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< {57) Abstract: Acquisition and replay systems for direct-to-digital holography and holovision are described. A method of recording

@ an off-axis hologram includes: splitting a laser beam into an object beam (1620) and a reference beam (1685); reflecting the reference

“~ beam from a reference beam mirror (1675); reflecting the object beam from an illumination beamsplitter (1630); passing the object
beam through an objective lens (1635}; reflecting the object beam from an object (1640); focusing the reference beam and the object
beam at & focal plane of a digital recorder (1655) to form an off-axis hologram; digitally recording and Fourier-transforming the
off-axis hologram. A method of writing an off-axis hologram includes: passing a laser beam (1950) through a spatial light modulator
(1975); and focusing the laser beam at a focal plane of a photorefractive orystal (1995) to impose a hologram. A method of replaying
an off-axis hologram inclades: illuminating a photorefractive crystal having a hologram with a replay beam (1915).
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5 July 2004 WO 01/050201 PCT/ US00/ 34982 1 DESCRIPTION 5 INPRQyEMEMﬁﬁ_TO
ACQUI SI TI ON AND REPLAY SYSTEMS FOR DI RECT-TO- DI G TAL HOLOGRAPHY Al
HOLOVI SI ON CROSS- REFERENCE TO RELATED APPLI CATI ON Thi s appllcatlon is a
continuation-in-part under 35 U S.C. 120 of copending U S. Ser. :
081873, 252, flled June 11, ’ ich
are her eby . - \i2 JUNRYRD A ltﬂ”"ﬂﬁlmﬂlwﬂlﬂlﬂlllﬂﬂﬂlwlﬂ
10 STATEMENT AS TO RI GHTS TO INVENTICNS NADE UNDER FEDERALLY- SPONSORED
RESEARCH mmo@@dmhdﬂ'abﬂihm@mwmr@w was nmade with Governnent support
under cont Of‘ ?ﬁﬂﬁ”“@ FeRoPNEAewar ded by the United States
Depar t ment” oY “ER&H Gy 87 §EKFE&d Martin Energy Research Corporation, and
t he Governnent has certain rights in this invention. 15 BACKGROUND OF THE
INVENTION 1. Field of the Invention The present invention rel ates
generally to the field of holography. Mre 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 inplenentation of the
present invention, the hologramacquisition is based on a charge coupl ed
device (CCD) canera. The present invention thus relates to a hol ographic
system 2. Discussion of the Related Art Traditional nethods of hol ography
have used filmor hol ographic plates (glass plates 25 with a photographic
enul sion optim zed for hol ography) to record the hol ogram®' Repl ay has
only been possible using lasers (or in sone cases mhlte light) and the
original recorded hol ogram




or a duplicate of it, in an anal og nethod. These anal og net hOdSS%nI?Q%b@W
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el ectronic signals that can be transmtted and replayed at another
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hol ographic systemitself was tolerable, the tinme 1653030.1 5 July 2004 2
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shown. (2-3) Light froma lasers 10 is expen eam expander 120.
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beam 180 that travels toward and is reflected by a mrror 200. The
reflected reference beamis then incident upon the holographic plate 190.
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i ncor por at ed by erence into t presen " the purposes of
i ndi cdfi ng the background of .the present invention and illustrating the

need for a method for 1) roBAFRG POPk LE VNG 108" coo (Eharged
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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 holo gram
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



hard drive, tape, recordable CD, etc.). Significant features of an, 04
apparatus for inplenenting this nethod include the use of a very sr?ra%q
angl e between the reference beam and object beam and focusing the hol ogram
on the image plane to sinplify the inmagé. The inprovenents disclosed herein
all ow for higher quality, |ower-noise digital hologram acquisition and
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SUMMARY OF THE INVENTION

Therefore, there is a particular need for a method for 1) recording holograms directly to a
CCD (charged coupled device) camera or any other suitable video camera with a digital
computer interface and then 2) storing the holograms to a digital storage medium (e. g., RAM,
hard drive, tape, recordable CD, etc.). Significant features of an apparatus for implementing this
method include the use of a very small angle between the reference beam and object beam and
focusing the hologram on the image plane to simplify the image.

The improvements disclosed herein allow for higher quality, lower-noise digital hologram
acquisition and replay. The improvements make use of variations in the geometry and optical
components to allow the acquisition and analysis of high resolution holograms. In addition,

improvements to the replay system have been made that allow writing of a digital grating



angl e between the reference and object beans prior they interfere giy o4
plane of a digital recorder.These, and other, aspects of the presernt
invention will be better appreciated an under st ood when consi dered in
conjunction with the follow ng descriptiion and the acconpanying draw ngs.
I't shoul d be understood, however, that the follow ng description, while
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elenents in the several views. |t should not that the eatures
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illustrat t f I S|cal Lelth& t ni eks) si d
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representing an enbodi nent of the present invention; FIG "3 ailldstratés a
per specttertere atewplane af th d:lgﬂdtlsmm‘rdge ovheteity thti ne&rencbcbedmgmﬂahe ohptobgaaphse

1 , . 1 f t 1 1 FI G. 3b
o SRS B DT R0 Be Dirchiils RS Aa et ol 1 S abifg?
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of a scratch in a mrror, representing an nbodi menf of the present
i nvent i eHect Fages.5 |IIustrates a plot of a 2 D Fourier transform of FIG 4,

FIG s T elate acpsniag, o teloaanaeig, orta LLomL s JPL9BiaN
comprismg splitting a laser beam into an object beam and a reference beam; digitally recordmg
said off-axis hologram; and transforming said off-axis hologram in accordance with 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 7 illustrates a schematic view of a hol ographic replay syst%rgr,u 2004

representing an enbodi nent of the present invention; FIG 8 illust rat es a
sel ected area of a hol ogram of gold particles on an am)rphous carbon film
representing an enbodi ment of the present invention; 5 FIG 9 illustrates a

sel ected area of the nodulus of the Fourier transformof the hologram in
FIG 8 (center area: th —fﬁé Ngfit area: the

si debands), representi nSBglrlﬁpﬁggbghnent (())rFl he present I nvention; FIG 10A
iIlustrates A denicoasiption afltHeardvintagdsiand fedtuSe herﬁstlaﬂmfgdhupresﬁit&vehﬂl?»n and
illust rgéﬁ% a hol ography special_ transfer function at Gabor focus,

represe CompengRts e peratinn rmedrd Séﬁté%‘érﬁm‘flﬂ%mlﬁhoﬁlie nresent myention, will
illustr a r aan an o) e ed
with 3 %%reneﬁit’f‘%@rsrr%éﬁat L Tl % ECBRLAIRD anf e AR PSR

di scr et enbaliments iHusragkianithe draddngs acceppaseny amigfoam;r@“ré)pdjt o€ ittiis epecifivwation,
present jnvention; FIG 12 illustrates a nodul us of anal ytlc Fouy i

t r ansf oPhiST esstefrencs prmssels darigRpte die spmepglemends i tosseyaret diewsi 4 s ﬁrrﬂwritb;t‘q
to sang, E(?f‘haf {hd féa‘?ﬁrjes lﬁﬁf} almeg?évalég 2061 Ig%cegsgmﬁﬂga@ﬂ wn%&ch the details

in thrs Igure can Founa 1 n Fi representi an e ment of the
present i nvEWL. &)nﬂlustrﬁés(ia tchemdtiosticat @f @ crhasdinhlu:ﬁLeifh & t Epatetk$jo widekand

