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| NTERFEROVETRY, - AND HOLOVI SI ON
BACKGROUND OF THE | NVENTI ON 1. Field of the Invention
The present invention relates generally to the field of hol ography. Mre
particularly, the present invention relates to a direct-to-digital

hol ogram acqui st 1 I j . i I . In
o prof orr od i pHRECEBRGH) BOrIGRaTHY, HorelRariG RIERFERANETRY,
acquisition is based on a charge coupl ed device (CCD) canera. The present
i nvention thus relates to a MB)E EPVISIQNst em 2.

Di scussion of the Related Art Tradi ti onal nethods of

hol ogr aphy have used filmor hol ographic plates (glass plates 10 with a
phot ographi ¢ enul si on opti m zed for hol ography) to record the hol ogram

.[err] Replay has on oS | } s (or in sone cases
[err] Replay %%@M@?ﬁ O PHESNABEN BRSNS (

white light) and the origin hol ogram or a duplicate of
it, in an anal pg nethaod.. These anal og net hods are slow, cunbersone, and
expensi ve. [ er r}- Thefigldiod the ig¥entionnay to reduce themto el ectronic signals
that can be transmtted and repl ayed at another location. It is

al ways recessafle preseseimsediamdelaty genandlisto the fikld ofthodography. Msre pagia¢wsgely, the
involved in processing the filmprevents the use o hol ography and its

variants prasé¥@itvention relate3hd b.laxrkarté-dicﬁwHo}b&ra&rh@cq@w;ﬁmqfeptapesysxle@mle.q ab .
hol ographi c systemitself was tol erabl e, the tine del ay and 1 ow

t hroughp aused hy.the necessity of Drocessi L ' oduces
ex penéesuﬁh}% 1o pef'%?gb W%Pre?gﬁf/ﬁ%tlﬁlpk“h‘ém éﬁgﬁy’?gﬁeaérg%rn ]&enqgﬁlts)‘é(%l{tﬂ&é% @éilg"’h‘t“‘d] erabl e
(e.g., atire manufacturer cannot wait m nut es, or even two

45
m nut es, GUSHIW it hased an pahenze Grured devace&ECD) qamerp-i hhg prpsent invention thus
relates to a holographic system.
2. Discussion of the Related Ast
Traditional methods of holography have used film or holographic plates {glass plates
10 witl a photographic emulsion optimized for holography) to record the helogram . Rerlay has
only been possible using lasers (or in some cases white light) and the original recordzd hologram
or a duplicate of it, in an analog method. Thesz anaiog methods are slow, cumbersomes, anc
expensive.”” There is also no way to reduce them to electronic signals that can be Tansmitted
and replayed at another location. It is always necessary to send hard copy. Worse siill, the time
15 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
Celay and low throughput caused by the necessity of processing the film, introduces expenses
associated with the delay that ars absoluteb‘ intolerable (e.g., 2 tire manufacturer cannot wait 43

minuies, or even two minutes, to Xnow that a particular tire has a flaw in it).
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PCT/ US98/ 1198P8/57234 Referring to FIG 1, a cl assi cal peTaisogsane

hol ography systemrecordati oen geonetry is shown.[err] Light froma |aser
110 is expended by a beam expander 120. After passing through a |lens 130,
the light is split into two conponents by a beansplitter 140. The
beansplitter 140 can be, for exanple, 90%reflective. The reflected beam

constittuting gn.object.beam 150.trayels ward and is ref]lected by a,
mrror 160. T%gfeg'b%%@tﬂg}:i’rﬁ ':’IllgﬁlctaL%ﬁe'%’?%}té‘ﬁggr@ St respydetion ge@metryrise

obj ect beam 150 is then incident upon a hol ographic plate 190.

Meanwhi | g1owmE? Igght frem adaset hED Isieyhended bpnalbeam expanden420.i Aftbr passimigtthredgh a
through the beansplitter 140 constitutes a reference beam 180 that travels
toward aleds il 50,1tkd ligietieshiiyntd twb e68pon=Aby dhanispliteclsed THRHRLANARIP BT AP

t hen i ncident upon the hol ographic plate 190. 10 Mor e

tl | 09 loBo/1 hee 2| ._ghbei t. al
anal 09~ SetPoa T ar PO HLEE MBI bR R MU ERT bRt
hol hy. . W thin thi licati I blicati
ot orenc BHity S fser i st BORTOS0 Tor ObiapEmED: FIBPRITeval ihiond papERegSes.

Full citations for these, and other, publications may be found at the end
of the specofjecdrimr SOnmteh aoident pyacekblographie pidt@i 9%. The di scl osures of
all 15 These publications in their entireties are hereby expressly

i ncor por at ed it -Ohi®s, A BolMhQ £ AP B REREs PRPILCRHaQn] poses of
i ndi cating the Blackgroungoof t he p%"esént }in?/ent |honi§tz1ixlna§§}n{tﬁgplfj%{arggoll??{r’?g t he

state of. the 1A : - .
> ué&haap%ér 140 constitutes a rzference beam 180 that travels toward and is reflected by a mirror

200, The rzil=zied referencs beam is then incident upon the holographic plate 190.

~

i0 Mpore recently, holographic interferometry has been developed, albeit also as an analog

ri

method.” This has included the development of focussed holography.

Within this application several publications are referenced by superscripts composed of
arabic’numerals within parentheses. Fuli citations for these, and other, publications may be
found at the end of the specification immediataly preceding the ciaims. The disclosures of all
15 taese publications in their entireties are hersby expressly incorporated by reference into the

rresen: application for the purposes of indicating the background of the present invention and

illustrating the state of the art.
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| NVENTI ON : Therefore, there-is a particular need for a nmethod :
for 1) recording holograns directly to a CCD (charged coupl ed

device) canera or any other suitable video canera with a digital
conputer interface and then 2) storing the holograns to a digital storage

medium (e.g., RAM 5 har ngM.L\?f.RR‘Xt @?%Hﬁﬁlqgﬁgﬁ@bﬁ CD, etc.). Significant
S

features of an apparatus for inplenenting t met hod i nclude the

use of a very._s | angle between the_referen eam and obhj ect beam and
focusing the ﬂw@a&ﬁwwww&%@gée 6 eghaq. ﬁ’ﬁ&? WO@«% hofagrarms directly to a
Additionally, the invention i ncludes 1) a nethod of displaying the
hol ogr aft@Pdslmrged eupledtdedies)oraneerd owanyi otbersudaidt video camentiveih adigitall 2) a
nmet hod of replaying the holograms conpletely using an optically active

crystal cokfputer 18BadeA8 A Ren i)r];i&%ttfx@ﬁélogf'a% tB'aldPditaR Etbréé‘é‘?ﬁed?r (S%E'R!Q‘@I, a

description of howto electronically (digitally) reco opti cal

hol ogr a ch |Less replay,~-0r broadcast optical hol ogram. . .
Theed, - det BT DeoissURP R ST cHe): AmeCient i PO bR CELoh Spplgmenting thi
appreci ated and under st ood when considered in conjunction with the
f ol | owi rigetied nclysteitemusernd arvisey small anglabaprpaipirdgreacahfary snd pbiesHmamengde
under st ood, however, that the foll ow ng description, 15 whil e

i ndi cat i foguspigethe hoRgremba digtenis phihe themplies tietimaga enlidigbngng iRt
specific details thereof, is given by way of illustration and not of
limtati; . and. ondi fi I : A l9; Mt t he
scope. of RadE% EAREEE oA R e BB e oram PR olFs RRSSINAA 00

and the é’.n\ient |do;‘5 i ncl, ugle a&l .such nodifications. . : :
lisplay and 22} a method of replaying the holograms completely using an optically active crystal

10 andlasers. iz contrast, the prior 2t does not include a description of hovy to electronically -
(digitally) record an opticai hologram, much less replay, or broadcast an optical hologram.
These, and other, asgects of the present invention will be better appreciated and
understood when considered in conjunction with the fellowing description ard the

accompanying drawings. It should be understood, however, that the following description,

while indicating greferred smioodiments of the present invention and numerous specific details

—
tn

.

thereof, is given by way of iliusiratica and not of limitation. Many changss and modifications
may be made within the scope of the present invention without departing from the spirit thereof,

and the invenion inciudes 2!l such modifications.

;!

[}

‘.

v
b
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PCT/ US98/ 119 T8/57234 g BRI EF DESCRIGY YR/ &@7 THE
DRAW NGS . : A cl ear conception of the advantages and features
constituting the present invention, and of the components and

operation of nodel systens provi ded with the present invention, wll
becone nore readi | y apparent by referring to the exenplary, and therefore

and formng a part of ‘t nPtIEREGRIET TGO T DRARNGY 178 T orer ante

nuneral s designate the sane eI enents in the several views. It should be
noted that t Hecleewaoneensionafiths adyratdgdsrant Heateres oprivgiuting dbapresans s tien,lapd

drawn to scal e. FIG 1 illustrates a schematic view of a
cl assi caff tiid @inigonéntaad bp&kison & rﬂ@ctb&@ﬂstems provide8 edr 1ae BieséntShedition, will
appropriately labeled "PR OR ART"; FI G illustrates a

schemat iigoYhew o uf) HBlSe by £8L=4 pf,eg Ul SBlerlO) 000 0o R Riting,

representl ng an e sent FIG 3a
il ustrat es perspective viewaof a "M chel son" georretry di r ct-tq-digital

hol oyr a ogg{lfm&s ilugipited Bnihe A vaRseHBRRPHYING B IORBINgRadete! trisvermifigaiion.

