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

situations. Even if the expense of the classical holographic system itself was tolerable, the time
1653030.1



situations. Even if the expense of the classical hol ographic systemitself
was tolerable, the tine 1653030.1 WD 01/050201 PCT/ US0O0/ 34982 2 del ay and
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20 illustrating the state of the art.

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

25  computer interface and then 2) storing the holograms to a digital storage medium (e.g., RAM,
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optical conponents to allow the acquisition and analysis of high resol ution
hol ograns. In addition, inprovenents to the replay system have been nade

t hat al | omowniosizng of a digital 5 grating (hologran) to aPpmatSoe/af8acti ve
crystal, and then the replay of that grating or hologram wth a single
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20  from an object; focusing said reference beam and said object beam at a focal plane of a digital

recorder to form an off-axis hologram; digitally recording said off-axis hologram; and
transforming said off-axis hologram in accordance with a Fourier transform to obtain a set of
results.
Another embodiment of the invention is based on an apparatus to write an off-axis

25  hologram, comprising: a laser; a spatial light modulator optically coupled to said laser; a lens
optically coupled to said spatial light modulator; and a photorefractive crystal optically coupled
to said lens, wherein a write beam is focused at a focal plane of said photorefractive crystal by
said lens to impose a holographic diffraction grating pattern on said photorefractive crystal.
Another embodiment of the invention is based on a method of writing an off-axis hologram,

30 comprising: passing a laser beam through a spatial light modulator; and focusing said laser beam
at a focal plane of a photorefractive crystal to impose a holographic diffraction grating pattern on

said photorefractive crystal.



Anot her enbodi ment of the invention is based on an apparatus to replay an
off-axis hologram conprising: a |aser; and a photorefractive crystal
opti cal | ywooupbsedi t o said | aser. Another enbodi ment of tRETIUSVEMIBDN

met hod of replaying an off-axis holog#am conprising: illumnating a
photorefractive crystal having a hol ographic diffraction grating with a

replay 5 beagMotliheafbodaiéht OF IRNinvesBe ¢ Sased ok BE ap RS0 rlepMeah b4 | | be
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Many changes and nodifications nay be mnade within the scope of the present
i nvént ibsamwi t hout departing fromthe spirit thereof, and the invention

i ncludes all.,such nodificatio BRI EF. DESCRI PT. THE NGS 15 A

cl ear ponce&heﬁ% apgd Oﬂ‘ﬁ& a&mfé%&zta%gfeaﬂ’& ufve?ggﬁRl? géﬁ %Rgﬁrtﬂﬁ’ﬁe?g@ 8% pr esent

i nvent iRRers@0d wHeh cbﬂﬁdéi@ﬂfﬁp&_ﬁx?&rﬁzti@ﬂ HiQRRE Blio¥n®HestBHRIn sasthens provi ded
with the present invention, will becone nore readily apparent by referring

t 0 t he aesmnprnaing drawihgsh&rsbpulddenmdeisivodi myveves i dhatotlowing deserintimnewhile

t he draw,.ngs acc nying. and formn .part. of this specifi.catjon

wher of FRRE ST ERER SR & hebRert BR e e BT btoR S erents o
Vi gps. i$ biveReyhdyRE i3tRabetnd AdttorliiftatioAat MRS chhldes hhdhdificatiéliansly B ngs
are not necessarily drawn to scale. FIG 1 illustrates a schematic view of
a cl asgnadsl wighie therscepepihthaipedss)t isvension ndthonbilapgrtighyors yla spinit therpelo prd theel vy
| abel ed " PRI OR A%T"; 1FI (%é 2 ifl Iﬁstrat es a schematic view of a sinple

di r ect ~PEHR AR Sl ST BRIHICGUNS T epresenting an enbodi ment of the
present invention; 25 FIG 3a illustrates a perspective view of a

"M chel son" geonetry direct-to-digital hol ography setup, representing an

embodi nent of the presedRIERNBRSCREITIONGDY Ik WINESs anot her
ponSpe 1 Kk bR bRy LU R P BF Rech R
M I ror,of iRPERSRIMEALR gn@epe@ﬁo@mgamygtemé Pﬁdwieﬂrxﬁm% préte@Thiémion WiB S
illustrates a plot of a 2-D Fourier transtormof FIG 4; FIG 6 illustrates
a repl deconhe hwirotpeaiy pheasentdamaferningiotheckrdyy arnddherfae nanlingidneg1/ 050201
PCT/ Usoe%/lb% ?rgeznts illustrated in the drawings accompanying and forming a part of this specification,
wherein like reference numerals designate the same elements in the several views. It should be
20  noted that the features illustrated in the drawings are not necessarily drawn to scale.
FIG. 1 illustrates a schematic view of a classical (Leith & Upatnieks) sideband
holography system, appropriately labeled “PRIOR ART?”;
FIG. 2 illustrates a schematic view of a simple direct-to-digital holography system,
representing an embodiment of the present invention;
25 FIG. 3a illustrates a perspective view of a “Michelson” geometry direct-to-digital
holography setup, representing an embodiment of the present invention;
FIG. 3b illustrates another perspective view of the direct-to-digital holography setup
shown in FIG. 3A;
FIG. 4 illustrates a digitally acquired hologram of a scratch in a mirror, representing an
30 embodiment of the present invention;

FIG. 5 illustrates a plot of a 2-D Fourier transform of FIG. 4;
FIG. 6 illustrates a replay of hologram phase data from the hologram of FIG. 4;



5 FIG 7 illustrates a schematic view of a hol ographic replay system

representing an enbodi nent of the present invention; FIG 8 illustrates a
sel ect ed wopaa/o0sf208 hol ogram of gold particles on an anor plircugso@s4sn film
representing an enbodi nent of the pre§ent invention; 5 FIG 9 illustrates a

sel ected area of the nodulus of the Fourier transformof the hologram in

FIG 8 (centmG. ailf@iratcda sahdRaRVi&Y @fhﬁ@lio‘gia?h{c 8Py &y @&th, BpR&entinBen
si debands), representing an enbodi ment o he present invention; FIG 1 OA

i 11 ust remthodingerd ofitheasesent mmerdton; f uncti on at Scherzer focus; FIG 10B
illustrates hgl.ogr aphy speci.al transfer functi.on at Gabor focus
represent s nd 1018 LRSS aPRERY e o RS ebwn T B0 PR 48 gl carbon

i 11 ust rrghe fepResdMEY MSerfbodnShi &ttBe FiRit Afvehfigsf orm of cos-pattern sanpl ed
with 32 points at sanpling rate s=4. 66 égurrber of display points in

di séret e FodilGep ilustatel erspierisd agep of theapoddunef thg Fanri onmre thyf halbgram
present. invention: FIG, 12 illustrates a,.nodul us of | ytic Fourj.er
ranst JRESTS (e8eh aterorte BEUOPAITIG < o “H4 BN Tre) P SOEOHUSE EFRIEIEBHNE #f e

t o sanengfodnddtBf (IRYreeRBESIntdH; data from FIG 11 and none of the details
inthis figure can be found in FIG 11), representing an embodi ment of the

present i nvditi bRA illyitates A3 oniraal srensfewismetionoat Bcherzef foews; ended Four i er

t ransf orm of_.cos; ter rigi nal set .of i spl oLnts was 32 as in FIG
11; choosind I&a?%ﬁr@ﬁ%ﬁmﬁé (ag](? ic%@”%@,*%ﬂ%@ﬁ%f %‘gﬁcgéﬁl gg/(l}%%?rr AQS; 1GPEREe nded
Foyni erantendddfREolf ShepkdsednNfiveis same details as visible in analytic
Fourier transform, representing an enbodi nent of the present invention;