transfo of cos-pattern in .Splay points was 32 as in FIG
11; chotRPHEPIHATEIREL SPPIoP 1?‘8 Ygébei%i %ﬁﬂﬁ)g?e?‘jof >di splay points in 20
ext ended FOUFJ(Rr) iaRSAr Metferih? R0 éfl%@@mlrgetta'd@ta@%\mg%%ﬁrfs;rstrbm,

anal ytic Fourier transforn), representing an enbodi nent™ of
i nvent i epreséiiti@g abembodirsent af €& présent iesertion,; of an ext ended Four i er aI gorithm

vvhr ch all ows ]g%sg)l ay,. of conventi onal di sc %ﬂgﬁ%ﬁg transfo 1
shifted by fFatt oanﬂé‘PStrﬁ'feﬁe”r PERRSSHYE WSOk ds PR 85emFigy ree% torilgrtg
used; Cﬁlﬂ glgyée‘r&iﬁréﬁéééﬁﬁnéﬁ{ elbodiRBat &F the f)ﬂ%sén‘t‘%v‘éhtr@{m ons), it is

possi ble to di spl ay at |east one peak In Fourier space such that it
falls directFio.oib diusphtey anothet peispedtivesviewsef, thesdideet-tdbdigitdl balogephy (stp

right presenting an enbodi nent of the present invention; FIG 15
illust r%‘toé‘é)lpﬁg@ $‘§C0nstruct| ng anplitude froma sideband that is not truly

centered CcapReEYy ﬁfu%ﬂrit@s%%hgﬂlly %@ﬁrédtﬁlﬂog‘i@hséf Sdrstah PR Ihl%oi‘\h%ﬁre‘a“z&ﬂin%rano“
the sideband falls exactly i between display points in Fouri er spacé),

r epr es esmbadymant Cér’ib@phemmnvcmlmrhe present invention; 30 FIG 16 illustrates
a Mach- Zend Y. che hol m ac t| on system wth

t hr ough- theef“]e%g ﬂ q?%qfafbpﬁo&rgﬁf%? dt ment of the invention;
5 July 2004 FIG. 6 illustrates a replay of hologram phase data from the hologram of FIG. 4;




WO 01/050201 PCT/ US00/ 34982 6 FIG 17 illustrates a digital hofqagyapng
acqui sition systemlayout drawing illustrating an object beamrefiecting
off fromthe face of an illum nation beansplitter and beam conbi ner,
thereby eli | astigmati sm representing an enbodi ne %

I nventi on; ﬁ%%dlsgglll lustrates a photograph of a digital ﬂ%?fg upéﬁgz
acquisition system representing an 5 enbodi nent of the invention; FIG 19

i1l ustrat ' ract.i . representing an
enbodi ront ot " iie?h schepREibG R s hARRE D] Ny AR o1yt a
and hol ogearodimentenf thegiresgntdpeention; representing an enbodi m;nt o:‘ t he

' tion; 10 112 and .2 Il luystrate transm ssive and refl ective
spatial i gnt MGALEEACSRRIEIR sl b Rebe IR #I% R 28 ROIPbERBTICE
replay sysi@fepreSaf@cin sniodimdn® B 186 plebdnhEveiHeadi ments of the invention;

FIG 22 illustprates_ an 800 x 600 conputer_ driven spatial |ight nodul ator
fol l owéd by a ﬁﬁ’bﬁéﬂ@é‘iﬂﬁ & seleqipd asspeod thednedylug of Bledigprignitieagfomay ofghe helpgram

represent iNEIRY (QARP HelB Mk albocdBatiba; 1M 410 Frea 2 sfabbandd deblebdhfihd 4t €S @
P etbet 9

phot ograph of a laser beam at a Fourier planhe of at ns™ ShOW ng
spati al | eehedimeeiof thegresgitietenieye di ffracted orders (the center bright

spot is the z ' '| r}?%] . | ng. an enbodi nent of
tﬁ'e i nventi oneﬁgggg%%gg%%}&%%%ﬁgﬁ rate po %gfézciﬁ%gg%fgggntpl itters conbined
with I/4 wave BlGieB jllus@@esy aabcrlw@hyisspg:aaétrbm&rrfmw_sn afGetbbefobﬁwﬁlpfdrs]mﬁng _
DESCRL RTI REFERRED ENMBODI MENTS The present invention an e vari ous
featurlgs %ﬁ%‘ﬁ@gﬁﬁté’?%@ eS%ﬂ%ﬁeP%m{’ hereof are 25 explained more fully with
reference to tHE. mbdilustates moﬁﬂwidmtea?oﬁf&ﬁa@ﬁi@m bg ¢osipaidre tarhled With
acconpanyi drawi ngs. and detailed in_.th ol,l o pn escrjption. .

Descr | pt | GAEOIBH pbligs S“‘cf’%r{ﬁ‘ﬁﬂd‘éeﬁf’gélﬁﬁﬁf PR B ° Ferrneglamds 32),

om tted seephSedtigAnbmbidiReRST PrasetBsRHfich;t he present invention in

detail. . Sys Oyervi ew 30 The reason that digital hol ography has not
been devel opedlE Igﬂ]ll? Flf“ﬁ'S%eﬁ agmpdilys of ggalyticdnugien Wf%ﬁﬂ ofisqginatigr peegebngtener as

or cansr agqa@pRbapird 9 lighidh tidan¥Rtlaqin188 spdeey RldahHom PIROH 1 REAHISPHe
enough to record the very high .s%atlal frequenci es inherent in classical
hol ogr ams detgifjdin this figure can be found in FIG. 11), representing an embodiment of the present

invention; . :

FIG. 13 illustrates a modulus of extended Fourier transform of cos-pattern (original set of

display points was 32 as in FIG. 11; choosing parameter = to be 16, number of display points in
20  extended Fourier transform is 512 and shows same details as visible in analytic Fourier
transformy), representing an embodiment of the present invention;

FIG. 14 illustrates the results of an extended Fourier algorithm which allows display of
conventional discrete Fourier transform but shifted by fraction of pixel (again, same cos-pattern
as for FIG. 11 is used; choosing true values for ak (and a1 in two dimensions), it is possible to

25  display at least one peak in Fourier space such that it falls directly on display point; in this case,
sidelobes disappear (see right peak)), representing an embodiment of the present invention;

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

create_ 10 the original eband hol ogram 2.” Detail ed scription of

Pr ef er P ed eEhefiriohthe in¥epBeni ng now to FIG 2, a sinple direct-to-digital
hol ogr aphy sys ' ]| . gwa t ave
been conbi ned %R(;jpé ?%@VE%% %cg?métgg grﬁglfa%%&é%?ﬁy Eﬁt ay (Eﬁe%g or ae%sbfoaﬁeaﬁt
from a | asfthe dih@ntian; expanded by a beam expander/spatial filter 220. The 15

expanded/filte Laht .then.travels throu | ens. 230. . The the Iight
Cravels to a buGhabiftate Byt o P dan R Snt s JPis ampl e, “Bov
refl ecti veeprdseging ah babodientalf kledbwedtiéyy t he beansplitter constitutes an

obj ect,, beam 25 ' t e] s toward and obj egct 260. . rti of the

" uht 1Pertact ot oA and M Bett I rane fRbelctr o heostamamtitl or
240 and t gadnedtSes shibW fr A hblogptiO'ibpla® Bestetd Qespddtivly] tefilbenting BmbsdmetiSot 0 a
charged cqupl ed device (CCD) canmera 20 (not shown). Meanwhile, that
portion thethﬂ?nP?Iﬁht fromlens 230 that passes through beansplitter 240
constitutes a prf epanERatbeAN088%00 Ehapk lsifcﬁfvexgﬁﬁﬁmﬁgmﬁ@&ma& fofbw&cied from

0 t
amrror 290 at a small angle. The reflected reference beamfrommrror
290 t hen Pelater as mplprentedie a belagem replpesysteny repreperiing g pmbodimett of fhe
refl eqgked el neﬂ&@ beamthat is reflected by the beamsplitter 240 then 25
travel's toward the focusing | ens 270. The reference beam from focusing |ens
270 t hen traveFK¥. 28 dlugirates dphoGRBpbafie taser bEag et HBouriet plenadfj aduhe lpwsestofvingm t he
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)

consti tut [aneous r eféerence waves 300.
diffracted image), representing an embodiment of the invention.