FIG 3b illustrates another perspective view of the direct-to-digital
hol ogr aphlersiatilip referkhce maheorais desighdt€the3dne elements in the severakviews4 [i dhouktreat es
a digitally acquired hologramof a scratch in a mrror, representing an

enbodi nﬁﬂ)tte&tlatttﬂ@fdﬁf&@sqﬂhetkdﬂy@ﬁtthpﬂvaw'nsz are not n..c_ussunlﬂdgawr@d E!CllléSt rates a
pl ot of a 2-D Fourier transform of 4

illustrates g.|e I@/ of._hol o%é hasg ‘?iﬁh f FIG 4;
and 20 TR sgates asey 3? §8F15é‘r?é{ ’ﬁ‘éil Hiaphi ¢
replay system repr esenting enbodi rrent of the present invention.
holography system, appropndte y lapeled "PRIOR ARTY
10 F1G. 2 illustrates a schemalic view of a siznnie direct-to-digital holograpuy system,
representing an embodiment of the present invention
FIG. 3a illustrates a perspective view of a "Michzaison" geometry direct-to-digital

holography setup, representing an embodiment of the prasent invention;

FIG. 3b illustrates another perspective view of ine direci-to-digital holography satop

ot
tn

shown in FIG. 3A;

FIG. 4 illustrates a digitally acquired holograra of a scratch in a mirrer, reprasenting an
embodiment of the present invention;

FIG. 5 iilustrates a plot of a 2-D Fourier transform of FIG. 4;

FIG. 6 illustrates a replay of hologram phasz data frem the hologram of FIC. 4; and
20 FIG. 7 111w'*ates a schematic view of a holographic repiay system, representing an

embodiinent of the present invention.
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PCT/ US98/ 1 WOMIR/57234 FIG 8 iillustrates a sel ecPEd/GP¥AIMNT a
hol ogram of gold particles on an anor phous carbon film representing
an enbodi rent of the present invention; FIG 9 illustrates a

sel ected area of the nodulus of the Fourier transform of the hol ogram
in FIG 8 (center area: the autocorrelation; left and right area: the

si debands), r nti.ng. a di ment. o resent inwention:

F1 G oa 1 EEG ERERAR Slcciedorps o ARAPLART b5 Rl Do R Al o8bon
FIG 10B illustrates a hol ography special transfer function at Gabor focus
repr eseﬁimn!@p@ﬁemmganenéqﬁ»ﬁlgmm@ﬁivhe@reaewemw%@@m i nventi on;

FIG 11 illustrates a nodulus of discrete Fourier transform of cos-pattern

sanpl ed wi t hFIG® illusB@epobdiétedires antht nigluhatof tisFowbier (ransfben odthediotdyran
points in discrete Fourier transformis 32), representing an

enbodi f L an: : < the o ; i d St s a
rodul us oy GBS I al SRR 1o and right area: (he s e repre L
(6) (cos-pattern \j_s limted to sane area (in real space) as data from FIG
11" and ﬁ%’ﬁ@ 151ent fthe present IGEQNAONs in this figure can be found in FIG 11),
representing an enbodi nent of the present 15 i nventi on;

FIG 13 il ufiGattssilusthradsih asntodbst eatsén dettioat Sererzer dosbBpr m of cos-pattern
(original set of di splay points was 32 as in FIG 11; choosing

paraneter [ewrrd. 168 RRistbes NHABEFapRY sFtichiP traXs R0t ifonl A Gabor focu§¥dpReREhg an
Fourier transformis 512 and sRows sane details as visible in analytic

Fouri er . ransform.,,. representing an enbodi nent of the present
i nventi SﬁbOd%nrt bR prese “&Y%%O_nm illustrates the results of an extended

Fourier al gorithm which allows disply of . _
FIG. 11 ilustrates a modulus of discrete Fourier transform of cos-pattern sampled with

10 32 points at sampling rate s=4.66 {(number of display points in discrete Fourier transform is 32),
representing an embodiment of the present invention;

FIG. 12 illustrates a modulus of analytic Fourier tansform of cos-pattern according to Eq.
(6) (cos-pattern is limited tc same area (in real space) as data from FIG. 11 and none of the
details in this figure can be found in FIG. 11), reprzsenting an embodiment of the present

15 invention;

FIG. 13 illustrates a modulus of extended Fourier transfcrm of cos-pattern (originzl set of
display points was 32 as in FIG. 11; choosing parameter « to be 16, number of display points in
extended Fourler transform is 512 and shows same details as visible in analytic Fourier
transform), representing an embodiment of the present invention;

20 FIG. 14 illustrates the results of an extended Fourier algorithm which allews disply of
coenventional discrete Fourier transform but §h§fced by fraction of pixel (again, same cos-pattern

as for FI1G. 11 is used; choosing trus values for Ak (and Al in two dimensions), ii is possible to



conventional discrete Fourier transformbut shifted by fraction of pixel
(agai n, samEOocaspattern ‘as for -FFIG 11 is used; chooBEHYSIFIR4?
values for [err]k (and [err]l1 in two dinensions), it is possible to

WD 98/ 57234

PCT/ US98/ 11947 di splay at | east one peak in Fourier space such
that it falls directly on display point; in this case, si del obes

di sappear,. (see. right peak representing an odi ment ..of t he, pr.esent
Mvent: ot lead tne DER i rougiPirace S i el on Sk primbon Rge case
amplitude froma sideband that is not truly centered causes

arti f act sidelobendigappeariecamighs pedi)), merressnting amprshodimentof thé prehentdichmbianchnd
falls 5 exactly in between display points in Fourier space),

representing #nGerooklstRed thef rebdiRubEgmeMplitude fromiak¥@BhhPhat is not truly )
DESCRI PTI ON OF PREFEERRED EMBODI MENTS The present invention

and t he var.Laus. at us- and adyvant ageous .det aj hereof, ar 1 '
explaineéaﬁéggLP%gf%Hﬁﬁi%ung%?éﬁé 03%5#%%8 g%%b%%éﬁﬁaogkg%ﬁﬁﬁ%ﬂggﬂ?hat are
illustrated in the . acconpanyi hg drawi ngs and detailed in the

f ol | owi n§X¥Edp PpEyesn display Peinst NGt SRAEE) rapFRsARNG an embodimpespf Yhesprasrat
processi ng techniques are omtted so as to not unnecessarily obscure the
present inveation.i nvention in detail. 1. System Overvi ew
The reason that digital hol ography has not been devel oped until now is that
the resol ution of digital video caneras or caneras adaptable to
digital nedia has, heretofore, not been good enough to record the

very high spatial frequgpghes,. . WoR i, C nms. The

i nventi on conbi nes seve a&t‘éﬁf%ﬁ@gm{dﬁﬁgﬁﬁﬁﬁbii%%ﬂ ficuity, and
all ow recordi ng of i hol ogr ams and all of their spatial_ frequencies up
t o t he i nher erft:cipaisegriapiition ead Bleuterions fpiurgsand agvantagesdy itals ‘waIvef &ref or
Fouri er transform hol ogram anal ysi s. It was necessary to

real ize kevzineddiggt Gdlyl widk edaeskean topidntiaditihpbapsdmenanpattahaliivktated irfthe

accompanying drawings and deiailed in the following description. Descriptions of well known
ccmponents and processing techniques are omitted so as to not unnecessarily obscure the present

inverttion in detail.

System Overview

of digital video cameras or cameras adariable to digital media has, heretofore, not been good
enough to record the very high spatial frequencies inherent in classical holograms. The
invention combines several techniques that overcome this difficuity, and allow recording of

holograms and all of their spatial frequencies up %o the inherent holographic resolution of the

[
o<

recording camera for Fourler transform hologram analysis.
1t was necessary 1o realize how to digitally record an optical hologram {and thatiiis a

bologram). It was also nscessary to realize that the Fourier transform techniques used in



hol ogram). It was al so necessary to reaI ize that the Fourier transform

t echni ques V@ eaish28¢ _ _ PCT/US98/11947
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PCT/ US98/ 11947 interferonetry and el ectron hol ography coul d be
used to analyze the hologram It was al so necessary to realize that

mat hemati cal addition of a plane wave to the digital hol ogram and

vvrltlngth resul ti i ntensjt unct.i.qn tical sensi.tfive crystal
woul o artFEIEETe A ey hologtephy FoyH e, B aanbt B halediae dt WASARO Tuich
llarger) diffraction angle [err], than the angle used to create 5 t he
or i gi nalnes¢ssastydn eealiat Syt mathematical addition of a pizane wavbée thie|digitabbobngrpm, and of
Preferred Enbodi nments Referring nowto FIG 2, a sinple

di r ect - tvorigh Hihe 3bsu g f-ARRY B WSl o) a«&)pﬁbmwsehghwe cg/stal il AT cttidlQeplay
har dwar e concepts that have been conbi ned t'o al Iow igital recording an

expantior Ssoigersfr A3 ATy et LR TARRToneh e 2 SRR MR o000

t hrough | ens 230. Then, the light travels to a beamspl itter 240.
Beanspl i8¢ BHgIpalsicehng gologrm. exanpl e, 50%reflective. Light that is
refl ected by the beansplitter constitutes an object beam 250 which

travel s toward andDehijlerDefiptiorfofRrefared Bxibodiments the |ight reflected from
t he obj ect 260 then passes through the beansplitter 240 and travels

tovward a f Oc%é@ﬂxng%% ®Ma. Thi §o gleg&ﬁe& et Sadiy I\As?sﬁt}?‘fsgﬁgwﬁ%'pl ed

devi ce (CCD) caner not sh | e, that

portion, f t he ht fromlen Othat ses .t dtter 240
Const 1 ¢ et peraririch Seasis 3uf vl oh P RbERaLS BN ke oo fing ol w8 g
a mrror 290 at a smal | angle. The reflected ref erence beam from
mrror dotograms Lisky&os ¢ eeri2d0ihexpisadatspl ¢ beas expander/spatialdilterBaf. Bbeti on
of the reflected reference beamthat is reflected by the beansplitter 240

theno 2QGxpatdediitesed QuRrkknttheref;0Eda g 14812502 T8en, Theligie ik €8 ¢e a Beamyflitem
focusing [ens 270 then travels
240. Beamsplitter 240 can be, for \.xampie, 50% reflective. Light that is reflected by the
beamsplitter constitutes an object beam 250 which travels toward and object 260. A portion of
the light reflected from the object 260 then passes through the beamsplitter 240 and travels

toward a focusing lens 270, This light then travels to a charged coupled device (CCD) camera

(not showm).