FIG 14 il JH6r &t dusirhies pazaduius apdisgretekowted drdnsfoum oé eosapagisr sammlechivith

al l ows di spl.ay. of .convent] | discrete Fourier transform hut shif.t by
ract oif P Ao RERYS B4 B Dot S sElag DO i R PR R tihg o 4 52),

choosi f‘r@px‘éﬁdﬁﬁn{;’@h@%oﬁ@ﬂen@&f&é%s@nﬂin{@hﬁbﬂp dimensions), it is possible to
25 display at [east one peak in Fourier space such that it falls directly

on di spl ay pgo80ni2 iljlustretes g necskyibus of ghelatio Bewiatitagiorn of cerpaticrycopbngk o) |
representi an odi.nent, of the present invention:. F 5 il lustrates
[ oas® R ke B EC B R BerabP Sre FUR spafi] SP HaR Tron RS e polB Rl Biec
causes ®ftdilsfiaelisfigitecHRBE fdinden m.sn_),sae%féaéﬂtm,@ ahenMoain&iR BF Bl peésehhe
si deband falls exactly in between display points in Fourier space),

r epr esénvdntignan embodi ment of the present invention; 30 FIG 16 illustrates
e Zen9 oY AR sl RS SR el Bt o
display points was 32 as in FIG. 11; choosing parameter 7 to be 16, number of display points in
20  extended Fourier transform is 512 and shows same details as visible in analytic Fourier
transform), 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 2k (and a1l 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
causes artifacts in image (the worst situation is when center of the sideband falls exactly in
between display points in Fourier space), representing an embodiment of the present invention;
30 FIG. 16 illustrates a Mach-Zender layout schematic of a hologram acquisition system

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



WO 01/ 050201 PCT/US00/ 34982 6 FIG 17 illustrates a digital hol ogram
acquisition systemlayout drawing illustrating an object beamreflecting
of f fromwbe1fsrel of an illum nation beansplitter and beamCEarsb/suss;
thereby elimnating astigmati sm représenting an enbodi nent of the
invention; FIG 18 illustrates a photograph of a digital hol ogram

acqui si tion Hysl 2Must8Rs a¥8Atal RloBAm RSRRH BRI B okt ¥eawRy BMishafng 4 G 19
illustrates a schematic of a practical replay system representing an
enbodi radpfct besfm teileciing efitfioom theffhe of 2@ illivhustion beamsplitter éndibraam eivehinergr yst al

d hol i te/repl ti ti. nbodi ment of th
" nvent 371E0 g tpinaling SPglariln. peseptnikin EOADEAEACRVERG [ of f ecti ve
spatial | i ghtiGnpguhatefes Qphb®ataph@eardital ﬁgl%mn& aRfuesiti & syBiehD kQHERRNAE an

replay system respectively, representing enbodi nents of ~ the invention;
FI G5 2Znijodimentaf 8% iave800; x 600 conmputer driven spatial |ight nodul ator

rpr osent i g 19 QN RE ALCIEiS G I NGB TEP BN ST, P4 TR APeY o

phot ographe Rfveionaser beam at a Fourier plane of a tube | ens show ng
spatial |ight nodul ator pixel edge diffracted orders (the center bright
spot is the Hér 30 diustretes dilftfiirmatiebhté enygle) and o gemnviitefeplay epticsdi ment  of
the invention. FIGS i .l ust.rate pol ari zing beansplitters conbi ned

Al 4A- 24
wi t h 1/%13%‘?}%1“%?5?8@951 £ e dREHEPYy enbodi nents of the invention,
DESGRI PTI ON 196 SPREK GRREPREMRE It MENERi KRR aptesfsthive Byl 19 motthldihoptRal ous

features and advantageous details thereof are 25 explained nore frilly
wi t h r edeemetrizg stisabiheorndrlogriptintepiaytaysicme raspedtivaly, tapeesetingsembadimients of he
acconpatﬁ%/%&gmdrnaw ngs and detailed in the follow ng description.

Descrip ot wel I known conponents and processi ng techni ques are

omtted so JFgG 02 NAlstrREAEBG ]1G00XoRPEEH BAvENGaRAIESRR noduRYR FoTGFed By a
detail. 1. System Overview 30 The reason that "digital hol ography has not

been dewddrizgees impl¢theniedin shelpgam ieplay gysi¢mt iepreseingdingimbaldingd @b theaner as
or §arrer as 1ad,a table to digital nedia has, heretofore, not been good
enotigh YRRy the very high spatial frequencies inherent in classical

hol ograns. THI6. 23 illustrates a photograph of a laser beam at a Fourier plane of a tube lens showing
spatial light modulator pixel edge diffracted orders (the center bright spot is the zero order
diffracted image), representing an embodiment of the invention.
FIGS. 24A-24D illustrate polarizing beamsplitters combined with % wave plates,

20  representing 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 illustrated 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



WO 01/ 050201 PCT/ US00/ 34982 7 invention conbines several techniques that
overcone this difficulty, and allow recording of holograns and all of

t hei r spawbpal/ofequenci es up to the inherent hol ographi c PexaiSot/34982 of t he
recordi ng canera for Fourier transforf hol ogram analysis. It was necessary
to realize howto digitally record an optical hologram (and that it is a 5

hol ogr afentioh coRbiRk S6verAGESBR1Es Rt HRALIAS NGNS, MRS reécbRINSS & M
technlgges used in interferonetry and el ectron hol 6graphy coul d be used to

anal yz ehologsame padyalk af their speatsal dleguencies spds dreyinherentdwlographia tasolwtion efithei cal
addi tion of. a pl ane wg.ve.tg thrg) diHl%Ltal hol ogram and witing the
r esul t i HBSATCTAOF fRUST RSO 8PS ensi t i ve crystal woul d al | ow

actual repl aywa9hedlari &) RAGAMA t@digitélfﬁe@&ﬁ dnpcaltolbdrah 98id thek if fsract i on
angle a, than the angle used to create 10 the original sideband hol ogram