FIGS. 24A-24D illustrate polarizing beamsplitters combined with % wave plates,
20  reptesenting embodiments of the invention.

DESCRIPTION OF PREFERRED EMBODIMENTS
The present invention and the various features and advantageous details thereof are
25  explained more fully with reference to the nonlimiting embodiments that are llustrated in the
accompanying drawings and detailed in the following description. Descriptions of well known
components and processing techniques are omitted so as to not unnecessarily obscure the present
invention in detail.
1. System Overview
30 The reason that digital holography has not been developed until now is that the resolution
of digital video cameras or cameras adaptable to digital media has, heretofore, not been good

enough to record the very high spatial frequencies inherent in classical holograms. The



Conparing FIG 2 to FIG 1, it can be seen that at |east the fafhawhpgy
differences allow a 30 CCD canera to record the hol ogram rather an
using filmor a photographic plate. 1) The invention uses a high

resol ution , 1.4 mllion pixels), (CCDs wth ov Ll ion
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sone physical_change (stress, tenperature, mcronmachining, etc.), can be
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two pR&el énotshowin® x -y plane, holograms nust be recorded at nore than one
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constitutes a reference beam 280. The reference beam 280 is reflected from a mirror 290 at a
small angle. The reflected reference beam from mirror 290 then travels toward the beamsplitter
240. That portion of the reflected reference beam that is reflected by the beamsplitter 240 then
25  travels toward the focusing lens 270. The reference beam from focusing lens 270 then travels
toward the CCD camera. Together, the object beam from the focusing lens 270 and the reference
beam from the focusing lens 270 constitute a plurality of simultaneous reference and object
waves 300.
Comparing FIG. 2 to FIG. 1, it can be seen that at least the following differences allow a
30  CCD camera to record the hologram, rather than using 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
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t oget her , intdnkeyonzaty. biotagsarhs/efithasamg ohjeot, dite smaﬂphxalcal\mM (steess, teniperature,

| nter act] gk lEae ) ARRLIILET A5 A8 AALTHAS: L0y GETRLE, o)

creates an 1 npo ense an conp icat be
anywh20 e ceé@ﬂdtweﬂhsbwahnwsdmmemfﬂte&lm@qplmsm@ahgebdﬂg ditthopopdrdonal eCor di ng

5: Sgg elig LERS F} %ﬁl) L8983 arlg' IoIlef: (I;bajgc:ft Ico e %Entpgrreg?d a ﬁl?e &bfi]ec‘tc to%)éja(sagrg th%ldg\rr}atlio%g %lf ution
the second object from the first or master object, by subtracting their respective holograms. To
unambiguously measure phase changes greater than 2x in the z-plane over two pixels in the x-y
plane, holograms must be recorded at more than one wavelength (discussions of two-frequency

25  interferometry are well-known in the literature and will not be repeated here).

‘The invention combines the use of high resolution video cameras, very small angle
mixing of the holographic object and reference waves (mixing at an angle that results in at least
fwo pixels per fringe and at least two fringes per spatial feature to be resolved), imaging of the
object at the recording (camera) plane, and Fourier transform analysis of the spatially low-

30 frequency heterodyne (side-band) hologram to make it possible to record holographic images
(images with both the phase and amplitude recorded for every pixel). Additionally, an aperture

stop can be used in the back focal plane of one or more lenses involved in focusing the object, to
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be prasti gRfoppehted of YidlbeisicR™abl e those of skill in the art to practice
the 15 present_invention. Accordi ngl t he exanpl e shoul d not be construed

as limting th¥ithespe f@ﬁhetqﬁé‘)ffpké%“@ pous theebischonto #@C&Bﬂmesi)féhqﬁ@@ﬁé@t ive
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I s shown. Laser T1ght tter beam
from thecloesihings aSttheedlst@m fromethe benterof ﬂleswemm tethassso Asﬂw&efrmgmget clag®d and

then to aa.ticp&&'%f fagetil&pﬁefég unresolvable by a video camera. Worse yet, the interaction of these

20  point diffraction patterns from a complex object creates an impossibly dense and complicated

pattern, which cannot be anywhere resolved by a video camera. Focusing the object on the
recording plane eliminates these diffraction patterns, so that modern high-resolution video
cameras can record holograms with reasonable ﬁdeli'ty.
If the recording media resolves 100 lines/mm, the holographic resolution will be

25  approximately 16 lines/mm, or on the order of 50 microns, at unity magnification. This limit can
be increased by 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.
Similarly, the spatial resolution will be decreased by any de-magnification of the original image
onto the recording camera.

30 The invention can also be embodied in a number of alternative approaches, For instance,
the invention can use phase shifting rather than heterodyne acquisition. of the hologram phase
and amplitude for each pixel. Phase shifting interferometry is well documented in the literature.
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mounted on a piezoelectric reference beam mirror mount 340.

FIG. 3B is another perspective view of the exemplary recording “Michelson” geometry is
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
ease). The hologram was made with the direct to digital holography system illustrated in FIGS.
3A-3B 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.
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20 resulhng 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
market 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
éuch 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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20 It can be appreciated that the hologram is written to the phase change or other optically active
crystal by intersecting two laser beams in a phase change crystal 710. Laser Beam 1 is passed
through a spatial light modulator 720 to modulate the hologram intensity pattern into it, created
mathematically from the original hologram as described above. SLM 720 is controlled by a
computer 740 via a data path 750. A focusing lens 730 focuses this pattern in the phase change

25  crystal 710 at the intersection of Laser Beam 1 with Laser Beam 3, where the combined intensity
of the two lasers is adequate to write the pattern to the crystal 710. After the pattern is written,
Laser Beam 2, incident on the crystal 710 at angle o replays the original hologram.

‘ Introduction to lightwave holography
In order that the hologram processing steps described herein can be more easily

30  understood, it is useful briefly to review first the nature of off-axis holography. In an electron

microscope, equipped with a highly coherent 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
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where the additional term pie! (i-‘) takes the inelastically scattered photons into account. The term -

| AEI describes the spatial frequency of the holographic fringes. A(‘f) and @(f) describe the

20  image amplitude and phase, which are different from the object amplitude and phase due to the
aberrations of the objective lens (and other sources of disturbances). The term p describes the
contrast of the interference fringes if no objectis used, i.e. A=1, and 1™ and ¢ are zero.