[y
L

Meanwhile, that portion of the light from lens 230 that nasses through beamsplitter 240
constitutes a reference beam 280. The reference beam 280 is reflected from a mirror 290 at a
smali angle. The refiected reference beam from mirror 290 then travels toward the beamsplitter
240, That poriicn of the reflected reference beam that is reflected by the beamsplitter 240 then
20 travels toward the focusing lens 270. The reference beam from focusing lens 270 then travels

toward the CCL camera. Together, the cbject beam from the focusing lens 270 and the

-



toward the CCD canera. Together, the Ob] ect beam fromthe focusing | ens 270

and the WO $3/57234 - PCT/US98/11947
WD 98/57234

PCT/ US98/ 11947 ref erence beamfromthe focusing | ens 270
constitute a plurality of simultaneous reference and obj ect waves
300. Conparing FIG 2 to Fl G 1, it can be seen that at | east
the followng djfferences_allow a CQmer a to record the hol ogram
rather tH "%&P h@a"‘? TPPR t5¢ f%ﬁ%ﬁé@?&ﬁﬂﬁﬁ“ﬁﬁn&f’ép urplitypé simpitanepus asfrrenss a0d es
a high resolution CCD (e.g., 1.4 mllion pixels), (CCDs with over 60

m l'1ion Objebt wayisx@ls ar e aI ready available). 2) The invention uses a

"M chel son" geonetry (the geonetri cal rel ati onship of the

beamsplitter, CohRERRFECPEATFIN. NI Blcan ngeeg%t Lepesb e Il%wlﬁlwpgfge eretlles a Lo

mterferorreter geomefry). This géometry allows the re erence am an &

obj ect b a.ver refere g:e beam
mrror m ?m%x% t%rec%%tthg%m% mé'?rﬁﬁ%e%ﬁ‘?@’ll ééflﬁgrm Oiép Wﬁé@@g“tm% esﬂé g |y
het er odyne or, sideband fringes for Fourier analysis of the hologram. 3)
The 5 ~ nvepHorisssehighresolutien EGET (92 bhmillionfrvels. (0D olyjitoevepfd anitifon

focal plane of the CCD. This |ens al so provides magni fication or

denmagni f iphads @8 alreglydeailade). bThesivegidenses "Bicidhe g@&he&paaL geometrical
| engt h and adj usti ng t he correspondl ng spati al georretry (e.g., ratio of

obj ect di : é@%& A ..The EH9LA tors

al | ow di rrzl?'?&gsg digit Sg%%‘?dfeﬁﬁ An replrmr;I hoTo‘?sggr#é’Ees ) 1°hegﬂ98n

conbi ned . wi th Fourier tr Slj orm soft nal ysi s met hods known in the
literat u# SYgepeter geometry). This gepmietyyad t’ e isEIca BFE £BE eaeiedibhgmande
repl ayi ng hol ogr aphic images in real time or storing themfor replay
| at er. SicAEEEREt Aotgrmiengld i rgfetect | yest arigds isaiizeéte esawfihhiohogrags thman

be nmade to create a hol ographic notion picture or the hol ogranms can be

br oadt as tmakee tHerspii ¢l Helerodyne or :ki@hargBhads fof Féu:[LURLISsiS bf SoliR Y041 08 Tpe
hol ographi c tel evision (HoloVision). Since a hol ogram

invention uses a focusing lens o focus the object onto the focal plane of the CCD. Thiz lens
also provides magnification or demagnification, as desired, by using lenses of differen: focal

iength and adjusting the corresponding spatial geometry (e.g.. ratio of obiect distancs “c image

distance). The foregoing three facters allow direct to digital recording and repizy of helograms

—
Lh

when combined with Fourier ransform sofiwars analysis methods known in e leratars O

The system is suitable for recording and replaying hoiczraphic images in r2al time or
storing them for replay later. Since the holograms are digitally stored, a serizs o holograms can
be made 1o create a holographic motion picture or the holograms saxn e broadeast electrenicaily
for replay at a remote site to provide helographic television (FoloVision). Since a hologram
20 stores amplitude and phase, with phase being dirsctly proportional to wavelength and optical
path length, this direct 1o digital holography can also serve as an extremely precise measurement

tcol for verifving shapss and dirensions of precision compzonen's, assemblies, etc. Similarly,



20 stores anplitude and phase, with phase being directly proportional to

wavel engt h wadbsapLidcal i path-length, this direct to di §CTarsIs/11947

hol ography can al so serve as an extrenely precise neasurenent t ool
for verifying shapes and di nensi ons of precision conmponents, assenblies,
etc. Simlarly, WO 98/ 57234

PCT/ US98/ 11947 the ability to store the hoI ograns digitally

i medi at | des

interfer g}%ﬁbﬁfﬂ\{ OﬁaW%‘g‘g@%h%“Hﬁ?déﬁtFly pé‘PY‘ Fs %’g’ﬁﬁ‘p Bt’f%‘ih&&?l change
(stress, rrperature m cromachi ning, etc.), can be subtracted from

one anot heloqa@hweéterfgmmtfﬂ@ngr@ms of the samstebins}, after semhe physical chaplgy itreat,
nmeasur enent of the change (phase change being directly 5 proporti onal

to wavel mmidﬂétme&r!ﬁrbﬂxhbb&nﬁ@eet@?,lcﬁﬁ%e @ﬂtﬁh'zié&f‘%iﬁ@h@ﬂnétﬁeﬁdirh&%u@@i&i%h df0
measur e the deviations of the second object fromthe first or master

e Ry e g R

pi xels in the, x- I\j pl ane, hol ograns nust be recorded at nore than one
wavel engPHPPCHI%E Wsvateength). SlmﬂaﬂYE QUS-Foj e G camased W doliles objectte measure

well -known in the literature and will not be repeated here). 10
The i nvetitd deniationbofihs stdoad wbicofromitiyhfirse soinadtensb)sdt deosubaaeimstheir eéspesirl |
angl e m xi ng of the hol ographic object and reference waves (m xi ng

at an angbRgthal TESMhBeldhsBiméRaStphase chmg&‘@eﬁéﬁgm 2R ez gﬂgx?e gﬂg b

| east two frlnges per spatlal feature to be resol ve I magl n

object a r.ecor di, n aner a) ne. and Fourier transf si.s of
Che spat Pieln LY e, {‘&Pgré‘aiﬁé%‘%yg%%81%ﬁﬁﬁh@°{“s‘?‘a%OB%WG)CW&tggﬁﬁé Stigohake
it possible to record hol ographic imges 15 (images with both the phase
and anpl F‘{’Qrd"é%%wleféﬁefpwﬁé\?e‘?vemew in g ditereermafddwvilbrot dpeepaated here).

stop can be used in the back focal plane of one or nore | enses involved in

focusi ng the dhféotentibOcombines thpeyefHigatdsamiting vifzo dBxefak SEFE BERB Snltegher
than can be resolved by the inmagi ng system (al i asing IS thor oughl y

descri begikifgehPghel Fotlﬁi 3{%&5 ?oﬁ&% r@‘;‘éieggef Qfef sl gnst LORSaddle {hq{ere 81 m al?(fe%

pl ane of a I'mt the spa f'requenci es presen
wel | descgri bed, and

rstoo erture is necessary |f al |
epati al - FYRRGEHAE GG et Bhyevs resresaryabe Emwotonée% e ee S e
objectat the recording (camera) plane, and Fourier transforn znalvsis of the spatially low-
frequency heterodyne (side-band) hologram to make it possinie to record holographic images
i (images with both the phase and amplitude recorded for every pixzl). Additioraily, an apermure
stop can be used in the back focal plane of one cr more lenses involved in focusing the object,
prevent aliasing of any frequencies higher than can be resclved by the imaging system (aliasing
is thoroughly described in the literature and placing aperturs stops in the back focal pizne of a
lens to limit the spatial frequencies present is also well descrized and well understood). No
20 aperture is necessary if all spatial frequencies in the object are resolvable by the imaging svstern.
Once recerded, it is possible to either replay ths holographic images as 3-D phase or amplitude

plots on a two-dimensional display or to replay the complets original recorded wave using a



Once recorded, it is possible to either replay the hol ographic |ma?es as

3-D phase OYOA&8piz4 ude pl ots on-a two-di mensi onal di SEHHYSHAIG
replay the cenplete original recorded wave using a

WD 98/ 57234
PCT/ US98/ 11947 phase change crystal and white [ight or |aser
light to replay the original inage The ori gi nal image is replayed
by writi h 2 ej t
Y ght OrBﬁ‘asetcharp’u cg)?tﬁqg 2 Shad Hafor gtpgﬂt‘%%&l%ﬁo vm%?g% edﬁﬁaé og]tgngaﬁag o
with three different col ors of Iaser and conblnlng t he repl ayed

i mages, Pageds ppdaieR by WiEingdk the phare-chanas MEE IRy IAmAsH @éﬁﬂﬁmﬁm@q Jeght og
witing and replaying, a series of images, it is possible to form

hol ogr apheatherdaseois yried tarepky it. By recordBigweintdge swthi theeg elsffarest «bilars bhldsgr and
recorded, they can also be broadcast with radio frequency (RF)

Waves (ec&nblnm@e?@,&{&d%u&é% 581l 8l mdl AWK oddr }fo'l&fz&ﬁ Hy é&@k@&mﬁs' ng
suitable digita encodi ng technol ogy, and repI ayed at a renot e
site.. This. effect .y al | ows .hol ogr. hIC i,.sion_ and.notion
o1 ct Ut o5 PG BEB StR it 3 serepor iae! P RRaSHbledg dyvp BogERE S ER BFRSS ¢ o
focus the object onto the focal plane of the CCD, the diffraction
pattern Sinca these imagssaradigialicerdrded, thevarasperiedapadeast stifrondistresenes(RF)

i ncreasingly close fringe as the distance fromthe center of the

pattern WosPRILSmichSndRPeLoet h ARRS! B8lvofd OSfHers or cables usifg stitsiedigipet her,
they are unresol vabI e by a video canera. Wrse yet, the interaction of

these .o 1 b AR08 AL LGRSl A AARIDLIE K B0L BlogBRAAL o5 an

i npossi bi'y e an onpl | ca pattern cannot bBe anywhere
resol ved QY a vi deo caner a. Focu§| { he, object on the recordi ng

pl ane el T PR &0F MOEn #ICTE Pt |”6’h°€‘z§i°t“erns so that nodern hi gh-resol ution
vi deo canmeras can record holograms with reasonable fidelity.

| f tHe recor diWigh medidioresadevds 1aB00 foous sitanvhjedt eetatbt dprbphne of ths A1GD, the

w il be approximately 16 lines/mm or on the order of 50 m crons,

at unity Jiredevidn gedleO6E o ddthtScah bEdkscribed by a spherical function which has increasingly
close fringe as the distance from the center of the pattern increases. As these fringes get closer
and closer together, they are unrescivacle by a video camera. Worse yet, the interaction of these

peint diffraction patteras from a complex object creates an impossibly dense and compiicated

,__.
(1

paliern, which cannot be apywiere resolved by a video camera. Focusing the object on the
recording plane sliminatzs these diffraction patterns, so that mocern high-resolution video
cameras can record holegrams with reasonable fidelity.

If the recording media r:soives 100 lines/mm, the holographic resolution will be

-
i

approximately 16 lines/mm, ¢r on the order of 50 microns, at unity magnification. This limit
20 can be increassd oy the use of a magnification lens. For a camera resolution of 100 lines/mm,

the hologram resolution will be approximately 160 lines/mm if a magnification of 10 is used.