2. Det didlegtamy sk rvastalsomeodss@ydd esaliael thahihsdiomsiat warRédrar tethgqueswsedinFl G 2, a
sinple .djrect-to-digital holograph stem. i s sho t illustrate the

nar dwar BEEGTRR PR o GRS hRE ot & T o BFlpEFNT dbBRUARY and
repl ay @kesshig!t0 9878 tha intilentARA RAIMRRIT adléhe warR¥PARAGLitAhofo RAAMNd
expander/spatial filter 220. The 15 expanded/filtered light then travels

t hr oughweitingths re@@tingTintensity frmctipnyiorant epdigell s sensitizve lowstad ploutd dlow &4l replay
Beansplitier 240 can f xanpl. e, %.reflective..Light that |

o | oot dahbhoBran Bahprent ol SEERLFerd Ao Sieuna & pashrsbthind P wrate s
t owar d @BdrigRhesdchaf@ hodgR@iti on of the light reflected fromthe object
260 then passes through the beansplitter 240 and travels toward a focusing

| ens 270. Thi-s | iQetmilehBasariptive b§Pregereeddfrabeithesisupl ed devi ce (CCD) camera
20 (not sho Meanwhj | hat. port.i on of.the Light. fromlens 230 that
sson t i ouRdrer BB o, 208 bR e AEhobdab SRR SRoRR o The

r ef er engastRt@iRe 28Rviae toidepGttRd hhvOBRed dohibiid t8 AAoRtdidtal %&fdin%ﬁlﬂi Rplayhe
refl ected reference beamfrommrror 290 then travels toward the

beans pl halegsams.2hipht fiear a lasen316ns efpanfied s bearn expandewspetieldilise3a.t Bhe i s

il db b | | 0 2 | d f i ng |
0705 TSP e B e et orsnabs F6%h e b % o SRR e G
camer a. 2400 Biaheplittdr P2 0Qkh 86, foP &1, I REleb®F STLiBEK thens redieteans thdre

reference beamfromthe focusing |lens 270 constitute a pluralify of
si mul t direoplitterfcensitieies am abjedsj heem 25Hawlsh Bavels ovand AithebEgt@G60.2 At rorEprnf 1,

e B BERPHE o 3Pt 20 AL B FRASRU A B ST
plate. thvatd®focusing lens 270. This light then travels to a charged coupled device (CCD) camera
20  (not shown).
Meanwhile, that portion of the light from lens 230 that passes through beamsplitter 240
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



invention uses a high resolution CCD (e.g., 1.4 mllion pixels), (CCD s
with over 60 mllion pixels are already available). 2) The invention uses
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here). The invention conbines the use of high resolution video caneras,
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the second object from the first or master object, by subtracting their respective holograms. To
unambiguously measure phase changes greater than 2n 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
two 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



object at the recording (canera) plane, and Fourier transform anal ysis of
the spatially | ow 30 frequency heterodyne (side-band) hologramto make it
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broadcast with radio frequency (RF) waves (e m crowave) or over a

di gi t alwiidngmndeeleyingareriss of imagps, élsis peiside sndormbiotomandiic aotiempistiitey Since

ol ogr dgneifatayr BeifErabuRa BT b i Fumbel GtV R By g o

to the (u.?g nfitrodval€Nér dver b aital hdteofd feiterPot Ableb @sihg Gaikabd digRaleincbdifg CCD,
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f unct i dechaploghi. Adseplaredals ragiole sitel dbis affectiydy aBowhbolggwphisdelevisiomantie

center of .the tteepn | Rereases. As these fringes get closer and closer
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25 appr oxi matel%(mw | ines/mm or on the order of 50 mcrons, at unity
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lens. ﬁ)%'étel%, %{Eﬁrcanﬂtﬁso%laﬂ%ig&e%soi\%g blyi an\gaé({%netrgeFocusing the object on the
recording plane eliminates these diffraction patterns, so that modern high-resolution video
cameras can record holograms with reasonable ﬁdelify.
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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310 tr gyedesit iQetionef erence beammrror that is nmounted on a piezoel ectrl c
reference beammrror nmount 340. FIG 3B is another perspective view of the
exenpl ary r&d6r dArga'prispbsiveoncw gbametemplary “Mihipsison”Igeomhirg furlcmwpt-tohe
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view, thebaRsdplitteis 10 trARs to a semlconductor wafer mount 320 and then to a focusmg lens 330.

20  Meanwhile, a reference beam from the beamsplitter 310 travels to a reference beam mirror that is
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
case). 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. It is 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.



25 object target nount 360 can also be nore readily appreciated. FIG 4 is
a heterodyne (sideband) hologramof a scratch in a mrror (the object in
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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
such systems will be desktop systems within 6 to 10 years.

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

30  the data (hologram) from FIG. 5. Replaying the data as an actual hologram will require the

creation of a diffraction grating in an optical crystal and illumination of the diffraction grating

with laser light (or appropriately treated white light) at the correct angle. The data to be actually
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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 « 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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dependithgref@Bndeheav@Xp e hldie Riaat tige dotdjot \tb tirotifleanyefLr Githe spRiBen. i Tigs t he
wave on the other side of the biprism (Lichte, 1986; J.Of/ et al., 1993;

bl | endio8ieigiiat ke exclugBereqrisemen g aceptlle repdisanaystill baebtpiapdifdhee wave
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be obt @iﬂagéipiaﬁe bélewlhe b@ii%aﬁ@_ﬁnmanﬁg@ﬁatéﬂaﬁﬁq@)_(Wﬁd%@gfdhfee;nm): i's
defornmed by magnetic or electric fields. In the “i mage pl ane bel ow the

bi pri find tyfg)d 8 (4 MG J . A\chte, 1990):
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| A ]E| describes the spatial frequency of the holographic fringes. A(f) and Q)(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  bottom 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 image intensity
I(¥) is performed and we obtain
FT{I(®)} =FT{1+1™ + A*(T)} +
§ (Ak— Q) *FT{A(F) ¢} + 3)

S (Ak +3)*FT{A®F) ™}

where * denotes convolution.



| Akl describes the spatial frequency of the hol ographic fringes. A(r) and
(Dr) describe the 20 i mage anplitude and phase, which are different from
t he obj ecwoampbi2zoude and phase due to the aberrations of PCRaSObp49811 ve

| ens (and ot her sources of disturbances). The term describes the contrast
of the interference fringes if no object is used, i.e. A=1, and line' and
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corner .of t i e.. | rder to .extract.the.infor ik on .about the

Coonpi et nut MRS ok TefeF o bR et At MoooPh Rt TR AR B82S g pe,

t r ansf Qudcofrdhtioh. ARodeMROR shoWe st thére ib (o) exainiE oteiBOsyRiHetewaR ketpBct
FT{I(f)} = FT{1 + I1Del + A2 (1)} + S (Ak - q) * FT{A(r) ei('(r) } + (3)
8 (Ak +o e cenleTphthe)sideband: ppposite\higeme do naelrye dee sorpvisiensitysmhis WR 01/ 050201
PCT/ USOO/§49 2 .14 The,Fourier transformof the hologramof FIG 8 is

di spl aﬁlé% ?Iﬂaﬁa@ecg.smﬂ'e central area is known as the "auto correlation',
whi ch cor r espRNas ti6 linbeofT(3) brrbdpRng tRthet@b sriebaI eNFI®MRI By isBR@fe ofbe

interesting features in this inmage are the " sidebands' that ook |ike ears
ar ound offtlee sidehandofrem] the Fowrier Avapsiowa e rglaikn i daurietizansfomer & thesconplex