In FIG. 8, a small area selected from a hologram of gold particles on an amorphous
. carbon foil is displayed to show the interference fringes. They run from the top left to the

25  botiom right corner of the image. In order to extract the information about the (complex) image
wave, and from that the amplitude and phase, a Fourier transform (FT) of the iniage intensity
I(¥) is performed and we obtain
FT{I(D)} =FT{L+I™ + A’ (D)} +
5 (Ak-PHH*FT{A®D) -V} + 3)

& (Ak +8)*FT{A()-¢*®)

where * denotes convolution.
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Besides the possibie improvements of the point resolution of a microscope, another
important feature of lightwave holography is the direct accessibility of the image phase. In
20 contrast to the conventional contrast transfer function which is a sin-function (Reimer, 1989) and ‘
displaced in FIG. 10A, the transfer function of the object phase into the image phase is described
by the cos-function. This transfer function is displayed in FIG. 10B. The advantage of the cos-
type transfer function is that the large area contrast (details of size > 1nm) is not decreased and,
apart from a slightly degrade& point resolution, the total amount of information is higher in the
25  image phase than in the image intensity at Gabor focus (Weierstall, 1989; Lichte, 1991). This is
one of the reasons why a direct display of the image phase is preferable over the image intensity
in some cases.
The extended Fourier transform.
In order to evaluate holograms in a computer, discrete Fourier optics is conventionally
30 used. Although the discrete Fourier transform of an image contains the same information as the
original image, the conventional discrete Fourier transform is not the ideal tool to perform this
task.
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for 0 <m,n <N, and is 0 elsewhere. We define the number of pixels needed to cover 2 in the

15  direction perpendicular to the fringes defined in Eq.(7) as the sampling rate s for the spatial

frequency /32 +v?
1
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It is not required that this number of pixels be an integer. The sampling theorem states that if the

®
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image function I(x,y) is sampled such that no spatial frequency of the image is sampled below
20  the Nyquist limit"®, then the image function is uniquely defined within the area of the CCD

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

with s>2, then the information Im,n on I(x,y) within the area of the CCD camera is complete.

Therefore, it should be a question of display only, if I(x,y) is displayed with, for example, 124 X

124 or 13789 X 13789 sampling points (i.e., display points), both in real space and in Fourier
25  space. The discrete Fourier transform FT¢ {...} is defined as: '

1 & i (ke
=g e ©®

where N/2 <k, 1S N/2 —1. FIG. 11 shows the modulus of the Fourier transform of Eq.(7)

FT%{Is} in one dimension and N=32. The motivation for an extended Fourier algorithm

originally came from the surprising difference in the display between the modulus of FT4{I,}
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-with -1 < Ak, Al £ 1; -N1/2 <k, 1<1N7/2-1. The inverse extended Fourier transform is defined
as:
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ST L3 (12)

kl=-N7i2

EFT{..} =

w e-z:ﬁ[(k-t-Ak)nﬁ(hAI)n]I(Nr) ,

15  The new variables Ak, /A and T permit a change in the display in Fourier space as well as the
number of display points. Note that for Ak, A/=0and t=1, EFT = FT.
The effect of ©
The effect of © can be seen from FIG. 13. Using t = 16 and Ak, Al =0, there are now NA
= 512 points to display in Fourier space instead of N = 32 points as in FIG. 11. Obviously, the
20  details visible in the analytic Fourier transform (FIG. 12) appear in the discrete EFT too. But
again, both the EFT (for > t) and the FT contain the same information. There are still two
differences in the display of the modulus of the analytic and the modulus of the extended Fourier
transform. First the Nyquist limit still holds for the extended Fourier transform and no spatial
frequencies show up beyond the Nyquist limit. Second, the limited image area causes higher
25  frequencies in Fourier space, which are reflected back at the Nyquist limit and cause differences
such as the disappearance of the very fine details visible in the FT",
The effect of Ak
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points in Fourrer space i s very |rrportant for off-axis 5 |ightwave
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most  circunst ances e-reconstruc ase BY“fhe
cent er of =tlhdn scnmlleimamrdtoli?éd}ngt thefrichtofdhesiplogisaksaiont coimeiies é}&tcﬂ:gommemﬁﬁtﬂe(dr

easily). eff.ect of the center of e. s| deband di spl ay
point is M@%ﬁ%s%ﬁ%mf Wag%gfhgse@gﬁgilpﬁg{%@ge%ﬁ%wpgﬁ gl(?/‘g{ SE@E nstrate
the effect of Thiesiagigef theldishlAe peintiehBadich §lab&isaetyuslpbitan®fdr ofMMiser of a 10
di spl a%/ pgr nt ourier space on the reconstruction. Tg do this, we

e

F
‘gener a ﬁ’fﬁ%lc}%"’rpééjreéﬂ‘?‘ﬂquﬂ forfhe regrRsiTRGion of the dreags smplitplo (saderpngst sych
that the sidaliamnebs @b K%edeiaMd YcdBricha bs%{jélaﬁéfed%?'tﬁlat cenfelof the é15$b§9d*"5é

space. In this case t he reconstructed is f at and ows a

standard oHegisslaypaingicarbs eamriensated casily). Amer dffghit of ghrenegyier ofifhe sidebgmiieningt i o n
i.e. de“@ﬂ'%.'d‘i%la&r%ﬁm?ﬁ@kdu@@n 1§é'§ﬁheﬁfcoggﬂﬁfe§ a}@gtu%gnt er of the sideband to

fall between t I spl'ay poin + 1). 15 Again, the nean
st andard devi aVesm dfanmmﬂtke@ffeamﬂthmamm rthumiebmddremgeamell)t drfécamrpf ang

rate nt r of the deba al | n.the dis o] k +1, 1
10y 100 Eouthl BotSER v dcl B MerPRRNRGG oy Kinty T EpebR SeliBebhottgtasio 5
case, vvhem thé\eorummdr ¢imagé smérmzs;tcdmanch that thosidebard fall§ bxattld brPthe displajlpddnt t he
mean st an eviation.in.the reconstruct ed | | tyude aches 10% Based
on the abaiaflémo]g"é"gf rtgﬁ“t??é e {79 TECRRFTRYY ﬁg{ﬁ 6?1{ BE 8 AR stEndaTdy o

20 advant dgenies of SBdcaodly avLe A El@hﬂgraage mtmﬁetgeﬁaeﬁompé d%&@ébﬁﬂgtih@ééfnplmg rate
contri buti ons ossr% Harm ng window to this area (or all of

| pl
hol ogr am) & Wég‘re d’fgr?cef)ldék%"ég t‘cﬁ § hervrendtic diwlanmeints &lhad Gogdi T b of

si deband. Afkhsthebil@midl RIdLM iskan Aﬁﬁt&P aﬁétv@e&iﬁﬁugatﬂebﬁtse%&% htg?ate% (4)
Apply EFT using the information on ate

S)
si deband, WHitsrentsr ofdhe sidebrad faily or badispley powtsﬁk rbﬂﬁdanihm s Iiyd. (7)
Extract ag’iﬁtulathUg?s BHyBPRSAG. 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 reconstructed amplitude reaches 10%.

