frequency in the hologram grating written to the
photorefractive crystal. These artifacts are undesirable since they produce confusing diffracted
5  orders of light and interact with the desired hologram grating to be written to the photorefractive
crystal. o
Referring again to FIG. 19, these pixel edges/diffraction grating can be eliminated by
placing the aperture 1985 at the Fourier plane of the tube lens, which occurs between the tube
lens and the focusing objective. The aperture is sized to pass only the zero diffracted order,

10 - which eliminates the pixel edges but does not eliminate the image written to the SLM, because
the pixel edges are the highest frequency associated with the SLM (the pixels themselves can at
most display a frequency half the pixel edge frequency, by Nyquist’s Limit). The Fourier plane
is easily found by turning the SLM off and observing where the diffracted orders caused by the

. pixel edges come to focused spots. FIG. 23 shows a photograph of the laser beam after passing
15  through the SLM and tube lens and focusing at the tube lens Fourier plane.

Replace Attenuator, Shutters, and Spatial Filters with Acousto-Optic Modulators
and Siilgje-Mode Polatization Preserving Fibers

The invention can include replacing a mechanical beam attenuator with an acousto-optic
20  modulator for speed and convenience. More specifically, mechanical shutters can be replaced
with acousto-optic modulators for speed and convenience.

As discussed above in connection with the hologram acquisition system, and for the same
reasons, the attenuator, and variable beamsplitter shown in FIG. 19 can be replaced with acousto-
optic modulators (AOM’s). Similarly the laser and AOM’s can be remotely situated from the

25 hologram replay head (“Holovision” head) by connecting them to the replay optics with single-
mode polarization preserving optical fibers. Once more this serves the purpose of eliminating
mass and environmental effects (heat, vibration, ...) due to the laser and AOM’s from the
holovision head and makes it lightweight and mobile. The fibers also serve the purpose once
more of eliminating the spatial filters shown in FIG. 19.

30 Many similar geometries are possible. Angles can be modified; reference and object
beam geometries can be modified. Write and replay beam geometries can be modified. Specific
components can be replaced with other kinds of components, Laser wavelengths used for
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5  be used and micro mirrors (e.g., Texas Instruments DLP system) could also be used in place of
an SLM.
Practical Applications of the Invention
A practical application of the present invention which has value within the technological
arts is holographic interferometry for computer assisted measurements. Further, the present
10  invention is useful in conjunction with Holographic Television or Motion Pictures
(“HoloVision”) such as are used for the purpose of entertainment, or for the purpose of training,
or the like. Nanovisualization and measurement in three dimensions for light Wave holographic
microscopy and electron holographic microscopy are expected to be major scientific
' applications. There are virtually innumerable uses for the present invention, all of which need
15  not be detailed here. _

The invention is useful for ultra-precision metrology. The invention is useful for 3D .
display and examination of technical materials and scientific data sets. The invention is useful
for 3D visual news, commu:ﬁcaﬁons, conferencing, movies, games, advertising and
entertainment purposes. |

20
Advantages of the Invention

A direct-to-digital hologram system, representing an embodiment of the invention is cost
effective and advantageous for at least the following reasons. The combination of high
resolution CCD, and optical techniques that reduce the density of the interference pattern

25  (fringes) to a density that the CCD can record, combined with the Fourier transform techniques
developed for interferometry and by Dr.Voelkl for electron holography, allow the electronic
recording and replay of holograms.

' All the disclosed embodiments of the invention described herein can be realized and
practiced without undue experimentation. Although the best mode contemplated by the

30 inventors of carrying out the present invention is disclosed above, practice of the present
invention is not limited thereto. It will be manifest that various additions, modifications and

rearrangements of the features of the present invention rhay be made without deviating from the



"10% & ()-2Z! +310% / & ()-3W/10% & ()- 10} ~~dwUB47 | . |

96 100@ ()-1""10% /& ()-1 1 10% ()-1e 100 ()-!° 10%& ()-! " 10808 0N a7 <
17 . |
10{410% & ()-2410% & () -2410%4& () -z! cy’ g&lO;’/o]/J/ & (ﬁ)(—)/ql&h)(/' g&10%0% ()-11y' g
&1098/ S/ & (g 10{ Y109%& ()- !'S3 $109%& ()- !'yZ"10%& ()-