exanpl e, no _centyosymetr ith respe 5 to.the center of the sideband:
opposi 1 BE AR ol REPE Ribhalth O RRE T Pt ot B P RireledimRet §R%"
neqessidoykspoh§td @8 FolMer thdndRSmAF theflednlet @Hijé&Sﬂﬁz@dn @ fohewingavsi: debands in
FIG 9. By isolating one of the sidebands fromthe Fourier transformwe

retain the Fourier tprrqu)oeiﬁﬁft}EF'hgquraji”fé;(.e%i@hage wave. | gApring chromatic
aberrations, the Fourier transformof the conplex inmage wave 10 corresponds
t o t he Hisue thertetn giigy deseribes thhésopbnpliewavbihetitions, dlire, g Hea tud-Hininstpnaky :
FT{A(1) e ('"(r).} .= FT{A(r) .e""1*) } .ex(4). (4). where t term.x(gq),
descri ESLof Hb&ﬁ)s%ﬁvwv%f%@fépraaé SPae-dis TheRack foql p ao{f] ths Bl [l
vector 4 | BE : ol ecl G 4 £

veCtor 1 ENEOR 5 SRARE (8] 1 7G) B BA RE el con HDBREKuhERle
I's 1knovRtludak of Wgﬂrﬁﬁ&h RRUESR RGmpsSLnicdt HARE Bbint REolhAA (fdndgneLetad., X(q)
which results i n i nmprovenent in'the point resolution (Tonormura et al.,

1979; HY¥7efFwétal., 1991D)) Thihik desdimbibeas thalihtespretstidnnet High-egsplutivatiyatal sucture

hi gh-resol ution crystal structure
images then becomes more ntuitive.

Besides the possible 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 A
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 degraded 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.



i mges then becones nore intuitive. Besides the possible inprovenents of
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pi xel . This effect together with others contributes to the MIF of the CCD
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It is not required that this number of pixels be an integer. The sampling theorem states that if the

©)

S =

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 other words, if all the spatial frequencies of the image function I(x,y) are sampled
with $>2, then the information I, 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: |

FT(.)= Z (.)e ~2zi(km+e)/ N 9)

m =l
where N/2 <k, 1<N/2 —1. FIG. 11 shows the modulus of the Fourier transform of Eq.(7)
FT%I,,} 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 FTI.)



for 0O<x,y<Nd, and is O el sewhere. The digitized image Imnis: Imn =
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t he anal ytic Fourier transform of Eq}.v(6) FTa{l(x)}. The analytic Fourier
transform FTa i s defined " FTa {l. 3. sf f ~{...} e2mx n~) dx dy (10)
ff Nd{...} e2ni(xu+yn) ?&Fﬁngﬁ he imddul us of FTa{I(x)}aiTX di spl ayed in
FIG 12. In conparing Figs. 11 and 1%} it is clear that none of the
detjgils visible in Fig. 12 are foupgedmabi-guanidls Al so, the FTa extends to
infinity in Fourier space, whereas the FTd does not extend beyond the well
known Nyitjuilst Akj Ml € latNV2 <kd ] <1NHE-1( dihsdnedres) exésrded deurieidanstormtis defsfedr m
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1 LSE (12)
N7? ki=—Nri2

x @ 2rllkdkymH (AR ANT)

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, Al=0andt=1, EFT=F T

The effect of T
The effect of T can be seen from FIG. 13. Using Tt = 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 > 1) 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



NEFT{...} =1 {...} (11) N mn=1 10 e-2ni [ (k+4k) mr(1+41)n] I (Nr) , with -1
< Ak, Al < 1; -Ni/2 Sk, 1< IMNti/2-1. The inverse extended Fourier
transfor nwoeuisfR2dned as: 1 Nr/2-1 EFT"1 {...} =2 {...} PRI/USpo/398& /2 (12)
e-2ni [ (k+4k) m+(1+41)n] I (Nr) , 15 The Wew variables Ak, | A and ti permt a
change in the display in Fourier space as well as the nunber of display
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Fourier space. This causes the sidel obes, as visi blein FIG 11,

di sappearhe qqmmlt@mm@gweoﬁutfﬁéla) sich &t thsi sidebandhfatls gxacsly anthe élsplgy\pemy
for the

Ir ggg;]tsta('@tl)&n&gorllﬁn;f sq%ﬁé SIn r% g g«g Vtﬁvli%c%gsltr?lgtag %I;n\f)%ued? h§ ﬁétaalnh 5hdwE a nedn standard
deviation of effectively 0%. A slight change in the generation, i.e. decreasing the sampling rate
s, causes the center of the sideband to fall between the display points (k,1) and (k + 1,1+ 1).

15 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 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 reconstructed amplitude reaches 10%.

Based on the above observations, the following reconstruction procedure can be

20  advantageous:

€)) 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 @ Apply EFT using the information on Ak and Al. Use 7= 1.

(5) Isolate sideband, which is now perfectly centered.
6) Perform inverse FT°.
(7 Extract amplitude and phase.
Example. Apply Hanning window and perform FT¢. 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 © =1 and perform
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lens illum natjon and Mach-Zender f(1eom.3t ry
to beamsplitter 1615 via another spatial filter with beam expander assembly 1660. A reference

mirror 1675 is optically coupled to the beamsplitter 1665 via a reference objective lens 1680.
The beam combiner 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
mirror 1675, passes back through lens 1680 and then passes through the reference beamsplitter
1665 toward the beam combiner 1650 via the tube lens 1670. The combined beams travel from

30  beam combiner 1650 to the CCD camera 1655 where digital data is collected. Of course, the

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

25  pixels per fringe of the spatial carrier frequency—beyond this angle the spatial carrier frequency

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

30

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

Eliminates Astigmatism
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for Object Beam Elimnates Astigmati sm WO 01/ 050201 PCT/USOQ' 34982 20 The
i nvent i Bith @ Kedplk KIATHE49G 880 ace refl ection from beamsplitters for the

obj ect beam thereby helping to prevent astigmatismin the i mage. A
limtation with the layout of FIG 16 is

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 unwanted reflections. Experiments have shown that spurious reflections from the lens
surfaces of the objective (or any other source) can be suppressed by more than an order of
25  magnitude 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
quarter-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



that the object beam passes through the illum nation beansplitter materi al
as it travels to the CCD canera Mddifying the illum nation geonetry so
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a quarter-wave plate is placed between the objective and the object. The
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converted to circular polarization when it strikes the object. The return
fromthe object passes through the quarter 30 wave plate once nore and is
converted to s-pol ari zatildsatichh®bRcpfldRdféRhtOBedrs Paw refl ected fromthe
pol ari zi ng beansplitter and (gasses down the optical path to the CCD canera.
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havi ng a pol arizing beansplitter at all. Al so, L .
20 It can be appreciated from FIG. 16 that the object and reference beam paths in this design

are essentially identical. The point of this is to make the object and reference beam wave fronts
as nearly identical at the digital camera (CCD sensor) as possible. The semi-identical wavefronts
will interfere and produce linear 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
by the presence of the additional frequency components of the carrier frequency. Semi-identical
object and reference beam paths results in a very constant spatial carrier frequency for the