10



20 can be increased by the use of a magnification |ens. For a canera
resol uti on Y 98HB4 i nes/ nm t he hol ogram resol uti on MFi/PS§g1947
approximately 160 lines/mm-if a magnification of 10 is used. '
WD 98/ 57234

PCT/ US98/ 11947 Simlarly, the spatial resolution wll be
decreased by any de-magnification of the original image onto the

recordi 0 r . . . i i can _al.so.be odied,in a
oo R e spatial resalution will bd [t ANE Y w0 ke Rir R of Y SFe o it

use phase shifting rather than heterodyne acquisition of the hol ogram phase
5  and GipICEEPEINgaBeRn pi xel . Phase shifting interferometry is well
docunented in the literature. As anot her exanpl e, the invention can
use nuner ous Hiefifreergion cavakods embodied in agunber dfltemativy approaches. PRé1 iREtBnde)
an optically sensitive crystal. These include using a sharply focused

scanni ngh¢ 8S@Ation can use BRADhIFRLRkn ek AR HoR @ . | )
witing with an spatigP IiSht nél;glul at or (SE " a&ﬂﬁ&h%?ﬂ/}m&?{%@%f@%

bi asing | gser .beam and many_possjhle geopetric variations ofthe wiiting

To" " o SireRatoRb SR Thr FiSh pE pRae Skl HiaRriocH Moo DR RE i SRRy e
crystal s enpl oyi ng _ optical effects other than phase change to create
the di f fAaeothsn cyraplenge invendpt ean ush aumstag dififierent methodsAs writingithe tiftensity
exanpl e, the invention can actually use a very fine-pixeled spatial |ight

nodul at gritt:m toreabacd Rechdtiens . PRlcbemdlude RShe RshaRY Hchitd RBYhiRE tded O
wite the intensity pattern to an optically active crystal for

repl ayi ng.t.he, Hologr At tal Foh tulator), writing with an spatial li

Sy g et T A as%%(tfr]f bt modulgronknyritine with an sratial ieht roedulatar (S
now be further des yi.beib t he fol]l ow ng, nonlimting exanple which
Wil serSh GO g S Re dasehbeaghvandareay POYHBIF G B A AR BTG o the writing
significance. The exanple is intended nerely to facilitate an understandi ng
of Ways schemhi Shandier example, Predsention narentei apticattyysehsitipe anstatedhnploginko -
further enable those of skill in the art to practice the 20 pr esent

I nvent i @pticAGEREMofR Yhan!ghGs<LoranRd B diedid di®lachieh SARSE tHRP13%hd holbHng the
scope of the present invention.
As yet anoiher example, the invention can actually use a very fine-pixeled spatial light
moguiator to create the intensity pattern, thereby obviating any need to write the intensity pattern
to an opticaily active crystal for replaying the hologram.
15 : EXAMPL
A specific smbodiment of the present invention will now be further described by the
following, nonlimiting example which will serve to illustrate in some detail various features of

signiZicance. The example is intended mereiy to facilitate an understanding of ways in which the

present invention may be practiced and to further enable those of skill in the art to practice the

[
(o]

present invention. Accordingly, the example shculd not be construed as limiting the scope of the

present inveniion.

1



WD 98/ 57234

PCT/ US98/ 11\W9QP8/57234 FIG 3Ais a perspective vi eBBUSEi947
exenplary "M chel son" geonetry for direct-to- di gital hol ography is
shown. Laser light is provided to a beansplitter 310. An object beam
fromthe beansplitter 310 travels to a sem conductor wafer nount 320 and
then to a focusing | ens 330. Meanwhile, a reference beamfromthe

oAl Lt 38, AR b e RSSAR pngsh E e e S8

i's another perspective view of the exenplary recording ' Mchel son" geonetry

is digitabhplogiaphy fsi howhne Waser highpis pravided tofa beamspletier 31 0- dingtbiest beow
canmera 350 with regard to the other subconponents of the apparatus

can be nfegn iR YpIARPBES trav@lio d fntifirFurioeWaldr R&UROSIE Artherh tdd focusing
obj ect target nount 360 can also be nore readily appreciated. FIG 4 1s a

het er ody \ ' I 5 [ L rofr, o ct

i this eaedyd MeBnAREan o A RO o RERERN 1o BelRd o) roiypic

hol ogr aphy. s% temillustrated in FLGS, 3A-3B and. descri p%gq above.

The f%i ngeEobBEbAMIEC] on 2 RISZARISHES Ki5T8RE RFAR PIETF PRt} f er ence bet ween
the reference and obj ect beans. The reference beammrror was tilted
slightly to cri8atgBtihasehdripersgesive view of thhexemplary repmrémendEchdfont gesmetry is
fringes which allows Fourier transform analysis of the hologramto

cal cul at ghodR. In ththB=RN@S ?oﬁﬂgn 8rPlidae dfeonl S Rimeel 350%ith ez POLOGE JMer
The Fourier transformanalysis wll be di scussed in nore detail

bel ow. _ P16 5 1S a,graphical plot.of the two-di, .anal -
Fouri er CPRIRIPRSPRTISP B iok Tl PRPRLIeARly R, Oyl es’ FEREHARTbeen o
along the x dinension and the y axis is_the spatial frequency, axis,

al ong t he@YecHiapga F1opRT 2 Gtheangetois mersgtraadily sppfeciateda  mathlx 44§ 2 Aelsindyse
corresponding to the 20 strength of a particular spatial frequency in
(flens], (bideanfl) héloggurenicyscspeace. a threrijthetobjecamdhbrezght fasSologram weetnalhe
white dots shows the strength and position in frequency space of the

spatial fyeeRGkaSs digital h 1egleﬁi1ﬁgyn§ys'té93 fth@ratdd id E1RAR 085 ARPUELEBEETndeOm
FIG 5 that the reference %e ri'nges act as a

The fringes observable in the hologram are due to the interference between the reference and
object beams. The reference beam mirror was tilted siightiv to crecie thase fringes. It is the

4 - o~
Py
v

presence of these fringes which aliows T ourier transform anaivsis of txe nologram 1o caicujate
the phase and amplitude for the pixels of the hologram. The Fourier irensform analysis wili 5e
discussed in more detail below.

FIG. 5 is a graphical plot of the two-dimensional Fourizr transform of FiG. 4. The x axis
is the spatial frequency axis along the x dimension and tae v axis is tre spatiai frequency axis
along the v dimension. The actual data itseif is 2 matrix of numbars corresponding to the
20 strength of a particular spatial frequency in (£, f) frequency space. The number and brightness

of the white dots snows the strength and position in fraquency space of the spatial frequencies

present in FIG. 4. It can be appreciated from FIG. 5 that *he refersncs benm finges act as a



12 WD 98/ 57234

PCT/ US98/ 1190/H8/57234 het erodyne | ocal oscillator shiftinCTAS8/&EM7 and
virtual hol ogram i nmages of f-axis and al |l owi ng their separation in
frequency space. It is known from Shannon's Theorem (or Nyquist's limt)
that at |east two pixels per fringe are required to resolve a fringe, and

from el ectron hol ography that at |east 3 fringes per resol vable
feature are required to, resolxe the object in the hol ogra ) .
(o nal 5SS Rl el SR e Ao el hejgErlimiatea piiety wlioaiine
resolution of the carrier spatial frequency plus the object

f r equencithisdr sepgratiop inresueneisnant. ok denomauirom Shanrzanss Bravrdny (or Nyquistydisik) |
et. al.,[err] allows the use of 2 fringes per feature). Thus, these two
limts deéfatoniess tivb@ixels per fringetist redirb@ @ Yebdloah EMpeObn@RoRRI@Hon b Ay
tilt angle between the reference and object beans 1n order to

resol ve g eqak SpAt [ ra 10,.. . The data
shown in Fal G %gtigsélgﬁég)l ﬂfggﬁg{gég#?%s 3?‘?7%5 Bﬂ%isﬁ%? ()lq%legshet éecg%tge Pﬂlogfﬁﬁ?i er

space. . 1o sit to f the heterodyne carrier frequency (the spatial
fr equenc{ TR ’tﬁgpuﬁ)&@%ﬁﬁﬂkmeﬁ‘ﬁ’g@? ringes perifegtyreje aligw ﬁeﬁoﬁél%lﬂf((é}& il
reference beans), then applying a digital filter (e.g., a Hanning or

But t er wospatial fiequanyy pluschet olgédt fteheersiegtalt svaak onmitk é:hended iIFguriad wraisfginby
(these are actually the signals resulting fromthe reference beam

i nt er act @I deMhll s hfioRdthe S 0 PP ES s Pﬁxff@%t?fb\[)/ ]e g\f;\}gi e WV% 'ﬁmﬁs%e%eﬂntxr?eeﬁlf: ’

and are just noise fromthe hol ogram™po and then pertormng

the inve . .Fourier transfo Al | of this analysis cap he carried
out on al}ecsﬂ%brfig gfagegfﬁﬁ%?%?g%‘ﬂ’lic ﬁncgg}edléha@g?e between fhe F%‘%Tenf‘? ?Rép 0 ”*I%ef“t“?rén
analysis npy require as many as 30 to 100 high perfornance parallel

pr ocessoPEST ¥ 1gsolvea fatus(megaldrememyNipaaylogmachi eve a frane rate of 30
frames per second. Comput er systens of this size are presently
commbnl y used Tae dhiashewvdat Bl skis astlyexdsyandsit@ile (s2Bing) th@ikestin Fourier space
cal cul ati onal engines. They are also suitable for short-term|ow resol ution

weat her tc sitont fo@l‘féi}%téxﬂgz( @d’éﬂié@?ﬁ%ﬂ@'ﬁi},@%&ﬁél? q&é}ﬁtx,r%&&hih]?rl'}h%g&%%g%zgp

filmindustry. I't can be pecte such 'systens W

p.Hhin 1 r
systems m:tbe{weeg tktxéj Objgct)éuels "Sference beams), then applying a digital filter (e.g., a Hanning or

Buttefworth filter) to cut off the signals around the original origin (these are actually th= signals
resulting from the reference team interacting with itself and the object beam interacting with

15 itself, and are just noise from the hologram point of view), and then performing thz inverse
Fourier transform. All of this analysis can be carried out cn a digitai cemputer and can 2e done

in real time. Real time analysis may require as many as 30 to 100 high performance narailel

Computer systems of this size are presently commonly used as larze database servers and stock
20 market calculational engines. They are also suitable for short-term low resolution weather

PR : : . e .. . _

torecasting, and imags manipulation and creation for the film industry. [t car be expectad that

such systems wiil be desktop systems within 6 to 10 years.