@BLOYE ()-f&/‘zﬁ@%’t)- 10{ 10{evzX9E7,, 10! 10%& ()-!; berusonsioss
"$10%t & ()- ! # $10%&' ()- ! ~0S9! 10%t >t & () - Fl | 109%&’ () -

! - 0 (NzT U I 7 10!, 5: $109& -14109& ()-. . . .
2100 () SPEH P GORR L o i e ¢ty Aoeoipay o beseppeaed by
100, 1, * 10%Risé dkilled id edMRhdt)thd idvekidfirra be prflid OlieWitOMEn L9 speckReall} | —— @7

10!, 1 S&109& ()-. 10%&' ()- Il 109%& ()- _
a f &10%& (1)"&08. ?déw;@(@&' ()-U"10%&' ()-i(<Pt}[9?7 10!S ' 109%66& ()-Z

: g#@?o (Véto (()/G)& (7) Lgomi%glfé%é %g‘g@gﬁ% {a%e'd Té%&%‘*rﬁe?d’in Itlie disclosed shapes, or
10f 5& §0W§elj@)1e¢;ir0@§;¢i'3¢;m&)co 1g®tiommt &ylJl b&Zprovided in virtually any shape, and
+XzdB} 170 %s%ﬂl@%&lfyf aggr Qg@i%u{-a)hbg Further, the individual components need not be

fabricated from the disclosed materials, but could be fabricated from virtually any suitable
materials. Further, although the recordation equipment described herein is a physically separate

module, it will be manifest that the recordation equipment ﬁlay be integrated into the apparatus
10  with which it is associated. Furthermore, all the disclosed elements and features of each
T disclosed embodiment can be combined with, or substituted for, the disclosed elements and
| features of every other disclosed embodiment except where such elements or features are
mutually exclusive.
| It is intended that the appended claims cover all such additions, modifications and

15  rearrangements. Expedient embodiments of the present invention are differentiated by the
appended subclaims.



109B& ()-109B& ()-!z109B& ()- 10‘%8&'()(()/(;(;(;3%; =} 720! 1 1098& () -
110% " & ()-'!)0! 10%B#B& ()-! & 1 () -
'('Iltl)ooxef&' ()54)#10%23&' ()-~\ :}A?E)? L&@0YBE () -! @#10% B: B& () - zL3" 10084"P)2004
18%35?: 8§ & Jiz Ux41 12} 1201 3 $1098¢ () - 11 1098& () - OM 1098& () - ! XY+$109R
R ()- 1@ ]1‘8‘@%?5&‘-‘"\/( 1098& () - bCD! 10938 () - 109 () - $y 10VERUENI432B 108
0B& ()-4109B& ()-
iﬂfigﬁé%i‘o%&- ()-@! Er%/d.O%Ebi&' ()-@! N=nPA0%&: ()- @ ! nPA0%R?& ()-@! | nPA0%
& ()- @' glo0%& () - lWwW5bC0 | mYd0%& () - @ | | |
| MA0%& ()-@)! | NV ()- @' | n?%%g@iﬁog&@(gw&ome& ()-@! NnPAOY&: () - @
1 109 () - 7. 109%& () - $10%&' () - . |
lfg?ca(c);! Irr?/d.O @8& i}@%ﬁ‘)@@ ¥ ggc(@%@l?%x%w.i% 4300849 - o géow ()-1,1
% ()-'2, | IO doll T UpdiniShOI @k )Soc! A, ok
Ton & (3- 04 & D%%Jlﬂép%?;gs%? NG (?’hz%?%g}i?@yl (" $10% () -
7X6r S48 PélO%&E( eith and J. Upatnieks, J. Opt. Soc. Am. 53, 1377 (1963).