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

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



t he pol arizing beamsplitter could pass s-polarization and refl ect

p- pol ari zation. To prevent astigmatismdue to the quarter-wave plate, the
obj ect i vewpuswsiel cust om designed for the 5 materials, po®Criusng/34sz
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carrier frequency. Sem -identical object and reference beam paths results
in a vebhymesherdsyclepat eraratiayachisved dadljuency for the 30 heterodyne

hol ogram An alternative nethod would be to exactly cal cul ate the object
beam wavefront characteristics at the digital canera and use sinpler
optics designed Use fieploptuc® donpleid R34rQ5 thatthiht USREY 84 88ch le22 wavef ront

in the reference beam FIG _18 shows a phot olgr aph of the prot otlype system
i n 2ne The invention can use fiber optics to couple the Iaser to the matching lenses for eachi leg

(object beam, replay beam) of the acquisition system. For example, the spatial filters could be
replaced with single-mode polarization preserving fibers. A fiber optic 2435 is shown in FIG.
24B. The use of fiber optics allows the laser system and acousto-optic modulators and other
beam conditioning components to be far from the acquisition system if desired, and eliminates
25  time-consuming and finicky alignment of the micron size pinholes of the spatial filter. The
single-mode optical fibers rapidly attenuate any laser light not in the allowed mode, thereby
“cleaning up” the beam profile.
It can be appreciated from FIG. 16 that if mirrors and lenses are used to couple the laser
to the object and reference legs of the “holocamera” that it would be inconvenient to have the
30  Ilaser 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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i npl enrent ed. Repl ace nechanical attenuator and infinitely variable ratio
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20 and then to a focal plane of a photorefractive crystal 1995. A replay beam 1915 passes from the

variable beamsplitter 1910 through a %2 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
grating pattern. The tube lens 1980 and objective 1990 then focus the holographic grating down
to the appropriate size in the photorefractive crystal 1995 (lithium niobate in this case, although

30  barium titanate and other photorefractive crystals are available). The demagnification is such
that the holographic diffraction grating in the crystal 1995 will separate the zero order beam used

for replay and the replayed hologram. The entire replay beam train is superfluous to the writing
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replay beamtrain is superfluous to the witing WO 01/050201 PCT/ USO0/ 34982
24 20 ° require a polarizer.
FIGS. 21A and 21B show two SLM geometries suitable for implementation in a
holographic replay system. Note that a micro-mirror implementation would not require a
polarizer and would not rotate the polarization as the LCD implementations depicted do. FIG.

22 shows a photograph of the 800 pixels by 600 pixels transmissive SLM employed for the
25  holographic replay write beam set-up shown schematically in FIG. 19.

Eliminating the SLM Pixel Edge Diffraction Grating

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

suitable for replay and no separate replay beam is required.
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wite beam set-up shown schematically in FIG 19. Elimnating the SLM Pi xel
Edge Diffraction Gating The invention can include witing the hol ogram

di ffraction Seplacagtienaion Bhtirs. ¢ Spatial Eilicss witharrgusterfIrtisiModulitots t he same
beam by {urning 1, StVAgRA Al 8bl PRI AL N o0 30 Lo wel e
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2% modulator for speed and convenience. More specifically, mechanical shutters can be replaced

with acousto-optic modulators for speed and convenience.

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

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

30 Many similar geometries are possible. Angles can be modified; reference and object
beam geometries can be modified. Write and replay beam geometries can be modified. Specific

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



Because the SLM pi xels have finite edges (as opposed to infinitely thin),
the edges form a fairly strong diffraction grating. If these

edges/ di fwpagewsmnl grating are not elimnated fromthe i megE/USHORLISE hey
formartifacts at a higher frequency 3n the hologramgrating witten to the
photorefractive crystal. These artifacts are undesirable since they produce
conf usimBerdingfahaed sl Sanbedfffsreal. THeYbtea\EbuUlAAIES BE tmpletnBnicd SvidtheRd: x-

hol ogram gr at i n‘g to be witten to the photorefractive crystal. Referring
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them;ela an at nost display a frequency half the pixel edge frequency,
by Nyquist™s Limt). The Fourier plane is easily found by turning the SLM
of f and observi ng where thergliithlr asiiRatiMA B GRYSRG bY the pixel edges
come to focused spots. FIG 23 shows a photograph of the |aser beam after
passing 15 A prastigt aphkicaiomoathe nressat ingerficanwhith basvaee withinike tegheolbgina
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Advantages of the Invention
A direct-to-digital hologram system, representing an embodiment of the invention is cost
effective and advantageous for at least the following reasons. The combination of high
resolution CCD, and optical techniques that reduce the density of the interference pattern
25  (fringes) to a density that the CCD can record, combined with the Fourier transform techniques
developed for interferometry and by Dr.Voelkl for electron holography, allow the electronic
recording and replay of holograms.
All the disclosed embodiments of the invention described herein can be realized and
practiced without undue experimentation. Although the best mode contemplated by the
30  inventors of carrying out the present invention is disclosed above, practice of the present
invention is not limited thereto. It will be manifest that various additions, modifications and

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



26 recording and replay can be different. The systemcould al so be

i npl enented with coherent x- radiation, UV, DUV, VUV, or infrared coherent
radi at i oowoDhesnepl ay system could be nodified to use whiPCa&/USOgBH98L O
replay after the photorefractive crysi7al is witten. A phase shifting
rather than anplitude nodul ating SLM coul d be used for the replay system
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i nvent iecfénﬂggi h has value within the technological arts is hol ographic
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rearrangenents of the features of the present invention nmay be made w t hout
deviating fromthe WO 01/050201 PCT/ USO0/ 34982 27 spirit and scope of the
under | yi rgoiomwsndi ve concept. Accordingly, it will be appretisoesitosy those
skilled in the art that the inventiom8nay be practiced otherw se than as
specifically described herein. For exanple, the individual conponents need
not be fornmed in the disclosed shapes, or 5 assenbled in-the disclosed
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PCT/ US00/ 34982 29 CLAIMS What is claimed is: 1. An apparatus to record an

of f Saxi s holalgsaam conprising: 5 a laser; an illumnation beansplitter
optically coupled.to said |aser; an.objective lens optically coupled to
oni @ 11t g ReR Bafp R oo BRUBEhETH Bpi Ry coup ed <o oai d
obj ective Iedﬁscjbj@ﬁw@ﬁ@lrs%?aﬁ@m%@khlt@ 84 j1aMRhesh BRnspligert aser; 10 a

reference mrror optically coupled to said reference beansplitter; a beam
conbi ner optanca¢oy opideablyedupled bosaid shiectivedems;, ence beansplitter and said

illum nation beansplitter: and igital recorder optically coupled to said
beam conbi near{e%mcrééjleﬂmgplf%ef8?'ﬂﬂﬁcg{°%’€5ﬂ1a%eﬁd an obj ect beam are combined at

a fipcal pl angre@drefRimlin@l Spticdlly cbaple@ ePsa®reféendeteiinaplitedf - axi s hol ogram
and sai d object beam and said reference beamconstitute a plurality of

subst ant i al |abesimednbkineowpsicallst equptasicto Bath sals] wéareneg\besmsplitteThed sgidar at us of

claim ]‘111 whe;[iei ?) sai ‘tiel-l ualnati on beansplitter, said objective lens, said
obj ect, SEROR PEFRSRlLIel; a1 plitter, said reference mrror, said beam

conbi ner and, di?it@l ré&brélérdiptiohlly @rpledab saafent cambbeh- Zender geometry. 3. The
apparatus of claim1l, wherein an obL ect beam from said object is reflected
by wherein a reference beam and an object beam are combined at a focal plane of said digital

15  recorder to form an off-axis hologram, and said object beam and said reference beam constitute a

plurality of substantially simultaneous reference and object waves.