Based on the above observations, the following reconstruction procedure can be
20  advantageous:
(1)  Select area hologram that does not show object contributions (if possible).
(2)  Apply Hanning window to this area {or all of hologram).
(3)  Perform FT* and extract information about exact position of sideband. This defines Ak
and Al for the extended Fourier algorithm.
25 (4  Apply EFT using the information on Ak and Al. Use t= 1.
(5)  Isolate sideband, which is now perfectly centered.
(6)  Perform inverse FT*
(7) Extract amplitude and phase.
Example. Apply Hanning window and perform FT9, Position of sideband is, lets say,
30 (134.62, 172.31), using W.J. de Ruigter et al. in Proc. 10™ Pfefferkorn Conf. Scanning Microsc.
Suppl. 6 (1992) 347; = Ak =0.62 and Al = 0.31. Use these data together with t = 1 and perform



Exanpl e. Apply Hamm ng wi ndow and perform FTd. Position of si d@bﬁﬂggbm

|l ets say, 30 (134.62, 172.31), using WJ. de Ruigter et al. in Proc. 10th

Pfefferkorn Conf. Scanning Mcrosc. Suppl. 6 (1992) 347; = = 0.62 and
= 0. 31. data together with' =1 and perform5
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on a display point and artifacts are reduced in the reconstructed

anpl i tude I | SI TI.ON, SYS | VP 5 Through the
fens. 111G ha il ot TR oA R 2Tt Py & PR RUBKET T e bt

t hr ough t tie récensruclel ampliatié.on of the target object, thereby allow ng the
objective to be close to the object. The invention can include Mach-Zender
geonetry which allows a |arge range of adjustability of cagier frequency

fringes in conparpRATALIODONRANE WEQUISERORLS we WM DAPRBVEMEINTY Obj ect and
reference beam overTap 10 Rererrl Ng 10 FIG 16, a faser 1605 1s optically

coupl edl to a vari abl e JZrqughitherlens iHwuminationgad Mech-Zerder peomay coupl ed to a

vari abl e beamspld ﬁ&e‘ﬁﬁox?—%&nclrﬁleﬁﬂ%ﬁ%?ﬁi L ;ng ﬁ@.{enéﬂrfxléﬁ)# opﬁgmr% ?@&q SherefipSEMDI Y

1625 is optically coup to the v Itter
i |l uni nat altnwmm@anblpﬁmettebe di6B0o ihs objsei. dzubmwenmmaemd@emhﬁsmm y 1625.

An obj ect | | e bea litter 1630.

b ect 1685t Wik 1 1R bR ankanGRy ¥ carlel PEmERS Tkt Y Plowrity
coupl ed t with MicliztangpdmdttyervhilbGiintaiving objetidné rdfeswscebodh ovélagCD canmera 1655
Is opticall ebea Qnbin 1650, . Ref erence bea litter
1665 T8 opt i LR uREg D Eg PR A T SreP ey Rl SR AGEOSRATO 111t er
Wi t hI bgatnwaict panspeicalyasepiad 16 alx@ggbleﬁediﬁbﬁﬂt?%ﬁs mlﬁa!hﬁlrﬁlfeﬁmlbéan@@i g%%dr' yT
coupled to via a _reference objective ] ens he
beam conb?ﬁﬁ%‘Fr}ﬁﬁg%mQPWﬁhYE% §7 te Higyreebls brapspitise L4k A lgpingées i o

anot her t phnspies 189 it %&aﬂﬁkddpledrt@ﬁﬁragdeﬂmyt 125 Bn olBeti®erR b B o 1620
fromthe variable eamsgl itte passes through the assenbly 1625] is

ref | ect edeapledte thabpasp Hert}ééﬁ’ nébpb.lﬁfttéﬁflq'@fa@teaﬁfds asfe kpp 4&¥e &\ baaw ough an
obj ecfs obi&ekihdt e 65ER ot tﬂyﬁaﬂ%lﬁt&t 1436341 it@ﬁ@leﬁ@fﬁl | AL &F nguﬁer&”ﬂi&i #n

obj ect 1640 of |nterest passes back throu ns 16 5 and then passes
t hr ough t pietically epupled ¢ ba bmm@mqrtléﬁo 2@@@3@ begwaplitten 1665 bentivatiyebupled 1650

Too0, s Parraae S widb B aa RpRam Aonio BARRE R lly PR 4 HhaliEe ™Y
t hr ough tmordﬁ%’immpacadb jcetlédie tlileﬂﬁ&nsp‘ﬁltter réeh erra&neﬁrdmeanbjécﬁi%lehhmm efl ects

fromthe '&'Ef §eaf Eofhbiner 1650 is optically coupled to the beamsplitter 1665 via another tube lens

20 1670.
Still referring to FIG. 16, an object beam 1620 from the variable beamsplitter 1615

passes through the assembly 1625, is reflected by illumination beamsplitter 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
fnirror 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.



mrror 1675, passes back through | ens 1680 and then passes thr%ﬁﬁyhb@
reference beansplitter 1665 toward the beam conbi ner 1650 via the tube

| ens 1670. The conbi ned beans travel from 30 beam conbi ner 1650 to the CCD
canmera 1655 I jgital data is collected. O course, t L.gital data
can be reco%@{oggz%nsmtted and/or trgnsformed. 5 July 2%%?%&21050201
PCT/USOQ/ 34982 19 FIG 16 shows a schematic of a Mach-Zender geonetry.
Conparing the r 7Ei al - - der hbecause
of its siml arl!l @y q? ogi?dteﬁgd Sﬁlé%gr?éﬁtgr‘a;g @a%zg}g‘%ﬁgé"%ee%ﬁ'e?“’?‘ﬁ?’ﬁf e"f%‘%@l‘gﬁdgw th

t he M cheksmetyedFig i § (calléd Mach-Bendapprast af iedihilaity tdthe f@nieaiy 0fa Maok-
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because t %%‘%@WW% o) “’ggﬁemﬁﬁiﬂi EGPPSfS B\xgn E’)%@pbe@ t&éé?c‘lf@g Sused

for il unobectiealehs] 436 iDEIU. n6) dah@e el 6lbiey & the B5ect I 6APbdealdh Blroddhane-RAE Ween
1640. This allows rge nunerical

the obpectjve |l ens_ 163 Elnd tge obi ect / . s | arge
aperture, lliﬁ]%’i’f‘t’ﬁﬁéﬁ‘?‘?’ﬁ A PFHPUIT de Wé%fowlwnﬁ@eéo bobehingithebictmalentcor d
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geonetry may be preferable, dépending on the situation. an al so be
appr eci at Bengricghapert@e, high magnifieatien phipdivediodmusssith iavkrat (188 Geeprd holngrameschf) ust

(ot or enco BAE A b beamice e AR bR AT e bR e e

1655. Theomthglsduatibont he beam conbi ner may be varied so that the reference

and object be are .exactly ca-1i My QL | neral .stri . 1 he charged
coupl l(ia)% devi cgﬁg%r%sroabeaapmgﬁlx%%' e ﬂgialg ﬁ]égg?‘?oti}ﬁgﬁea?écw&?ﬂb@ lﬁg)lc%tfagﬂ%e
carrier 1befbritng@SDarmenarl 66 CBg. finkhbeamadohbings 1450 combineethe kéftragR ahd eBjgancy

to be varjed fr J.he. Nyaguist, . linmt of t C ra., The final beam
conbi ner 1%5Y 1|68§P r}g%@%éhwl\%gﬁe @ﬁ‘&al EFFg;u Ctaﬁﬂerac]gggr %D%gg%ﬁ?d?’?a%cf’lﬁb’@ﬁ’é

M chel sonmggberedriey so @at the aftreh @ andOEjBThAROare BRIBY bd-Bieat, B8 Al RhékBiher e

t he obj ec#ﬁh Io‘%{am ié bei ng magni fied for acquisition by the digjtal
camera). ‘PRCEAET SHBleE ARVicoamsTadt Ay onparaes e tRghe bfteredvngsartiees er ence
beans150 Bmgtedraplontded. TasGRoWs B CMtieCRHSd ﬁ‘ﬁ eikylth e ﬁeﬁﬁﬁ%oﬁf@f@tﬁmygﬁﬁts

L
reference_and object beans to no | onger overlap at the CCD canera.