' d ' 0 ' | 0 ' -PL$IA?
1008 )€ 1018 L R Py S 1
6, ! ; $10%-NEesiey, Reetlng Massashuséies, 1967() - @L0% U&' () - %yl 10% U&' () - 10t 10t
(a}"7MA01GE 35" 1 10 Yehtbhgbd, KB, Wikther snlt R 2. Brocks. - Apbi. Bhys. 37, 343 (1565).
' 6. F.C. Jahoda, R.A. Jeffries, and G.A. Sawyer, Appl. Opt. 6, 1407 (1967);
10 7. F.C. Jahoda and R.E. Siemon, Holographic Interferometry Cookbook, LA-5058-MS
Informal Report UC-37, Los Alamos Scientific Laboratory, Los Alamos, New Mexico, (1972).
8. M. Kujawinski, in Interferogram Analysis; Digital Fringe Pattern Measurement
Techniques, (edited by D.W. Robinson and G.T. Reid), IOP Publishing Ltd., Bristol, England,
1993. |
15 9, K. Creath and T. Kreis, in Holographic Interferometry: Principals and Methods, (edited
by K. Rastogi), Springer-Verlag, New York, New York, 1994,
- 10.  E. Voelkl, L.F. Allard, and B. Frost, J. Microscopy 180, pt. 1, October, 1995, pp. 39-50.
11.  E.Voelkl, and L.F, Allard, A. Datye, B. Frost, Ultramicroscopy 58, (1995), pp. 97-103.
12. E.Voelkl and L. F. Allard, ICEM-13 (13°th International Conference on Electron
20  Microscopy), 17-22 July, 1994, Paris, France, Proceedings, p. 287.
' 13. The Electrical Engineering Handbook, CRC Press, (Richard C. Dorf et al. eds., 1993). -

14, Handbook of Optics, Volumes I-II, 2™ ed., McGraw Hill Inc., (Michael Bass et al. eds.,
1995).



| S9' 100AU& () - $10% U& ()-wi [ MA010t3s'  10UU 10UV
10UU! (" 1090JU& () -! (' 10%a& ()-! (" 109 U U& ()-!#(' 1099UOU& () - vr O} <|1\A4%IOOU&
100 () -$109& ()- 'K #10% /& ()-m !, #10% / & () m

10% & ()-9%40% & ()-0.}[ 9MA010! 1s- 9$10%

1,9% 10% /& ()-G1"10%& ()-!1"10%& ()- 91 /d&'()-&!lO%&'()-uV40!‘Y

ST 109 ()-110% h& ()-, 10% h& ()- % 10% h& ()- 10 10 10!, s-9$10%&' ()- sl
<WX6uV40! | s$&10%&' () - ! f10% h&' ()-! % 1& ()-1Y "' 1098N&' ()-!3Y
“10%BhSh& ()-1Y ' 10%th4h& () -[8zXJ Chch

10ChCh! 1@#10%hCh& () -1 ! 6@#10%WhVh& ()-10-10%

h& ()-11-$10%i & ()-!s$&L0%Mh& () - , N

- 0?uS140! A@l $1094\n arparatugly weodanaif-yxis halogsame comprisiog] &' () -, 10%4| & () - %10
% & () - % U <§Y 140! A3%40%1z& ()-! @Y40% t & ()-! N39%A0%& ()-!' 10%& () -
F 10%z& () ‘Efeﬁ# ()-FpG z[ PE: 0! A 104@ 104@

104 @- #10% @digjtalredSide@pichlly ¢ 1@&%&@&&1@&@@& ()-'& (LO%ARXE ()-!&
(10%22& ()-: }[ 9PE: OIAI@L 109A0U& () - YI @ 10% ( 92 YS#10%& () - 3! S#E1096$& () - 3!
H 10%& ()- Gwowgerizsd aethwmﬁamsm@e@&momy( ento ghobaserssplits laser light into a

reference beam forming a reference arm and an object beam forming an object arm; that an
illumination beamsplitter is located in the object arm; that a reference beamsplitter is located in
the reference arm; that a beam combiner coupled to both the reference beamsplitter and the
illumination beamsplitter combines the reference and object beams; and that means are provided
to vary an angle of the beam combiner such as to impart an angle between the reference and
object beams prior they interfere at a plane of the digital recorder,

wherein the reference beam and the object beam are combined at a focal plane of said
digital recorder to form an off-axis hologram, and said object beam and said reference beam

constitute a plurality of substantially simultaneous reference and object waves.

2. The apparatus of claim 1, wherein the object beam from an object is reflected by a
front face of said illumination beamsplitter that is closer to said object than a back face of said
illumination beamsplitter and a reference beam from said reference mirror is reflected by a front
face of said reference beamsplitter that is closer to a reference mirror than a back face of said

reference beamsplitter.

3. The apparatus of claim 1, wherein said illumination beamsplitter includes a
polarizing illumination beamsplitter and said reference beamsplitter includes a polarizing
reference beamsplitter, and,

further comprising, an illuminating quarter wave plate optically coupled between said
polarizing illumination beamsplitter and an object; and a reference quarter wave plate optically

coupled between said polarizing reference beamsplitter and a reference mirror.