2. The apparatus of claim 1, wherein said illumination beamsplitter, said objective
lens, said object, said reference beamsplitter, said reference mirror, said beam combiner and said

20  digital recorder define a Mach-Zender geometry.

3. The apparatus of claim 1, wherein an object beam from said object is reflected by
a front face of said illumination beamsplitter and a reference beam from said reference mirror is
reflected by a front face of said reference beamsplitter.
25
4. 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
30  polarizing illumination beamsplitter and said object; and a reference quarter wave plate optically

coupled between said polarizing reference beamsplitter and said reference mirror.



a front face of said illum nation beansplitter and a reference beam from
said reference mrror is reflected by a front face of said reference
beanspl i twero/02B0¥. The apparatus of claim 1, wherein sai @Criusoers498t i on
beansplitter includes a polarizing i3l um nati on beansplitter and said
reference beanmsplitter includes a polarizing reference beansplitter, and,
further conpyi si Nthe apParatuls WicRdh 1NAIr@AES BN £ fiRdt pbRriOSY dftidhlly csapu ed
bet ween said 30 ﬁm artzing illumnation beansplitter and said object; and a

r ef er efvetvagnapidd Huppnasiop bagnasmitiet e $ajd besoupimbingr: aud 8 secoaid dolssizerr dnticaldy
reference bg@n&plittgr%ﬁnd said rﬁgere%pe. irror. MO 01/050201
PCT/ Usfﬁ"%lﬁ SWesp sga - Eenﬁf) HRPUHE T a&{"“ﬂh‘?ﬂer conprising a first

pol ari zer optically coupled between said illumnation beansplitter and
sai d beam conbi ner; and a second pol arizer optically coupled between said
ref érence bedanspllihetappataivg of glaim B e whersondsi otgect bsarg pathhis salpytantiatly sleoficalitai m

1, Wnereip an %b%%ct beam path is substantially identical to a reference
beam pa?trﬁ.erefl.ce § zfﬁ ratus of claiml1, further conprising an acousto-optic
nodul at or optically coupled between said |aser and both said illum nation

beansplitter and said reference 10 beansplitter. 8. The apparatus of claim
1, further dJonpriBiergparafisiofclagndusirthenparnprismgien atovsto-agiicimedulatoreniishiéy

bet id,l id il i,nat i .b lj.tter; d
O g R A
refier enegmbgatgpl itter. 15 9. The apparatus of claim1, further conprising

a first optic fiber optically coupled between said |aser and said
illum nation beansplitter; and a second optic fiber optically coupled

bet ween sai d, | as and sai d . referepce beanspl.itter. 20 10. The arat us of
ol aimO, whebei n LSOO BRI Fber o ReT s Tt phsto-optigafBRE

pol ar i zpticAR, QuPRaArbetweenNald [asdriah@ kaid MthHiAbGors 1188 hd b kd0hd bbwistides a
second single node polarization preserving optic fiber. 11. The apparatus
of cl aiaptie madytatereapticatipeduplatgeavedn said lnsayand said refpraneab¢amsplitipn. ed 25
bet,ween said illum nation beansplitter and said beam conbi ner and a second
tu | ens optically coupled between said reference beansplitter and said

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

between said laser and said reference beamsplitter.

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

polarization preserving optic fiber.

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

coupled between said reference beamsplitter and said beam combiner.
12.  The apparatus of claim 1, further comprising a first beam expander/spatial filter
optically coupled between said laser and said illumination beamsplitter and a second beam

30  expander/spatial filter optically coupled between said laser and said reference beamsplitter.

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



12. The apparatus of claim1, further conprising a first beam
expander/spatial filter optically coupled between said | aser and said

i1 lum natwontbsensplitter and a second beam 30 expander/ spamitsbo/84981 er
optically coupled between said | aser Hnd said reference beansplitter. 13. A
met hod of recording an off-axis hologram conprising: WO 01/050201

PCT/ US00/ 34988ttin3 k. 188t bbhrh Rftodnl oBRRE br@REAd NicFerdhcetaftt beam and a
reference beam Treflecting said reference beamfroma reference beam

mrror; refrelentinggaidaeigraniof beam Broana fefeneneerbdaim mirratat i on beansplitter;
passi ng said @bj.ect heamthrough an .objective |lens; 5 reflecting said

bb; oot _beam PHH B REL Dp gaet Ay Terer o PerENRLiEeam and sald- obj ect
beam at a f gaadinddAdebiett Reaf Midudh ah@bRLERS 1che forman of f-axis hol ogram
digitally récording said off-axis hol ogram and transformng said off-axis

hol 8gr am i n refdecting spidebysict beam Fony 4regbjeatansformto obtain a 10 set of

lts. 14.. Th t f ¢l ai 3,.furth i Si id
(o7 ek beamarmi o e RO S 4 S P AL DR S 1
recor difffn ad offléxis {618gaBi;hod of claim 13, wherein i) reflecting said object

beam fromsaid illumnation beanmsplitter include reflecting said object
beam f r om a digitatly réergdingfsaiglaifftaxis bhpblogiangtandn beansplitter after reflecting

sai d object beamfromsaid object and il eflecti sai ref erence beam
rom sl d r drEs BhewdReihueRRrE et b bBrs BB GertarbbEtadan
fram a sef §0REylfsace of said reference reflector after reflecting said

reference beamfromsaid reference 20 mrror. 16. The nethod of claim 13,
wherein i) reflecting said object beamfromsaid illumnation beansplitter

i ncludes ref] ecti sai d.opj.ect froma. pol ari.zi.ng i.l,| um nation .
bearmpl 1t 1 erand TEREPS SECFRY 1 SaRThoPEleRisRE SRlHPe st o okl et
beans pliefei@ice bosih W 8Sa Béank €5:hBigkd, Befobadidithlef RCEMAES beam from a pol ari zi ng
ref erence beansplitter, and, further conprising, a) passing said object

beam t hrough an illum nating quarter wave plate both before and after
hSEEL1 10 588, Sl REARAEET S - B bl BRS AR ) Gy oo oo
r ef | ectjijfgirdibd bediRé iR aRIVISBM I s SdI08j L EHRNEREM dMrbritThce of said

illumination beamsplitter after reflecting said object beam from said object and ii) reflecting said

reference beam from said reference beamsplitter includes reflecting said reference beam from a

front face of said reference reflector after reflecting said reference beam from said reference

20  mirror.