13
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PCT/ US98/ 193198/57234 FIG 6-shows a replay of th®CEHEIYIT a
created by perform ng the descri bed anal ysis on t he data (hol ogram
fromFIG 5. Replaying the data as an actual hologramw || require the
creation of a diffraction grating in an optical crystal and illum nation of
the diffraction grating with laser light (or appropriately treated
white-light) he correct | e. The data .t,0 be.actuall 3 witten to
the opti cal | J1Gefiafe s arERyaafe Mot dfa ST miemting e fergriune sfivsing?
adding a function f(Xx,y,z[err]) to each pixel h(x,y,z_[err]) of the
hol ogr artheidata (halpgree) BorhFICudc tReplryingrthe daaeb ax actual hologggrd will require the
f(x,y)=e[err] and r is the square root of x[err] + y[err] + z[err].
10 creation of AQifEspiEsthiied infdapticalneratd edd ARevRaGe 6REe aiftsctRityShedd | Y
to adding a plane wave intersecting at angle [err] with the original

ul 1 pi B By RS CERBPRR AR B L] PR P Shtbnele, g bl TRy

function, . which is witten to the light-sensjitive crystal. with the
| ase? (i%rifgntosdheeptivally sensitivesrystal iy salqilpd grom the hologragn dlafe éﬁ gfigipg a
cross-termof the reference beamw th the object, and drop the

aut ocor rfehatondix,y,z5 to eadhgriza h(x,Fag ofitief hodegramniagy, atheregdtih fisictiomsadre domplexhe
i ght sensitive crystal can then be illum nated with | aser |ight at
angle [egy] to replay the original hologram If a crystal is used which has
a tenporary phase change or refractive i ndex change when witten
with laser light, then by cog{i I’Slio.&l:&!a\)/ writing new i nages from
ei t her instantaneously acquired or *¥ed hol ograns, and

ilTum nating each inmage with laser light from another |aser (or

appr opr idadérythesavaresoaimi ket vighty) 20 at the angle [err], a 3-D notion
picture or 3-D television inmage can be created. This is just one

possb bl e net Hiic ;apdngnial fdnetiamniddep absieoeresminde ghisirailvs addigg tldane wave

hol ographi c i nmage to an

intersecting at angle o with the original object wave of the hologram. The function created by
the sum is muiltiplied by its complex conjugate to form the absolute value intensity function,
which'is written to the light-sensitive crystal with the laser (it may also be possible to write only
the iatensity cross-term of the reference beam with the object, and drop the autocorrelation

15 terms). The diffraciion grating thus crzated in the light seasitive crystal can then be illuminated
with laszr light at angle o 0 repiay the original hologram. If a crvstal is used which has a
temporary phase change or refractive index change when writtea with laser light, then by
continuously writing new images from either instantaneously acqguired or stored holograms, and
lluminating each image with laser light from another laser (or appropriately treated white light)

20 atthe angle o, 2 3-D motion picture or 3-D television imags can be created. This is just one
possible method and not the only possible method for writing the holographic image to an

optically sensiiive crystal and then replaying it.

14



optically sensitive crystal and then replaying it.

14 WO 98/572% 98/ 57234 PCTAUSS8/11947

PCT/ US98/ 11947 - FIG 7 depicts a nethod for generating a -
notion picture or television using the invention. It can be
appreciated that the hologramis witten to the phase change or other
optically active crystal by intersecting two | aser beans in the

modul ator) to  Auaur RS HERRSF friebh el EloRoM bicoyre of 0 B i rygptions
{ gl nal hol ogram as  descri bed above. The focusing

mat hemati.cal l.,y fromthe orjgi F .
| ens focdbE !%/earﬁpgrecxated thafa%%b@;oﬁraiﬂhwtwwaé@ Phan glange Y& pter aptiqably active

intersection of Laser Beam 1l with Laser Beam 3, where the conbi ned
i nt ensi t yrtal pydntersectingsmiodases beatesimahe ciystaiw Laser Béen hds passed theodgdhean SLM
crystal. After the pattern is witten, Laser Beam 2, incident on the

crystal gtpasiaghg hesdilaté SRl ﬁsﬁ&ulhﬂ&%@ﬁ&e'%ﬁﬂi infRkROp & into it reated
I ntroduction to |ightwave hol ography 1 I n order that f%e ol ogram
erstood, it

pr ocessi Cribed .herein can be, nore .easily . und X
IS us'f:f ul t?%rg%}f%?ﬁ)?g‘%fne@?gﬁﬁ?iaf%?q%rﬁg‘ it eﬁ“rrg)egﬁg?)‘ﬁ -Ths fQ“‘FFb‘P%GF%W.SCSI thisan
el ectron . mcroscope, equipped with a hi‘ghl y coherent el ectron
source, @fEmdnhe i changs eygabstithe ingarsection of Lager Beawrl with Lasdrdeatmed; twhene
beamthat is incident on the specinen is, ideally, a plane wave. In

practi ce,thd ¢umsbinahinhmsiag bf geesto laed if atmamaht ariadRePitemith 8t dysthl €A frer the
illumnation is spread over | arge area. In this ideal case, the

a
obj ect i @)s.fté}%]imv?i’i@ﬁq%g;[@ro . E,ioigéid&necni t@% 'qugtgf at%lngﬁea YBYSSs the original hologram.

I[err] ="[err the obj ect” Wa

o(ferr]),

Introduction to lightwave holography

In order that the hologram processing steps described herein can be more easily
understood, it is useful brizfly to review first the nature of off-axis holography. In an electron
microscope, equipped with a highly ccherent electron source, e.g. one using a field-emission
electron gun, the electron beam that is incident on the specimen is, ideally, a plane wave. In
practice, this can bz achieved to a reasonable approximation if the illumination is spread over a

5 lzrgsarea. In this ideal case, the chject in the microscope modifies the incident plane wave

r _ Y pmd pnd
L = =™ Iz, y)dzdy,
Jim=-1d (1-1)d

to the object wave

o(r),

which is defined as:

15



which is deflnedﬂ o(lerr])
= a([e[r] ) Peg 15]'7 [err] - (ES:T/USQS/11947

15 WD 98/ 57234 .

PCT/ US98/ 11947 Bot h

a([err]) and [err]([err]) are real functions and describe the

obj ect anplitude and the object phase, respectively. The vect or
[err] ° DBoth is a vector in the specinen plane, or the (x,y) plane. For
reasons of sinplicity, magnification 5 factors and image rotations are
ignored, so vectors in the image plane and the object plane

coi nci de. When recordﬁngnﬁmaxﬁf axi s hol ogram the object
is, ideally, positioned exclusively on one side of the biprism The
bi pri smthen overlaps the i nage wave (or object wave dependi ng on

t he experiaweal fhctiets-ang lesiribb thehubjdce hpphmde aﬁ@&@,objecﬁphésé Gfeylﬁﬁﬁ‘vélﬂ trhe

ot her side of the 10 bi pri sm(Lichte, 1936; Joy et al 993;

Merr]ll eagted & Duker, 1956; Tononura, 1993). Ideally, t he
reference wave is a plane wave that does not go through any part of the
speci men. This, however, is not an exclusive requirenment and
acceptable results nmay still be obtained-f the ref erence wave goes
t hrough the specinen or is deformed by mgnetic or electric fields. In the
i mage plane below the biprismwe find the inmage intensity

1S @ vector in the specimen plane, or the (x,y) plane. For reasons of simplicity, magnification

5 factors and iinage rotations are ignorad, so vectors in the imegs clene and the object plans
coincide.
“When recording the off-axis hologram. the chject is, idzally, positioned exclusively on

one side of the biprism. The biprism then overlaps the image wave (cor object wave depending
on the experimental set-up) with the reference wavs, i.c. the wave on the other side of the
L
10 biprism (Lichte, 1936; Joy et al., 1993; Mollenstadt & Diker, 1956; Tonomurz, 1993, Ideallw,
the reference wave is a p Iape wave that does net go through any zart of the specimen. This,
howevex) is not an exclusive reguirement and acceprable resulis may still be obtained if the

+ h ra o ¢ the i ~ : b i : ~ -
reicrence wave goes through the specimen or is deformed by magnetic or slectric fields. In the

image plane below the biprism we find the imayes intensity

—

I(r)

bach
th

(V6lki & Lichte, 1590)

St v 27N L pinel Ty P N
Koy = 1+AYND) +17Ke) =20 - A(r) s sos (Ak + - &) oy
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I ([err]) 15 (VMerr]lkl & Lichte, 1990):

I ([err]) =WD9s/i3pHrr]([err]) + I[err](ferr]) - 2[err] [err] B9 err]
cos ([err]k[err] - [err]([err])) (2) :
16 WO 98/ 57234

PCT/ US98/ 11947 where the additional term

| [err]([err]) takes the inelastically scattered photons into
account Gnb Sh M

|[err]|Wh-]e_he d@%@%ﬁ“ﬁ?ﬁ the spatial frequency of the hol ographic fringes.
A([err]) and [err]([err]) dESCFIbB the i mage anplitude and phase,

which are diffferent fromthe object &P B()t ude and 5 phase due to the
aberrations of the objective I ens (and ot her sources of disturbances). The
term [err] describes the contrast of the interference fringes of no

obj ect 'tﬁ(eb'%Q.Cinel'astﬁzailf\scatt%red%@tolnﬁ &ith hedddt. [ Bie thrm are zero.
In FIG 8, a small area selected froma hol ogram of gold particles on an

anor phous carbon foil is displ ay& g to show the interference fringes.
They run fromthe top left to the 10 i)ottom right corner of the imge.
In order to extract the inforrmati on about the (conplex) inage wave,

and fromthat the anplitude and phase, a Fourier transform (FT) of the
i mage i rlesomibies the spatial frequency of the holographic fringes.

A(r) and ®(r)

describe the image amplitude and phase, “vhich are different from the object amplitude and

5  phase due to the aberrations of the cbjective lens (and other sources of disturbances). The ierm

L]

u describes the contrast o nterference fringzs of no object is used, i.e. A= 1, and I'™ and @

!

are zZero.

In FIG. 8, 2 small area selected from a hologram of gold particles on an amorpaous
%

-~

carbon {oil is displayed to show the interference fringes. They run frem the top el to the
10 bottom right comer of the i image. in order io extract the information abeut tre {oomnian) imegs
wave, :md from that the amplitude and phase, a Fourier transfom (FT) of the image intensif
1) is performed and we obtain

FT{@)) = FT{ +17% + A20)) + 8(AK -q)  FT{AF) = 0
= B(AK +q) * FT{A{)e ™

where * denotes convelution.