al | ows nubmitef eCdd pmest. Bhecinal brancepppbiner 1650dgmaplegloser fothedigitalicanera
possi bl e §{gxs\RIWiti@e @g&le%on%%ﬁ\&ﬁﬁat_tl&%t foi“@naf T’E‘Eg e%ﬁgﬁ'i%%(g?%ﬂgﬁ{iéﬁﬁé}g

maxi mum angl e al I'owed by the“constfaints of stem e Spati al
carrier ftheqgbietidylagfem sdeingmeagoified for appiiziinmehy thedigtia icamgere)h Thidyajloiws the
frequency . ] |l e.can_be. i.ncreas ntil there
ar o only SR B ol s B b DR B el Rl Bl

f r equéthc ythb epanfiom lihesrefengleandubjeepbdaima to nalonge bvértapqtiths OCD 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 [llumination of Beamsplitter/Beam-combiner for Object Beam

Eliminates Astipmatism




I's no longer correctly recorded by the CCD). Wth the M chel song BEi4 Y,
the maxi mum spatial carrier frequency of the hol ogram may not be Teachabl e
because the angle required nay be |arge enough that the reference and

obj ect bea {y\@?qs o longer overlap at the CCD canera fo onetries.
30 Front Fg‘é% %ronpnation of Beanspl it er/ Beam conbi ner ]?%ﬁ&g@?‘gg’t Beam
Eli m nates AstigmatismJuly 2004 WO Of 050201 PCT/ US00/ 34982 20 The

i nvention can I i r the
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OX and N EBEEORILETA TneatR HBE sbibhubloP nEBRuh LA mAia 115, 17 il |
optically smmeentetrso vathtﬁééfrrévgﬂchwsemstaﬂw CGhe dystetrais glsd uded36) thisconfifniratidn with
coupl elg tgm% 18 03e8 eltotﬁgr éi%g‘ﬁga | ens 1635. It can be appreciated that

t he objec eam rom O reflects fromthe front face 1725 of
t he beamspl i tt Refering@o Fﬁhdﬁarwjéllaxsﬂ'm&is bpram}pecrﬂ@lemﬁ a bdadhplited 17200EA | ens

1735. 0. be.a rec hat referen beam fromt he
reference ‘?ﬁﬁo @%aﬁgpq@ &Fﬁ?ﬁ?f‘sﬁ itter 1829" dens 1 éggal t pay heappseiated that
beanspl it Herobjemﬁhamlﬂbrﬁ thie Sargeta MRl eﬂedtmoxﬁm(ﬁ:@ @hcb e FoflihbeamsifteA720P0gEE
KX- 14 carreaggs%wlsgﬁpg? Kodak KAF-1400 sensor. arter-wave Plate and

Pol ari zer o prrakipgs 3 wa t‘@ﬁ\i@ﬁt@%ﬁ IR’éﬁ'lﬂl %‘*@the@%feqfﬁed ibat®at i on can
i ncl uds t herdSR vohm BoAH thFerABIR nith8l 78 PRI &€ 'ﬁo@ﬁ%{? dred@ich@n to

suppress unwanted reflections. Experinments have shown that spurious
refl ect i ofeamsphiigrilA€0.| ladis exampie thesombinet beagtsj teayelito en egpgeaﬁgX-M bamersour ce)

can be sURRHESEREK R FTI0E oL3gn an order of

20 Quarter-wave Plate and Polarizer Beam Isolation Suppresses Unwanted

_ Reflections
The invention can include the use of quarter-wave plate and polarizer beam isolation to
suppress unwanied 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 with a quarter-wave plate isolator design. To use this technique, the illumination
beamsplitter is replaced with a polarizing beamsplitter, which passes p-polarization and reflects
s-polarization and a quarter-wave plate is placed between the objective and the object. The
r;[uarter-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



25 magnitude with a quarter-wave plate isolator design. To use‘iflﬂ'ﬂ?zow
technique, the illumnation beansplitter is replaced with a polarizing
beansplitter, which passes p-polarization and reflects s -polarization and
a quarter is placed between the objective and The
guarter- wa\\,/\gyp? gbltse I's adjusted so thaty,the incomng p polgﬁﬁp}"@% S
converted to circular polarization Wnen It strikes the object. The return
fromthe a nore and is
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t WAV t
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Phe uiant ed ob SRR FIE AL, Sprasor s ater Bl kuPammet BagebEhlh on-

order of F]mynphﬂﬂle@dd.OR&eﬂrﬁg o FIGE. R4B, %@pa?ﬂ’Arwaﬂep@atc Ibfﬂﬁé)gs 615%?113666& pledte 24é0
i's optica to Itter 24 Referring to Fi
248, an sUf %&%ﬂzﬁ% ﬁgﬁ@@&%@mﬁg @ﬁﬁ&"%f) 919&5%? " gverkate 2HO ipew eitigely g
beanspl i t bauplcd4d & TRDE Bk biGe bOladify be%ﬂﬁaht@ar PAYDR Re ki tORYG 4RL Be 4phEs |
optically, couplléed to,the front face of the polarizing beanspl itter 2420

Ref er ri ng"A%epkaie 244is qpfigally coupled tOfP%ﬁ%if@ﬁloﬁﬂ’é polariging keagisplitiea R43P. coupl ed
to thesfront face of the polarizing beanmsplitter 2420. 15 ldentical Object
and Reference Beam Pat hs The |_nvent|on can |ncI ude the use of identical

obj ect and reference beam pefmHe el S b Retbht possi bl e, thereby
keepi ng the CatkdBledibh e&em&ﬁ&asi@wo %ﬂﬁéa@% gl A it Bm SR Ble.
Transform anal ysis. A'varying carrier fringe ?requency creates artlfacts in
t he repl aypaxi2om exten mmb‘éala[ﬂmr@mka@mg the canviés| fithgelffequéraly cb:tcs@nt)duqdeﬂibwmgd

TSRS o B BBEA OB by e L,

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

ate 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-identiéal wavefronts
will interfere and produce linear carrier 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
Ey 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  heterodyne hologram. An aliernative method would be to exactly calculate the object beam

wavefront characteristics at the digital camera and use simpler optics designed to reproduce the



as nearly identical at the digital canera (CCD sensor) as possigi)jlgyzd'@;e
sem -identical wavefronts wll interfere and produce |linear carri’er
fringes with a constant spatial frequency. As discussed in the original

i nvention dhﬁ%l% &a&[ne Fourier Transformanalysis is used to elimnate the
25 hol ographic s% tal carrier frequengy, and a digital f‘l’qT{[ésP"’?"gszappl | ed
to |l eave only the object beam phase and anplitude after the inverse FFT.
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carrier frequency. Sem -identical object and reference beam paths results
in a very constant spatial carrier frequency for the 30 heterodyne

hol ogram An al trebRad invéhanilReRY il iRfnitdy SXRGkMPRLANMIAES Wilke obj ect
beam wavefront Characteristics a e di gi talcametr nd use srnpl er
optics5desi gned to reproduce thecgusiory
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fiber optics to couple the laser to the matching | enses for each | eg 20 The

i nvention can usefjher optics tg couple the |aser to the matching | enses

for each leg (obj Iis\??ﬁjﬁlé%}%cs ffé’ecﬁ 2 5%},@3 5 todie ?ﬁ%&&ﬁﬁi—e&st em For *

exanpk@, the shatinaintibn tanaissib@bbicshe 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.
| 1t 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 single-mode polarization-preserving optical
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to a spatial |ight nodula 1975. romthe pati al tor 1975,
the wit em9daion %5, ﬁbag\geebﬁtam K36 masaed thmahab@qaamlmer 977 7thrquigh o tgie Jeost ube
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t he beam conbi ne .
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

gn'aﬁng pattern. The fube 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 replay beam train is superfluous to the writing
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A set of viewing optics 1999 are optically coupled to the crystal 1995. 25
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holographic replay system. Note that 2 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.