16.  The method of claim 13, wherein i) reflecting said object beam from said
illumination beamsplitter includes reflecting said object beam from a polarizing illumination
beamsplitter and ii) reflecting said reference beam from said reference beamsplitter includes

25 reflecting said reference beam 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.

30
17.  The method of claim 14, further comprising:



30 17. The method of claim 14, further conprising: WO 01/050201

PCT/ USO0/ 34982 32 passing said object beamthrough a first polarizer after
refl ecti myogaiosh2ebj ect beam from said illum nation beanspCirttises/3asz bef or e
conbi ni ng sai d object beam and said r®ference beam wth said beam

conbi ner; and passing said reference beamthrough a second pol arizer after

reflecting Sakdng @ﬁ@b@j@@@eﬁmﬁﬁﬁiﬁ\gfl%%t%ﬂil&iz%?&@ér@@ﬂ&tiﬂ%@ﬁﬁ&l@bj&i Sanfftém
bef ore conbining said object beamand said reference beamwth said beam

conbi neeid illgminpkien pearhspditisr awd bafone@mbiing edid obiscidisaprandredhrefssanise beawed by
sai d obj.ect .beam is subst(znti ally identical to a reference beam path
traced Y e%?%rpglﬁgreag am 10 19. The nethod of claim 13, further

conpri si Ng RAsHhd i dferchasBianP@aghh LUt @Tariz%@@ﬁéir@ﬂ&ﬁﬁl?%aiﬂqgféf@k@r
before splitting said | aser beam 20. The nethod of claim I3, further

conpr i Jiepry:frams spd seferryce beatnsphjterandhwiore chmbingtg seid phjset heemursd saidpeference
nodul at,or befﬁ)re Eef | ect | n]g said object beamwith said illum nation
beam;pltie‘?lpel;t %ﬁlqu ?)aﬁgg?rﬁbu 4id reference beam t hrough a second

acoust o-opti c nodul ator before reflecting said reference beamw th said
reference beansplitter. 20 21. The nmethod of claim 13, further conprising
passi ng sai d8obj ddie hethed ofelaioyh3,aviareis an opjectbdainbpath befask by saisk dtgedt bagmsai d

bj ect .b ith saj.d.illumnati b litter: d i id
ot or erteTbEmRrITAEaLR Lo s EluREc Rt Bare i ey Sai o
refjgrence beam from said reference beansplitter. 25 22. The net hod of

claim 13, further conprising: passing said object beamthrough a first tube
| ens after rld | edlibengetbed df dpineti, fhsbencompnising passing saidhiagertbeam through an

ror eoreny eapfe PoRdRbk B tsh SH) LFaReN 1 of orence beamsplitter. 23, -
The nmethod of claim 13, further conprising:
20.  The method of claim 13, further comprising:
15 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 said reference beamsplitter.

20 21.  The method of claim 13, 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 said reference beamsplitter.
25
22.  The method of claim 13, 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

30  from said reference beamsplitter.

23.  The method of claim 13, further comprising:



WD 01/ 050201 PCT/ US00/ 34982 33 passing said object beamthrough a first
beam expander/spatial filter before reflecting said object beamwth said
iIlum natwontbsensplitter; and passing said reference beamcrhrsoustsssecond
beam expander/spatial filter before r®flecting said reference beamwth
said reference beanmsplitter. 5 24. The nethod of claim 13, further

conpri si ng glasdinghid abjdctebmakionghalgtramaspatiegispalal daticbefdd refldreinget hod
of claim13, further conprising replaying sai d of f-axis hologram 10 26.
The metsAPbiRct bpaam withzaidriy 108 begRiRitisy abfansnitting said of f-axis

hol ogram 27 Yoxl

25, “heor  Faxiile Rl iRBER R BrERTY R B R RRRAL s bR Bekehind”
gener atseid refesérte badin exthesadtee fdrenteib@ambplansf orm 29. An appar at us to vvrl te
an off-axis hologram conprising: a laser; 20 a spatial |ight nodul ator
optPcally coupled to said laser; a lens optically coupled to said spati al
| i ght nodul ajor; e r I I led to said
| ens, vvhere?zkt a Vl\?l @(iInet Oecg(?rfﬂh‘g;‘} odgﬁlteﬂlg\f%? l%gyl ﬁlg SYO?%T%’ Sg% t?ia)glglﬁ ogram 4

phot or efigiat dhtae crystal by said lens to inpose a hoI ogr aphic diffraction
grating pattern on said photorefractive crystal. 25 30. The apparat us of
claim?29, wherein said off-axis hologram can be replayed from said

hol ographic i ffr t I : r ef active
Crystal by B ik L P SR o BB E R BRI BB ot
nongnor mal angle. 30 31. The apparatus of claim?29, wherein sai d of f-axi s
hol ogram can be replayed at a non-normal angle from said hol ographic

di ffract i on % at g mpethedehelpinpbs dartes compuspptpusOBIRIRibefrYsiolaags? 34
photorefractive crystal by passing substantially all of said wite beam

t hrough said spatial light nodulator and illum nating said hol ographic

di ffraction z at i AgoffaikiseHolo gtbrh preatad by the endieanas claim 13.

15 28.  The off axis-hologram of claim 27, wherein said off-axis hologram is generated

using an extended Fourier transform.

29.  An apparatus to write an off-axis hologram, comprising:
a laser;
20 a spatial light modulator optically coupled to said laser;
a lens optically coupled to said spatial light modulator; and
a photorefractive crystal optically coupled to said lens,
wherein a write beam is focused at a focal plane of said photorefractive crystal by said

lens to impose a holographic diffraction grating pattern on said photorefractive crystal.

25
30.  The apparatus of claim 29, wherein said off-axis hologram can be replayed from
said holographic diffraction grating pattern imposed on said photorefractive crystal by
illuminating said holographic grating with a replay beam at a non-normal angle.
30 31.  The apparatus of claim 29, wherein said off-axis hologram can be replayed at a

non-normal angle from said holographic diffraction grating pattern imposed on said



32. The apparatus of claim?29, further conprising: 5 a zero diffracted
order aperture optically coupled between said spatial |ight nodulator and
sai d photwoefiosedi ve crystal. 33. The apparatus of clai m P@T/USoe/s4962

conpri sing an acousto-optic nodul ator34 optically coupl ed between said | aser
and said spatial light nodulator. 10 34. The apparatus of claim 29, further
conpr i hoebréfrReiFeeRisial b pafiiol eiBsthivti AWM ThaidoelieaRBmSBihgh 858 kpand _ligﬁ‘tl d
spatial light nodulator and a replay mirror optically coupled to sai

beans pltheduatonang illamineding ceidtholngrame digEadtipn goaipizawticn widh soid spitaheanr r or
and said spatial light nodulator. 15 35. The apparatus of claim 29,
further conprising an optic fiber optically coupled between said |aser and

sai d spati al3d, i ghthegitatiis OF clagh 29 ThethaP&h ;sli@%;of claim 35, wherein said
optic fiber includes a first single node 20 polarization Freserving optic