17



I[err]([err]) is performed and we obtain

FT{I([err] JOB/FR}L + I[err] + Alerr]([err])} + [err]([err] PfT["é$9§11}94"°' FT{A
([err])[err]eferr]}

[err]([err]+[err]) * FT{A([err])[err]e[err]} where * denotes
convolution. 15 WO 98/ 27234

PCT/ US98/ 11947 The Fourier transform of the hol ogram of

FI G 8 is di T - o]

‘aut ocorr el a?ﬁi 3?1%?9 mﬁs %onr(r?feﬂsle 5??‘8%’%5105‘?‘?‘ gg‘rhls%lay?dr léllnlifpl(; \@F %?néﬁ%:ea
convent| .onal ge. The interesting features in this inmage are the

' si debari¥§moWnay the (ﬁi‘&oqoi'rﬁ@tlé%w whigh Gﬁ‘ﬁ%ﬁppﬁg‘i to the Fourjgytxgpeferm of aiconventiopdloser

| ook shows that there is, for exanple, no centrosymmetry with respect 5
to the dewmperThé irtdrestitigdedvams in thiyiangé ereikaskledmdsahatiavielikdrears amvend the

intensity; this is a mat hemat i cal necessity). The
last t woukdcRRelah Eﬂ.cﬁ : g § 40 A eRARAS odyh bt with t

i solati ngs1 é:ne wHRe- ?S)et ﬁ’gr{ssﬁ?jde}%{gjﬁh% Iferlgfri;ot u?ﬁlagjra t? ns ot&mwme i 'F%| n
t he Four,i er e co Iex X wave. no n chromatlc
aber ? at |18ﬁ§ c@&{baﬁ Wstdl%mé Bﬁ‘%ﬁgﬁ S?"ﬁ%ﬁ’ée E“

corresconds to the Fourl er transform of the conpl ex object vvave in the

f ol | owi rgathempatical necessity). FT {A([err])[err]e [err]}
= FT {a([err]) [err] e[err]} [err] e[err] (4)

wher e the terThe last two lines of Eq.(3) correspond to the two sidebands in FIG. 9. By isclating one
[err]([err]) descri bes the isoplanatic wave aberrations. Her €,

of the sidebands from the Fourier transform we retain the Fourier transform of the complex
image wave. Ignoring chromatic aberrations, the Fourier transform of the complex image wave

16 corresponds £ the Fourier transform of the complex object wave in the foliowirz way:

FT{AG) ¢} = FT{a(r) - ¢ '¢®} - ¢ 1@

xX(q)
cescribes the isoplanatic wave aberrations. Here,
(a3

i3 a two-dimensional vector in the Fourier spacs (or reciprocal space), i.e. the back focal plane of

the obiective lens. 1t is obvious from this eguation that if



([err]) is a two-di nensional vector in the Fourier space (or

reci prrocal WPE88)234i . e. the back focal plane of t he o@Caaisss/@19ens. -
It is obvious-fromthis equation that if 15 ' -

X([err]) WD 98/ 57234 _
PCT/ US98/ 11947 is known, this information can be used to cancel
the influence of which results in an inprovenent in the point
resol uti gl ra et .al 979;, Fu et al ., . 1991 This is

desi r abl e%%m‘fﬁ{e{yn%?%%f%[i% psegio ﬁ?‘?fﬁlg‘@é?ﬁ‘iﬁli’% crystal strcture inages
t hen becones nmore intuitive. Besi des the possible

i nprovenents of the point resolution of a_m croscope, another

i mportant feature of |ightwave hol ograpi§a)is the direct accessibility of
t he i mage phase. In contrast to the conventional contrast transfer
function which is a sin-function (Reiner, 1989) and di splaced in

descri bey e IS H A il 0hiTy eaﬁtﬁ%fﬁ?fhﬁfotn ReRaRp AL o ERgenIgsh, °
in FIG .1.82 g vanhage of the cos- type transfer function is
that the*f8ryes SHFE’Q Tt ragPraton gt |hsg1blfe<@1m@1 srystahgtricgire dmaghssheskesdmand,

apart froma slightly degraded point resolution, the total anount of
i nf or mat m@re Wduthiggher in the i mge phase than in the inage intensity
at Gabor focus (Weierstall, 1989; Lichte, 1991). This is one of the

reas@ns why apdiif&che gbﬁl-’th@%nﬂt)vérﬂ@nt Hpﬂk@ pBRR 8K ohFioRk ?L?r(i@l%lsgop%ygﬁotﬁé}e

image intensity in some cases.

The ext e%odt Eofém“re o% ht%‘mawe holegraphy is the direct accessibility of the image phase. In
contrast io the conventional contrast transfer function which is a sin-function (Reimer, 1989) and
displaced in FIG. 10A, the transfer function of the object pnase into the image phase is described
by the cos-function. This transfer function is displayed in FIG. 10B. The advantage of the cos-

10 type transfer function is that the large area contrast (details of size > Inm) is not decreased and,
apart from a slightly degraded point resolution, the total amount of information is higher in the
image phase than in the image intensity at Gabor focus (Weierstall, 1989; Lichte, 1991). This is
on¢ of he reascns why a direct display of the image phase is preferable over the imags intensity
in some cases.

15 The extended Fourier transform

In crder to evaluate holograms in a computer, discrete Fourier optics is conventionally
used. Although the discrete Fourier transform of an image contains the same information as the

originai image, the conventional discrete F ourier transform is not the ideal tool to perform this

1.
tasx.

19



In order to evaluate holograns in a conputer, discrete Fourier optics is
convent i on& 9p/57234 used. Although the discrete Fourier tFPaRdB3¥m9%T an-
i mage contains the sane information as the or-iginal imge, the
conventional discrete Fourier transformis not the ideal tool to perform
this t ask.

19 WD 98/ 57234

PCT/ US98/ 11947 . ' .Jo i.llustrate this us, cansi der

i scrote i g ilystale bisyesun opsihfa Cigpieiinmgs phatef Ny N pixEisict Hatedivom a
sl ow-scan CCD canera. Suppose the size of one pixel of the CCD canera has
t he di mebisingd figmxa slowagsdn O dimseranSepivee Wssizertdionh pivel ahtheiGED sameradiago d.
The image function I (x,y) is recorded at each pixel, and has the

val ue: the dimension d X d, and the distance between nelgHbefihg pixels[i®alkd d. TheImage MokHon M

n=1 ...,N If[err] is slightly different fromthe values of the function
1 (X,y) 142 . Lxel..((m)d), (n, - )d)) due to the

i ntegra Ag%%ﬁr\?g@ﬂ{e(ﬁét %;}églxg%’ a?élggspﬁgze@lmThi s effect together with
others contributes to the MIF of the CCD canera. For this discussion, we
will assune that the MI'F has been corrected for and therefore

assune, for the _
y)dxdy, (3

L((m)d), (nferr]-lerr])g))_=1 rhierr].ce also
nonent, that |(x,y) has nhe"f‘é’ﬂfn - X,
| (Xx,y) = cos[2[err](xu + yv)]

tm-13d J {n-13d

wh

withma, n= 1, . ,N. 1, is slightly different from ihie values of the function I(x,y) at the center of
the nixel (m-¥4)d), (n, -¥2)ad)) due to the intezration over the area of the pixel. This effect
together with cthers contributes 1o ths MTF of the CCD camera. For this discussion, we will
assumne that the MTF has been corrected for and therefore i((m-42)d), (o, -¥2)d)) =1, ,. Wealso

assume, for the moment, that I(x,y) has the form:

I{x,w) = cosl27(xu + vv}j {6)
e sor Oy, v<Nd, and is 0 elsewhers. Ths digitzed image 1,15
1. 1 P ,
Ipa = ©0s{27[(m ~ —jud +(n ~ )vdj} €

for 0 <m,n <N, and is 0 elsewherz. Ve define the number of pixels needed to cover 27 in the
R ] 3

dizection perpendicuiar to the fringss defined in Eq{7) as ihe sampling rate s for the spatial

Fequancy

20



10 for O[err]x,y[err]Nd, and is O el sewhere. The digitized imge I[err]
W@%ﬁ]‘?‘{]

is: - - WO98/57234 Flerr] = cos{2[err][(MBCT d +
(n - [err])vd]} (7) for O [err]mn
[err]N, and is O el sewhere. W define the nunber of pixels needed to cover
2[err] in the direction perpendicular to the fringes defined in
Eq.(7) as the sanpling rates for the spati al frequency

20 . WD 98/ 57234

PCT/ US98/ 11947 [z .2 [err]
(8) It is not required t & thi's number of pi xel s be an integer.
The sanpling theoremstates that if the i mage function I(x,Yy) i@
sanpl ed such that no spatial frequerc i mge is sanpl ed bel ow )
the Nyquist limt [12], then the inmagdy&traeti on i s uniquely defined within
the area of the CCD canera. In other words, if all the spati al

frequencies of the inmage function I(x,y) are sanpled 5 wth s[err]2,
then the information I[err] [err]l(x,y) within the area of the CCD canera

is conplete. . ..Therefore, |t. should.be a question of display gnly,. if
(X, y)rrp :Itsls &Pts’f}ﬂ%‘;%m\% t?xp.ﬁ nuymper gg(alﬁ,ﬁlp g,e 2R 4{CRET. e sampling 'ttheorerrP states that {Fhe
image function I(x,y) is sampled such that no spatial frequency of the image is sampled below

the Nyquist limit [12], then the image function is uniquely defined within the area of the CCD

camera. In other words, if all the spatial frequencies of the image function I(x,y) are sampled

i

with 522, then the information [, ®I(x,y) within the area of the CCE camera is complete.
Therefore, it should be a question of display cnly, if I(x,y) is dispiaved with, for example, 124 X
124 or 13789 X 13739 sampling points (i.e., display points), toth in real space and in Fourier

space. The discrete Fourier transform FT¢ {...} is defined as:

by

lN

FTH.) = = 30 (e nmme 9

lvrp;,::=l

where N/2 < k1 < N/2 - 1. FIG. 11 shows the modulus of the Fourier ;ransform of Eq.(7)
10 FT%{l,} in one dimension and N=32. The motivation for an extended Fourier algorithm
originally came from the surprising difference in the display tetwesn the medulus of FT3{1,,}

and the display of t12 modulus of the analytic Fourier transform 2f £q.(6) FT*{I(x)}. The

analytic Fourier transform FTa is defined as:

bx—j
v
»
-
Sy
n

{ } T ye T gy Gy

"Nd A erir oud v
{‘ j g TR Ey dy,
v JP

(10) .