hol ography lab at ORNL. There are several varieties of suitabl & ngagoday
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pi xel edges coffe ocus t he | aser
beam af t er’ ‘passi ng 15 t 1ed SinglerMedeRalerigation RiswervimgBiberad f ocusi ng at t he

tube | ens FourpiRhinRha8€ean 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

23 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 geometties can be modified. Write and replay beam geometries can be modified. Specific

components can be replaced with other kinds of compoﬁents. Laser wavelengths used for



Repl ace Attenuator, Shutters, and Spatial Filters wth Acousto-
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can include replacing a nmechani cal beam attenuator with an acousto-optic
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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 inferferometry 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 may be made without deviating from the



applications. There are virtually innunmerable uses for the presepily 2004
invention, all of which need 15 not be detailed here. The invention is
useful for ultra-precision netrology. The invention is useful for 3D .

di spl ay andygx@fka i on of technical materials and sci emﬂéf/{fsoﬁ;?a%?z sets.
The invention 1s useful for 3D visualyynews, conmmuni cati ons, conf er enci ng,
novi es, ganes, advertising and entertai nnment purposes. 20 Advantages of the

| nventi on_A.di -t e=di ai.t al. - hol syst epresentj ng an. odi ment
of the i nooifiaebee B Al R SR RIS, ARorf BBkt POl Sr BB B

fol | owi ng thoeaskiliesi in Tieartthatitieiatantion mby be placticed sibbwiteGhan@SBpeceivdllppt | cal
techni queg t hat..reduce the density of the interference pattern 25 (fringes)
to a den5|?s§n€§‘ila&eretuhe CCD can record, conbined with the Fourier transform
techni ques devgleapasleftas indidbl RRPIBIHYnRA oth¥ FE¥nYREIK Wistigtedahgrt r@n

hol ogrgphy, w the el ectronic  recordi ng and replay of hol ograns. All

|
the discl 6_%?@‘3{’1@ Hul? fisrlpwd sefigietion,fah eoubhbeiarevifedsia rirtiale pay shape, ped r eal | zed
and  prachiseatledVird NREAL A U&%ﬁ%ﬁgfg. NEHaE 'ﬂ%%dl@i!{(iﬁ%l%grg el nP&E ot fRJE

contenpl ated by the 30 inventors carrying ou resent i1 nvention is
di scl osedfateated fipm thet disstosed matadaly hutendd be fabrinateid Groni wrtwedly ahy siitable t her et o.

It will b I f 4.0 Lt Ol ificati.ons and
rearr angeﬁnlg{r?agi Is'o?&'hﬁ%’%% % rt%esﬂég?rgﬁﬁg%ﬁ;%%%{@ %ﬁvee SR Y%‘é%ﬁ%mﬁt hout
devi at i ngmborde; it Wil He darlifesi2lH0 dhe\We2oBdatioh 6QABAMEATIaYEe M AAEPintodTe Siparanis and

scope,Qf nderlying inventive concept. .Accor di ngl it will be

appr eé|8at Léuct]};g t‘)’@u 0%1%1833‘45@ ogﬁﬁe{il g‘i’f[qeﬁn?rﬁ’eaﬁiéﬁ%)élfﬂ%ﬁe& F]ﬁ@e?tgeéjrﬁef‘tﬂﬁs ﬂt?ﬂcge

pract i ceddistlben witbediidearcaa be sqakihéd witlh, loy subdgiatd fhete BREI6A cldhhts@x@ ! e,

t he indiviidual conponents need not _be forned in the disclosed shapes, or 5
aosenbl ed TGS SR OV HeF e P BRALAEN GREPLECTE Shsh SLoBes OB esd e

vi rtual | ymanpilgBapgiveand assenbled in virtually any configuration.
Further, ‘the ieI?di'Vi d&]agl components need not_be fabricated fromthe

di scl osed mat &l Fsdptendeg iaat thisappenged ¢lamsiconyr &l spsbowlifipns, merifipationy aad,i t'abl e
mat er i &l Sreafehgel@hts. BkiARHIGNTIARNdBGHALERR iﬁ%ﬁﬁ@ﬁ&@%ﬁé‘?ﬁfﬁéﬂe@ﬁ?ﬂger einis
a physically separate " nodule, it wll be nmanifest that the recordation
equi prent anpgydegsubdkaimgr at ed into the apparatus 10 with which it is

associ ated. Furthernore, all the disclosed elenents and features of each
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29 CLAIM5 |. An apparatus to record an off-axis hologram conprisimg 200

| aser; and a digital recorder optically coupled to said |aser,
characterized in that a beamsplitter opjjcally coupled to the laser splits
| aser light into a reference beamformng a reference armand an obj ect
beam form ng an object arm that an illum nation beansplitter is |ocated
in the object arm that a reference @Mitter Is located in the
reference arm that a beam conbi ner Couplred to both the reference
beansplitter and the illum nation beansplitter conbines the reference and
obj ect beans; and,that neans arﬁ pr%i dgg to vary an angle of the beam
conbi ner such as £B 2PpRs AP togscdgnothatisaelRsErk CPRPESBECe and obj ect beans
prior they ia{]fagérf%{c? at a plane of the digital recorder, wherein the
reference beam ahd t he object beam are conbined at a focal plane of said
di gi tal reco digitaltrecdrdemopainaldyf ¢ovpleddo kaibdgremm and sai d obj ect beam and

said reference beam  constitute g . plurality of substantiall. I myl t apeous
ref erence anﬁl%}eé@ﬁfl et  bsamaplister opfically povgled dp el er mlliisrléﬁﬂf e ¥Bjdect
beam  1,0réifte Wkt forlutnd 8'rRAIRE J id AT B6fect B Frniak dnl dehdtlaBAL HOR an
beansplitter that i1s closer to sard object than a back Tace of said

i |1 um nifluinpratioe despbplitteeis bcated in dfcarbent errhethat 4 refenesed beanespbttanis doaatedr or
is reflected by a fraont ace of .said referenc ea litter that is closer
Lo o r oPETEiERtarin it ahOa satkiteh cauiled S8 4t er Eramse BeaheRion b theg
The appiguaimsioRbeshaiifet cobRESHHR réfbdhck bhalméieé’ttﬂe%spmm mbdrflaré ProvitRS @
polarizing illum nation beansplitter and said reference beansplitter

i ncl udete varpehanglei ofgthe ihefmr @mdendyemas pk ito timpart andingleubdtiveen denmefirsiceggndan

i1 lum ngtin uar t.er. way | at e tically coupledq between said polarizing
i1 uni n@y?%%e%g%mﬁt}lﬁ er%ﬁ‘?}l'f‘ta?rﬁgrfﬁ %@k‘e H’ﬁﬁgl ’gc‘?r ference quarter wave plate
optically cQpabickheetfRe0e BBiH aRA!(RE bBjeBiTbdai BleCltpEhiRRPABP Fdchl BrandRY s&id
reference mrror. 4. The apparatus of claiml, further conprising a first

pol ar i zéigitgpecardel tp tompire dif-axis helegragniandispiduobiecttbeom dyahsaigireferance deam
sai d beam gconbi ner ;.. an second.pol ari zer .optically. coupled between said
ot or or s G R R R R B reEice &Ry sS850 £ Tre

apparatus of claim1l, wherein an object beampath is substantially

i dentical to ) ] ) )
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.