fibér. 37. Rreragpbnrciedierdsr apsriginopiGallwhevméhbatwicen savdspagial lighgmodmwbaden at or
is sel eched. fii?;P%fffhﬁ Tc:;rou}o consisting of reflective liquid crystal

di spl a)?‘,n ts?’lgrp LRy Faﬁ a& crystal display, and mcro-mrror. 25 38. The
apparatus of claim?29, wherein said spatial |ight nodul ator includes a
liquid crystal display, and, further conprising a |linear polarizer

optical ly coldpl edliseppeiensoaickinpgt fuather ¢angprisimmpaiudceusio-aptis nswiutiteream
conbi ner_,. 39. t hod of. writing.an off.-axis,hal ogram conprising:
passt ngletlty (ol Ry AR SagHa Y abd Mla Aokl e ibartdely” “aha o 01/ 055201
PCTHUS00/ 34982 35 focusing said wite beamat a focal plane of a
photorefractive crystal to inpose a holographic diffraction gratin
pattern on s¥i.d pHstappanrivaefclaanePdysrder congprisingea heantrplittef opticallyre@wpled
further, conprising replaying. said off-axis hologram 5 from sai .
ol ogr A5t errir pake RS oBtieh Bl aPo RS SrlCisa ey o fifRb SPbileaiq raig
cryst albebmsglitessian@ et éRntif&Bptidally &upfiddo ishid4eplBpkiifter 7l sdidphsraphi
grating V\étl ! a replay beamat a non-nornal angle.

moduiator.

15
35.  The apparatus of claim 29, further comprising an optic fiber optically coupled

between said laser and said spatial light modulator.

36.  The apparatus of claim 35, wherein said optic fiber includes a first single mode

20  polarization preserving optic fiber.

37.  The apparatus of claim 29, wherein said spatial light modulator is selected from
the group consisting of reflective liquid crystal display, transmissive liquid crystal display, and

micro-mirror.

25
38.  The apparatus of claim 29, wherein said spatial light modulator includes a liquid
crystal display, and, further comprising a linear polarizer optically coupled between said spatial
light modulator and said beam combiner.
30 39. A method of writing an off-axis hologram, comprising:

passing a write beam through a spatial light modulator; and



41. The nethod of claim 39, further conprising replaying said off-axis

hol ogramat a 10 non-normal angle from said hol ographic diffraction
grating paotoewos2dnrposed on said photorefractive crystal byCpamssd/suys:2
substantially all of said wite beam3shrough said spatial |ight nodul ator
and illum nating said holographic grating with said wite beam 42. The
met hod of cl &doikid saifl Wirith Beard QPR Fodal Pldne da plascieRgctdal dysslitb emperm t hr ough
a tube lens optically coupled between said spatial |ight nodulator and
sai d phbelogwephigcififinetion greatiag patis Snsaidoliotpr aotlyewaw?-t hrough a zero
diffracted order aperture optically coupled between said tube |ens and
sai d photorefractive crystal; and passing said wite beamthrough an

obj ective | eng 0pTh@ﬁieﬂibd(‘dIlélHiﬁCB%ﬁrﬂ@?&lﬁ@ﬁﬂnlg%ﬁﬁyh?gosaiﬁ bffaaktRtbgedder
aperture and sai d photorefractive crystal. 43. The nethod of claim 39,

f ur ther freongsird kalpgraphis sliffigeien grating pattase anpashd ob ghid ahotosefsagive coptal by

dul opticall l ed he .sai d nd i d _ph f '
cryst al closB e RRG Sl TEFRRAE Ay PR R GRRS RUTHELE, WL

wite bgeihbiiQuaflea first acousto-optic nodul ator optically coupled

bet ween said | aser and said spatial |ight nodulator and passing said

repl ay beam through a second acousto-optic nodul ator optically coupled

bet ween sai d,l aser, and..sai hot fractive.crystal . 30.45.,. Th t hod. of
e m 30, 1 uttner TEpAGITE figTiRed RTRE PR L RE R e s i bR 4
fibeg opbh-Bainhal a6 Sl PR s4i@ hsRigthphRadiffedctibh ghlinRatidati@hosedn sAl appar at us
to repl aﬁ/ an off-axis hologram conprising: WO 01/050201 PCT/ US00/ 34982 36
a | aser phefarefactrroupytelf byapaskine sebsjantially atbof sud wyite beash daough seid spatialdeght 47.
The appar at of .¢hai.m 46, 1 her conpri sing: .5V ew optics optically
coup! o oG R dng T RaPut s ot hBEp BRI 0 s WafdbaRC ot 21 o m a6,
wherein said off-axis hologramis replayed at a non- normal angle by

illum nating said photorefiactive crystal with a replay beam 10 49. The
appar at us of 481 ai Wﬁmel,etwe?falaﬁms?&, frBer cURPESIG| ogram i s repl ayed by

i1l ymnating i d fractive, cryst ' 1
a9 SO 1L RH (B SARL By 5 2o L A REAT S b i
conpri shi@ulatdrladdsaiatphb@réfraciRetsiei;r acti ve crystal having a hol ographic
diffraction grating with a replay beam _ )
passing said write beam throvgh a zero diffracted order aperture optically coupled
between said tube lens and said photorefractive crystal; and

passing said write beam through an objective lens optically coupled between said zero

20  diffracted order aperture and said photorefractive crystal.

43.  The method of claim 39, further comprising passing said laser beam through an

acousto-optic modulator optically coupled between said laser and said photorefractive crystal.

25 44,  The method of claim 40, further comprising passing said write beam through a
first acousto-optic modulator optically coupled between said laser and said spatial light
modulator and passing said replay beam through a second acousto-optic modulator optically

coupled between said laser and said photorefractive crystal.

30 45.  The method of claim 39, further comprising passing said write beam through a
first optic fiber optically coupled to said spatial light modulator.

46.  An apparatus to replay an off-axis hologram, comprising:



15 51. The nethod of claim?50, wherein said off-axis hologramis repl ayed

at a non- nornmal angle by a illum nating said photorefractive crystal with
sai d replwpobeseznat a normal angle. 20 52. The net hod of Pciraisn/3082 wher ei n
said off-axis hologramis replayed at36a normal angle by illumnating said
photorefractive crystal with said replay beam at a non-normal angle.

a laser; and

a photorefractive crystal optically coupled to said laser.

47.  The apparatus of claim 46, further comprising:

5 viewing optics optically coupled to said photorefractive crystal.

48.  The apparatus of claim 46, wherein said off-axis hologram is replayed at a non-

normal angle by illuminating said photorefractive crystal with a replay beam.

10 49.  The apparatus of claim 46, wherein said off-axis hologram is replayed by

illuminating said photorefractive crystal with a replay beam at a non-normal angle.

50. A method of replaying an off-axis hologram, comprising: illuminating a

photorefractive crystal having a holographic diffraction grating with a replay beam.

15
51.  The method of claim 50, wherein said off-axis hologram is replayed at a non-
normal angle by a illuminating said photorefractive crystal with said replay beam at a normal
angle.
20 52.  The method of claim 50, wherein said off-axis hologram is replayed at a normal

angle by illuminating said photorefractive crystal with said replay beam at a non-normal angle.