124 or 13789 X 13739 sanpling points (i.e., display points), both in real

space and WO #&Uiider space. The discrete Fourier traRSTBISHH11947
FTlerr]{...} is defined as: : ET
[err] (...) =[err] (9)

where N2 [err] k,1 [err] N2 - 1. FIG 11 shows the nodulus of the Fourier
transformof Eq.(7) 10 FT[err]{l[err]} in one dinmension and N=32. The

TELI U 080k P NS, B MO0L) WMoy 2 B BRI 90k
FT I . .he. di spl of .t dul f th I yti
L RSt e vy i e ol i T W BB

transform FTa is defined as:
FT[ er r | {fouri}r spage mikreas the FT¢ does not exiafid ®8y &idBd well known Nyquist limit at 1/(24).
PCT/ US98/ 11947 The nmodulus of FT[err]{I(x)} is displayed in FIG

12. I'n conparpyaqdfskigf) edbn@ddobier ﬁ%sfo?trpﬂi??'is dtRkd as followsnone of the
details visible'in Fig. 12 are found 1n Fig. 11. Also, the FT[err] extends

toinfinity in Fourier space, whereas the FT[err] does not extend
beyond the wel | known Nyquist limt, ag 1/(2d). The

(di screte) extended FourierE¥TansFor-mPERT.Yi s defined as foll ows: an
EFT{...} = [err] N mn=) 11y

5 with-1[err] [err]k, [err] [erf 429 eértr¥Rerr]k, 1[err] N err]/2-1.
The inverse extended Fourier transformis defined as:
EFT[err]{...} = [err] (12)

5 with-1 < Ak, Al <1; /2 <k, JsN1/2-1. The inverss extended Fourier transform is definad as:

R
PR—) _ - .
EFT .} = — 2, (-} (12)
NT™ kd=-N12 tis
x RMlE + S&jm « (I + ADRYNTY)
The new variables Ak, A and & permit a change in the display in Fourier space as well as the
number of display points. Note that for Ak, Al=0and n=1, EFT=FT¢
The effzctof
The eifect of w can be seen from FIG. 13. Using = = 16 and Ak, Al = §, there are new
16 NA =512 points to dispiay in Fourier space instzad of N = 32 points as in FIG. 11. Gbviously,
the details visible in the analytic Fourier transform (FIG. 12) appear in the discrete EFT too. But
again, both the EFT (for n2 1) and the FT¢ contain the same information. There are stiil two

differences in the display of the modulus of the anaiytic and the modulus of the externded Fourier

transform. First the Nyquist limit still holds for the extended Fourier transform and no spatial

o
in

frequenciss show up beyond the Nvquist limit. Second, the limited image area causes higher



The new variables [err]k, [err] and [err] permt a change in the display in

Fourier spaW@9%&73%!| as the number of di splay poi nt sPCRAISESAAT f or
‘[err]k, [err]l =0 and [err] = 1, EFT = FT[err]. : The
effect of [err] The effect of [err] can be seen fromFIG

13: Using [err] = 16 and [err]k,[err]1 = 0, there are now 10 Nerr] =
512 points to display in Fourier space instead of N = 32 points as in FIG

11. Qbvi YA . the details visible in the_anal yt.ic Fourier transform
(FIG 12%@5%%%% 1 Fr?“f‘ﬁ’éSP&F%é’fl’é?*émﬁﬁﬁﬁcg@ébaégf‘t the Nyquis} 1 andiouse diffsraneas
(for [err], 1) and the FT[err] contain the same information. There are still
t wo such g§ thesksappeasancq of Hie verg inadetails visiblendud BE. of the anal ytic and

t he nodul us of the extended Fouri er transform First the Nyqui st
limt still holds Tigreffdaeofskended Fourier transformand no spatial 15
frequenci es show up beyond the Nyquist limt. Second, the limted inage

gr ea causes th@@fe\c/:bo%%lf 'gxi}ég’g{lm} is displayed in FIG. 14 for the special case Ak = 0.133 and

PCT/ :L)J898/ léQ 7 . —Lrequencies in Fourier space, which are reflected
back’at Th 'ﬁt?(‘jﬂ?’?fm?qnﬁptngnhl’é%%%htd‘ifﬁhﬁ‘eq“@rﬁ?é’és now coincidgsexnacty withea pixel

di sappearance of the very fine details visible in the FT[err].

The ef f det digplapppoint) in Fourier space. Thiecafstete sifeldbes, iaf kisitle BFF{G.[ 161, td disigpear.

di splayed in FIG 14 for the special case Ak = 0.133 and 5 [err] = 1.

| n conpari sonTHi9sHitifag okthe diSFlay boits :ATFLAS il @%@g&?‘éﬁaﬁ%&lg%ﬁﬁas exact | ’

with a pixel (or display point) in Fourier IS causes the
si del obgg,..

as v slhle in EI.G[ 1,.to di sappear : . . This
shifting of ?‘f?\elﬂ‘%‘%fsf:‘c‘)?“a’y SIRSFIRNY %‘?rﬁhiﬁeﬁ%% cagmebthe imges amplityds (under mest
off-axis. i %ht wave hol ography, especially for the reconstruction of
t he i nad@ HPsiartiaes (1rdge in W sgconstructed pllase eaused b dks canter ofitlipsidétand heing
reconstructed phase, caused by the center of the sideband being of f
a dit3pl ayf pdisplay poam, dae beeomeasateddasingi M efifhef eld @ater Of tHeh@dHAAE BEingf
t he si deband bei ng
off a display point is to cause noise in the recenstructed amplitude.
We can demonstrate the effect of the center of the sideband being actually off cenzer of a
display point in Fourier space on the reconstruction. To do this, we generate an empty hologram
n the computer (image size 512 X 512) such that the sidebard fails exactly on the display point
15 {(x.1) in Fourier space. In this case, the reconstructed amplitude is flat and shows a mean
standard deviaticn of effectively 0%. A slight change in the generation, i.e. decreasing the
sampiing rate s, causes the center of the sideband to fall between the display points (k,!) and (k
+1,1+1). Again, the mean standard deviation is computed, and we continue to decrease the
sampling rate until the center of the sideband falls on the display point (k + 1,1+ 1). The result
20 of this simulation is displayed in FIG. 15. In the worst case, when the center of the sideband is

found at {k + 1/2, 1 + 1/2), the mean standard deviation in the raconsiructed amplitude reaches

10%.
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off a display point is to cause noise in the reconstructed angk;tude.
|

We can denWRIB5EI¢ the effect of the center of the sidebandPB&URE/HEtUal |y
off center of a di spl ays point in Fourier space on the
reconstruction. To do this, we generate an enpty hol ogram in the

conputer (image size 512 X 512) such that the sideband falls exactly on the
di splay point 15 (k,1) in Fourier space. In this case, the reconstructed
anplitude isyxflat and sho a mean .standard deviation of effectively
0o A 11 gt BEHAp5aBe AEVReoaE TR o folovah FREReR bRl Bn L STV

rate s, causes the center of the sideband to fall between the display

poi nts %%@?gmi(k +1, 1 + 1). Again, the nean standard devi ation
is conputed, and we continue to decrease the sanpling rate until the
center gf) thBelsttdeddodrahltatanes fre stivwpbiRyt qomttibutioks #if possible). 1) . The
result 20 of this sinulation is displayed in FIG 15. In the worst
case, whsn the,cemifpt ddB 15k NGod 51 of und at (k + 1/2, 1 +
1/ 2), m maﬁpﬁ%@%ﬂ@%g&i@ﬁa@.gg%ﬁ‘é%hﬁél (}Ieh(?(l)ergsr%r%'ct ed anplitude reaches

0,
\1/\%%8 | 5634 Perform FT? and extract information about exact position of sideband. Thig%eﬁnes Ak
PCT/ US98/ 11947 _ Based on the above observations, the
fol | ow gl Akfootist wtodedFopiockgbariencan be advant ageous: (1)

Sel ect area hol ogramthat does not show object contributions (if possible).

(2) &ppl YA'E‘?E@F‘Du%@%%&?mEﬁBrﬁo@AE%&QE. gkd waf i hol ogram. 5  (3)
Perform IfT[err and extract information about exact position of sideband.
Thi s defd\nes . qand {err]1 for ithe ended Fourier algorithm
(4)  mgpl y@é’fe ﬂ%?br?&dtﬁ%“{ihf%‘%”ﬁ%{‘?%’%)o“ﬁm%?'r] k and [err]l. Use [err] = 1.
(5) Ifglate sideband, which is now perfectly centered.

0}

Perform tnverse FTO

(7 Extract amplitudz and ghase.

[,
<

Example. Appity Hanning window and perform FT® Position of sideband is, lets
say, (134.62, 172.21), using W.J. de Ruigter et al. in Proc. 10th Pfefferkorn Cont. Scanning
Microsc. Suppl. 6 (1992) 347; = Ak =0.62 and Al =(0.31. Use ticse data together with w =1
and perform EFT of hologram. The sideband i3 now centered on a display peint and artifacts are
15 reduced in the reconsirucied zmpiituds.
Practical Apnlicaticns 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
inveniion is useful in conjunction with Hoiographic Television or Motion Pictures
20 {("HoloVision") suck as are used for the purpose cf entertainment, or for the purpose of training,
or the tike. Nanovisualization and msasucement in three dimensions for light wave holographt

microscepy and electren holographic microscopy are expected 1 be major scientific

ta
+



(6) Performinverse FT[err]. 10 (7) Extract anplitude and phase.
- Exanpl.e. Ampb ysadamni ng wi ndow and perform FT[err]. Position RET/ESWERMTD i s,

lets - say, (134.62. 172.31), using WJ. de Ruigter-et al. in Proc.
10t h Pfefferkorn Conf. Scanning M crosc. Suppl. 6 (1992) 347; =
[err]k = 0.62 and [err]l = 0.31. Use these data together with [err] =1

and perform EFT of hol ogram The sideband is now centered on a display

poi nt -and .artifacts are .15, .reduc in the_ reconstruct.ed i fude.

B et 1 CBPPIRBTOS: cHeEm e ST HRTRRART s o1 the BResert inVeRtigh Al B ighiéh Feed
application of the present invention which has value within the

t echnol oglikeadetailed here.arts i's hol ographic interferonmetry for conputer

assi sted nmeasurenents. Further, the present invention is useful in
conjunction with Hol ographi c Tel®uhasQnhreke Mabham Pictures 20

("Hol obVision") such as are used for the purpose of entertainnment, or for
t he purpose qf ,.trainin or. . the |like. Nanovisualization and .
masurenent PO SEORALINPERD Poet Feprts STt b Dap & thehBfkion is cost
m croscopy and el ectron hol ographic m croscopy are expected to_ _be mgjor
sci ent i £ifective and advantageous for at least the following reasons. The combination of high 24

WO 98/ 57234

PCT/ US98¢salt@ién CCD, and opticalppdhinipes diasreditrethe danigtywirtidiatdrierenns paremabl e uses

for the present invention, all of which need not be detail ed here.

Advant agﬁﬁl”@é‘ 1.:6 Q%eﬁg?e&q;ﬂatltﬁgcﬁl) can re%{d,t"GmB?héy \Lﬁ& Eh-et.i_ 'ug'eﬂfr&%lf%rﬁpjxeggéxgﬁé&

system re5r esenting-an e oEﬁ ment ”he I nvention I s cost ctive

i gh " SV Sy PR Sy Dpr oo PEER Lo dhelD  POTIAR CHETdEDsi ¢ y
of the interference pattern (fringes) to a density that the CCD can
recor d, riserbigen wotdy affseldzoares.er transform techni ques

10 All the disclosed embodiments of the invention descrived Lerein can be realized and
practiced without undue experimsentaticn. Although the best mode contemplated by the
inventors of carrving 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 fzatures of the present inventicn may be made without deviating from the
spirit and scope of the underlying inventive conceptl. Accerdingly, it will be appreciated by
those skilled in the ar: that the invention may be practiced otherwise than as specificaily
described herein.