4. The apparatus of claim 1, further comprising a first polarizer optically coupled
between said illumination beamsplitter and said beam combiner; and a second polarizer optically

coupled between said reference beamsplitter and said beam combiner.
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6. he apparatus of claim 1, further comprising an acousto-optic modulator optically

coupled between said laser and both said illumination beamsplitter and said reference

beamsplitter.

7. The apparatus of claim 1, further comprising a first acousto-optic modulator
optically coupled between said laser and said illumination beamsplitter; and a second acousto-

optic modulator optically coupled between said laser and said reference beamsplitter.

8. The apparatus of claim 1, further comprising a first optic fiber optically coupled
between said laser and said illumination beamsplitter; and a second optic fiber optically coupled

between said laser and said reference beamsplitter.

9. The apparatus of claim 9, wherein said first optic fiber includes a first single mode
polarization preserving optic fiber and said second optic fiber includes a second single mode

polarization preserving optic fiber.

10.  The apparatus of claim 1, further comprising a first tube lens optically coupled
between said illumination beamsplitter and said beam combiner and a second tube lens optically

coupled between said reference beamsplitter and said beam combiner.

11.  The apparatus of claiml, further comprising a first beam expander/spatial filter
optically coupled between said laser and said illumination beamsplitter and a second beam

A expander/spatial filter optically éoupled between said laser and said reference beamsplitter.

12. A method of recording an off-axis hologram, comprising:

splitting a laser beam into an object beam and a reference beam;

digitally recording said off-axis hologram; and

transforming said off-axis hologram in accordance with a Fourier transform to obtain a

set of results,
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109 & () - f cha]fgc{gr%ze(i) infthat a beamsplitter optically coupled to a laser splits laser light into a
reference beam forming a reference arm and an object beam forming an object arm; that an
illumination beamsplitter is located in the object arm; that a reference beamsplitter is located in
the reference arm; that a beam combiner coupled to both the illumination beamsplitter and the
reference beamsplitter combines the reference and object beams; and that means are provided to
vary an angle of the beam combiner such as to impart an angle between the reference and object

beams prior they interfere at a plane of a digital recorder.

13.  The method of claim 12, wherein i) reflecting said object beam from said
(illumination beamsplitter includes reflecting said object beam from a front face of said
illumination beamsplitter that is closer to said object than a back face of said illumination
beamsplitter after reflecting said object beam from said object and ii) said reference beam is
reflected from a front face of a reference beamsplitter located in the reference arm that is closer
to a reference mirror than a back face of said reference beamsplitter after reflecting said reference

beam from said reference mirror.

14.  The method of claim 12, wherein i) reflecting said object beam from said
illumination beamsplitter includes reflecting said object beam from a polarizing illumination
beamsplitter and ii) said reference beam is reflected from a polarizing reference beamsplitter,
and,

further comprising, a) passing said object beam through an illuminating quarter wave

. ; plate both before and after reflecting said object beam from said object and b) passing said
| reference beam through a reference quarter wave plate both before and after reflecting said

reference beam from said reference mirror.

15.  The method of claim 12, further comprising:

passing said object beam through a first polarizer after reflecting said object beam from
said illumination beamsplitter and before combining said object beam and said reference beam
with said beam combiner; and

passing said reference beam through a second polarizer after reflecting said reference
beam from a reference beamsplitter and before combining said object beam and said reference

beam with said beam combiner.
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acousto-optic modulator before splitting said laser beam.

18.  The method of claim 12, further comprising:

passing said object beam through a first acousto-optic modulator before reflecting said
object beam with said illumination beamsplitter; and

passing said reference beam through a second acousto-optic modulator before reflecting

said reference beam with a reference beamsplitter.

19.  The method of claim 12, further comprising

passing said object beam through a first optic fiber before reflecting said object beam
with said illumination beamsplitter ; and

passing said reference beam through a second optic fiber before reflecting said reference

beam from a reference beamsplitter.

20.  The method of claim 12, further comprising:

passing said object beam through a first tube lens after reflecting said object beam from
said illumination beamsplitter; and

passing said object beam through a second tube lens after reflecting said reference beam
from a reference beamsplitter.

21.  The method of claim 12, further comprising:

passing said object beam through a first beam expander/spatial filter before reflecting said
object beam with said illumination beamsplitter; and

passing said reference beam through second beam expander/spatial filter before reflecting

said reference beam with a reference beamsplitter.

22.  The method of claim 12, further comprising storing said off-axis hologram as
digital data.
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