a reference beam path. 6. The apparatus of claim1, further corrpgiﬁ'gp%)@n
acousto-optic nodul ator optically coupled between said | aser and both said
illum nation beansplitter and said refej nce beansplitter. 7. The
apparatus of claim1l, further conprising a first acousto-optic nodul ator
optically coupled between said |laser and said illum nation beansplitter;
and a second acousto- optic nodul ator optically coupled between said | aser
and said reference beansplitter. 8. The apparatus of claim11, further
conpri si ng asfir sThogpartis delaimpt, ivdwrdiy an objscebbanbptivissubstantihllyaddenticahtd
said il]umnati,on be plitter; and a second optic fiber optically coupled
bet \/veenligeg}ragl eabsegwpéiﬁgssai d reference beansplitter. 9. The apparatus of
claim9, wherein said first optic fiber includes a first single node

pol ari zation_presgrving optic.fiber., and said second optic.fiber includ a
Second singl & modLie SIFIANSCHAIHR bifadt FORBSHER Aeps-optipmospisior gptsalis
of clai ggupledf BEERBH SAIPlbS! B Sbdth ' Sid LNBMINABA BRIndpRttky HAURiGdrefhighoreen
said il]umnation beansplitter and said beam conbi ner ‘and a second tube

| ens opksagwplitfer. coupl ed bet ween sai d reference beansplitter and sai d beam
conmbiner. 11. The apparatus of claiml, further conprising a first beam
expander/spatial filter optically coupled between said | aser and said

i I'lum nati on7.bean¥ipd iappaeatuand daigedofortie acomsrisiveen defirss padustd-optid terdulator

optically. coupl e tween sgi.d |aser and said reference be plitter. 12. A
ot hod BHCALE 6P B FG EAERR SELAET RN SYAHTCEHGR eRHGPT SR § Pifgnd Pt
beam i ngRicaRo4tEESptREMTE M FLREST RUTR QAN said deficndé byanipHaedi ng sai d
of f-axi s hol ogram "and transform ng said off-axis hologramin accordance

with a Fourier transformto obtain a set of results, 5 July 2004 31

charact er! zeg |1 thakpA-ReAGPALi | CfurtRt oAbl QUBLES-OnFRr RSN, Sphley

laser light into a reéeference beaniform ng eference armand an’o
beam f obativaen sand bisgreand sardnillutriiation beambplitter;nesdi 2osechahoptpd fibareptically cxplesid

in the ect a that .g referepnce beansplitter is located in the
refer en@%"%ﬂ mc{%?raggﬁ%@ﬁ?fgﬁe%? ﬁeeaimsggﬁ%ﬁ‘ ed to both the illum nation

beansplitter and the reference beansplitter conbines the reference and

obj ect beans; and_that neans are provided . tq vary an angle of the beam
conbi ner such as T F0PBEANS OJﬁlﬂélﬁgﬂ? i gaid first opte fisprdnelbdespifishiggle 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

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 resuits,



beams prior they interfere at a plane of a digital recorder. 13. sThe, JfRj4nod
of claim12, wherein i) reflecting said object beamfromsaid illumnation
beansplitter includes reflecting said o}:lject beamfroma front face of said
i1lum nation beansplitter that is closer to said object than a back face of
said illumnation beansplitter after reflecting said object beamfrom said

obj ect and i é:l')ara%?érf}e& h S rbcﬁegﬂlfsﬁﬁ%t.rsopt{c?lflslz eGigich i er?l:%{ fs?lgt@g?geii(ﬁ P iné@ a

ref erence beansplitter locate e rererence armt ose

r ef er eneéerencertsant faming baefrdnee errmf arglaard obetebeant dolpdagmpl sj¢otranaf tlet an

reflectjng. sajd reference beaﬁr{n_if romsaid reference mr The met hod
[

or. 14.
of cl ai Hugnatignheamsplitier pplocated i ghesohiest gppethpt & &efienss aé%sl'pgiﬂelilm ehASalm on
beanspl § ' e t i ng: sal ' : | 7l
T i GlerdoE aHE Sl EHLEG clhin uflBl 37 bol BTGP B Ep ik B0md the |
pol ar i ziefegenceftenmsplétted eambiics tieaeferamnd anll wbjchebeaampnd thahmeass) arp pswiidagl ®ai d
obj ect beam t hrou nillum.nating quarter wave | at e bot h, before, and
after r¥¥Yaeengs ogﬁvegb%} SURDIBREHER AO IR @éﬁaatw%&g%twa% e pefstanfig achpyect

refere ve plate both before and after
R PR TR of R RBLENES AL IebrE D P

reflecting said erence mrror. 15. The net hod
of claim12, further conprising: passing said object beamthrough a first

o et oL Bl P o TRl AL LT 0 B i,
W th sadneathCodM Phlter FNFuRISRINBS A IsHid" 56i8EEC BEAn PR b oMo seGaRd

pol arizer after reflecting said reference beamfroma reference
beans pl illutmenatiandbdaefsplitercthabinclogersti shid bt theam okl fsed df seideillendeatidneam

ith id beam c iner.. 5 July .2004 32.16. The, net hod..of ¢l aim 12,, wherein
o b, chepmaaae AR reerting B ShPG BB RO, ObIoe! GUhAY SA: BRACE thet o)
to a rqfeﬁéég&ﬁoﬁﬁﬁﬁoﬁﬁf&e. ¥ §Q@férelﬂ¥e E@irfilsﬂ(ljiﬁ&efogﬂ@@ iPRRMefelchce BHA thRtH R s&f

claim 12, further conprising passing said |aser beamthrough an
acoust otogpeferenee chifrat than bdkdk ace pf sdid referesed bhahmphktteriaianeflegtingTiaid referbat of
claim 1bz rther, c si.n passi ng said object beamthrough a first

f ri :
acoust o2t %Inr?ﬁ]&LfF%fn%rceBBfrgFe reflecting said object beamwi th said

il lum nation beansplitter; and

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.



passing said reference beamthrough a second acousto-optic nmodul atyf, ARf4or e
reflecting said reference beamw th a reference beansplitter. 19. ‘Fhe

nmet hod of claim 12, further conprising %assi ng sai d obj ect beamthrough a
first optic fiber before reflecting said object beam wth said

i 1lum nation beansplitter ; and passing said reference beamthrough a
second optic fiber before reflecting said reference beamfroma reference
beansplitter., 20. The nethod of claim 12, further conprising: passing said
obj ect beam lhr oufke method of clairnd 2} whereirf arepbjeestbeamtnatiytracedbyotsjdeehjeds dgam

from saig.d L, Bat i | X ?ﬁ?l ' l.ect beam t hr ough
a secon‘gS?E%gédnlqgkg&g\h?%rtggg#%é %%%E%%ﬁggﬁg e e%giel% églln%%@?fg%m a reference
beansplitter. 21. The nmethod of claim 12, further conprising: passing said

obj ect beamihro a f.irst. bea der/spatial filter befaore reflecting
oa 6 oy ect [heant i PRMOH TR e 1R FBRELle PasHE So 1A Jenfiraugh g
r ef er engeuteprit ModuBortRENB dplRBATAX RRAGRaMSPati al filter before
reflecting said reference beamwth a reference beansplitter. 22. The

met hod of claim 12, further conprising storing said off-axis hol ogram as

digital datayg e 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.