For example, ‘he individual compenents need nct be formed in the disclosed shapes, or
assembled in the disclosed configuration, but could be provided in virtually any shape, and
20  assembled in virtuaily any configuration. Further, the individual components need not be
fabricated from the disclosed materials, but could be fabricatad from virtually any suitable

materiais. Further, although the recordation equipment described hersin is a physically separate



devel oped for interferometry and by Dr. Voel kl for electron hol ography,
al l ow the eWBEEEGHHC recordi ng and replay of hol ogr anBCT/USEB/11947
Al'l the disclosed enbodi ments of the invention described herein can be
realized and practi ced wi thout undue experinentation. Although the
best node contenpl ated by the inventors of carrying out the present
invention is disclosed above, practice of the present invention is

not |i'm L S s _.addj t
o £ corp e Wl Be wlbirth et R ERAOH ghitMent Bl BeTruBEG1e1 101 T aanarprus
i nvention. .be made w thout deviating fromthe 15 spirit and scope of
t he undeft {F%c lﬁ(ﬁe”ﬁQ%EC{fz(ﬁPé@ﬁ{mOfAc@b didifglaged ﬁs@mnusm@éeaapps efdaghed by
those skilled in the art that the invention nmay be practiced otherw se than
as speciditddedeyembodiment darsbe ¢dmstindtbwith,ror substituted for, the didclyse @ ¥RERNE antihe
i ndi vi dual conponents need not be formed in the disclosed shapes or
assenbl efdatufestofevety Seep ﬁfsglogéH‘érhl%éﬁ n%flxtq’%ceﬁ %he?é)wcﬂ RO £
V|rtuaIIy any shape, and asse I"n virtuall'y any con gura i on.
Furt? EgﬁytqghV|dual conponents need not be fabricated fromthe
di sclosed Fiars: but could be fabricated fromvirtually any suitable
materials. Further, although the recordation equi pnment described herein is
a physically ]ééhplakﬁfi@l that the appended claims cover all such additions, modifications and
25 WD 98/ 57234
PCT/ US98kdrt&nkeéments. Expediem@tibedinidntyéflthe prRssM i featbn &ﬁaﬁf{éﬂaﬁcm@@@%@% I on
equi prent nay be integrated into the apparatus th which it is
associ atgdendadrdbanimre, all the disclosed el enents and features of each
di scl osed” enbodi nrent can be conmbined with, or substituted for, the
di scl osed el enents and f eat ur of every other disclosed enbodi nent
except where such elenments or feat uﬁégngr\c% mut ual | y excl usi ve.
It is intended that the appended clainms cover all such additions,
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appar atus t& récotd %an*off-axis hol ogram conpri sing: | aser; a

beansplitter

optically coupled to sai %T Iﬁ@&g
optically =

What is claimed is:

Axn apparatus, comprising: a laser; a beamsplitter

a reference beammrror

optically coupled to said laser; a

eference beam mirror optically coupled to said beamsplitter; an object optically coupled to said

beamsplitier, a focusing !ens optically coupled to both sa
object; and a digita

e

whersin

~

angle, and said reference beam and ar object beam are fo

1' 1Pl weapns 3 ene
1zitzl recorder

to form an imag

b

"ar
Ll

~ The acparatus of clatm 1, whersin said digital

—
3 ~ape
e hu .,..I'a'

)

N ¢

s '\.I .u.a.\[I‘ J. ‘“b a

further comprist e

coupled betwzen said laser

ard said beam splitter.

A metacd for

12de

ade

with the apparatus of ¢laim 1.
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1 recorder optically coupled to said focusi

a reference beam is incident upen said refere

id reference beam mirror and said
sing lens,

1ce peam mirror at a non-normal

"
H

cused by said focusing lens at a focal

order tv a CCD camera.

am evpander/spatial filter optically

computer-automated measurements which comprises utilizing the

I



5 coupled to said beansplitter: a | optically coupled to said
beanspl i t t MO 98457234 focusumn Hﬂﬂiuﬁmalﬂy coupl ed to bot h P&APBIM ence
béam mrror and sai d obj ecfi® & 8 ital- recorder optically coupled
to said focusing |ens, wherein a reference beamis incident upon
said reference beammrror at a non- normal angle, said reference
beam and an obj ect beam are focused by 10 said focusing lens at a
focal - plaane qof i i git recorder to forman off-axis

hol ogr ar%' an%‘?%ﬁ‘&gbgojﬂg%qsf 3am and said reference beamconstitute a
plurality of sinmultaneous reference and object waves. 2. The

appar at us of splitngatasepheans o 8 lercaceyreert andediest bEHB] udes a CCD 15
carner a. 3. The apparatus of claim1l, further conprising a beam
expander / spatrefidctihg ki referencoOpdantibinya et ce behatmieren asahsh-haseal aagld; sai d
beansplitter. 20 4. The apparatus of claim1l, wherein said
beansplitter ks C : ..rror, and said digital recorder
define a M cﬁee §8ﬂg8§g%ﬁ@y§’e£{9ﬁ9& a‘rlé).bﬁm’The apparatus of claim1l1, further
conprising a digital.storage nmedium .. . caonnected to sajd digital
recor der. 2§°‘:“%mgﬁ‘.a“l‘sl'e fﬁ‘%ﬁ heEm SF‘E“F?éE OPIF ﬁtbeaﬁhmd% P-f‘&??i? ?\aﬁ‘S PSS digyjel recorder
conpri si ng: splitting a |laser beaminto a reference beam and an
obj ect le an image; and reflecting said reference beamfroma reference
beammrror at a non- normal angle; 30 reflecting said
obj ect beam f(ﬁéifﬂ}@r}e@zﬁji@gtsaid imags. focusing said reference beam and
said object beamin at a focal plane of a digital recorder to
forman off-axis hologram and record object wave in focus phase
and anplitude; digitally recording said off-axis hol ogram and
29 transform ng said off-axis _hologramin accordance with Fpurier
transfor’m  The mﬁth‘t’@ﬁf}%@’ﬁ? b whesdn dtalig senording includey detectinggaigrsapyWih
claim6, wherein digitally recording includes detecting said 5 reference

beam andSaicdmets ect beamwith a CCD caner a. 8. The net hod of claim
6, further conprising storing said off-axis hol ogram as di gital data.
10 9. The nmethod of claim®6, further conprising replaying said off-axis
hol ogram

g. The method of claim 6, further comprising storing said image as digital data.

9. The methed of ciaim 3, further comprising replaying said image.

10. The msthod of claim §, further comprising transmitting said digital data.

i An apparatus for performing the methed of claim 6.

12, Animage prepared by a process comprising the steps of:
splitting a laser beam into a reference beam and an object beam;

reflecting said reference beam from a reference beam mirrer at a non-normal angle;

Lty
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10. The nethod of cl a:ﬂ'mlm rising transmtting said off-axis
hol ogram Was¥s7zy  Thelkd c"ﬂﬁmmﬁw 6, wherein transforRFHESH¥AHYET -
of f-axis hologramin accor dante s tn said Fourier transformto obtain
said set of results includes Fourier transformanalysis of a spatially

| ow-f requency het erodyne hol ogram 12. The met hod of cl ai m 6,
wherein transformng said off-axis hologramin 20 accordance with said
Fourier tran ' i e . Lesults includes Fouri er
transform an§%§§§n§1%§f"&g‘;"z‘%°38§%’ég‘aﬁh%ﬁ %‘j’é‘?‘%‘m to cal cul ate phase and
anplitude for_a plurality of pixels. . . 13. The nmet hod of . claim 6,

wher ei n transfPE)‘t‘ﬁg‘i‘%ﬁj“ £ e%qqheéﬁ@dﬁﬁﬂﬂﬂe&ﬁg?w otz Ioclgilangiida digital recarder to
Fourier transformto obtain said set of results includes transform ng a
pl ur al i tfprmfaidimagé;anBouri er space to sit on top of a heterodyne carrier
frequency. 14. The met hod of claim 13, wherein transformng said

of f-axi s hol I R ',%&iggr- e wth said Fourier transformto obtain
said set of (r)deléﬁﬂys&rﬁgf es lijrf?‘dggippl ying a digital filter to cut off a
plurality of signals around an original origin, after transformng a
plurality of axes in Fourier space to sit on top of a heterodyne carrier
frequency. 30 15. The
met hod of3.cl afia itergewh elaisn A2t wharsihoridiimgee & genaiatgidtusing) afgayeier ransform.
accordance with said Fourier transformto obtain said set of results

i ncl udes perform ng an inverse Fourier transform after applying a
digital filter to cut off a plurality of signals around an original
origin. j, ~axi s hol ogram prepared by a process conprising

t he step?'of:Aqnethomr%ré%@tti ng a laser beaminto a reference beam and an
obj ect beam s reflecting said reference beamfroma reference beam
mrror at a ngRYiding normal angle; 10 refl ecting said object
beam from an obj ect; focusing said reference beam and sai d obj ect
beam at a focal plane o# digital recorder; digital recorder to formsaid off-axis
hol ogr am digitally recording said off-axis hol ogram and
transform ng said gff - axlishteli®gr amin accordance with a Fourier transform
15 to obtain a set of results. 17. The of f axi s-hol ogram of

claim 16, wherein ﬁ{s}l d Qfagzin?sﬁi&ex};ml ogramis
w iv) a refzrence beam mirror;
v) a digital memory connected io said cigital recorder;
Hluminating said object with photons from said ligat source;
transmitting refiectance from said object to said digital recorder;
illuminating said reference beam mirror at a non-normal angle of incidence with photons
from said light scurce;
focusing reflectance from both said object and said -=Tzrence beam mirror at an focal
piane of said digital recorder;
recording said reflectance with said digital recozder to form an image;
storing said digital image with said digital memory; and
i
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generated using an extended Fourier transform 20 18. A et hod

of
7
)8 G grcal rocorder hﬂ!ﬂﬂlmmfmﬂm..) a i ght SEL?Z'edmwsm

iii) a beamsplitter; ) a reference beammrror;
v) a digital nmenory connected to said digital recorder;
illum nating said obj ect with photons from said Iight sour ce;

itti f d.obje
1 T nat i ng SErTRURDR e R EReR KPRt SRR L S et

30 W th photons fromsaid |ight source; f ocusi ng

ref | ect af¢Sdlt$ r om bot h sai d obj ect and said reference beammrror

at a focal plane of said digital recorder; recordi ng said
reflectance with said digital recorder to forman off-axis

hol ogr am 31 storing
said of fiaxis r . ]

330 or 18] STHENRERT MLl 135hAal QIR Niclle apd geyind ERTH RS
results. 5 19. The met hod of claim 18, further conpr|5|ng transmtting
and receiving said set of results. 20. The nethod of claim 19
further conprising replaying said off-axis hologran1 10

16.  The method of claim 15, further comprising replaying said digital image.
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