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BACKGROUND OF THE INVENTION
1. Field of the lnvention
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
H> ~ 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
61" 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 jtself was tolerable, the time
1653030.1
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to the "Guid- ance Notes on Codes andAbbreviati ons" appearing at the begin-
Within this application several publications are referenced by superscripts composed of

arabic numerals within parentheses. Full citations for these, and other, publications may be found
at the end of the specification immediately preceding the claims. The disclosures of all these
publications in their entireties are hereby expressly incorporated by reference into the present
| application for the purposes of indicating the background of the present invention and 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
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
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A second aspect of the invention provides a method of recording an off-axis hologram,

comprising: splitting a laser beam into an object beam and a reference beam; digitally recording
said off-axis hologram; and transforming said off-axis hologram in accordance with a Fourier
transform to obtain a set of results, 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 invenﬁon without departing from the spirit thereof, and the invention

includes all such modifications.
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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 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
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;
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spatial light modulator pixel edge diffiacted 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 ¥4 wave plates,

20  representing embodiments of the invention.

‘} T DESCRIPTION OF PREFERRED EMBODIMENTS
The present invention and the various features and advantagsous details thereof ate
25 . explained more fully with reference to the nonlimiting embodimenis 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
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Meanwhile, that portion of the light from lens 230 that passes through beamsplitter 240
| . constifutes 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 reflscted 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
inver_ltion 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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interferometry. Holograms of the same object, after some physical change (stress, temperature,

iy

micromachining, etc.), can be subtracted from one another (direct subtraction of phase) o
20 = calculate a physical measurement of the change (phase change being directly proportional to
wavelength). Similarly one object can be compared to a like object to measure the deviations of
the second object from the first or master object, by subiractinig their respective holograms. To
J} unambiguously measure phase changes greater than 27 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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recording plane eliminates these diffraction patterns, so that modern high-resolution video

L } * cameras can record holograms with reasonable ﬁdeli‘ty.
I 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.
Similariy, 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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FIG. 4 is a heterodyne (gideband) hologram of a scratch in a mirror (the object in this
qase). 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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hol ogram_ 10 F i ) .
itself, and ate 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
j 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 indusiry. 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 ireated white light) at the correct angle. The data to be actually
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is a grapfiseal o %’h‘.ﬁj I IRNS| Ler. f E 4. The
X axis 1is {iﬁeus p‘g{]tll‘%fne r ecfiL %‘)!e%:d}ll %% Zingﬁgtlﬁ%éétg ﬂ%%@rﬂl %Jrre&%zolr%{nﬂ%%m?%é% dy axi s

is tHé sphmindtingeeduimagsywilklaser lightfam ainghey laénterapponriaftlyereaicd waite lightn

par t1 cul Srs BB &6 £ ARG Sork Bt S FRRRICIR Heded ok B wBEE it Rt Ber anc
bri ght negpesstblahethinbandhiot éhe doltyposdiisiemethbé fs twrizing te hahgrapbiiibagerto il f r equency

space of the.spati.al frequencies resent in FIG 4. It can be appreciated
from FI Gop%ca{l}{lg‘?nmflﬁ%cr?g&g’?“g%@r%@ﬁ?g‘ inges act as a heterodyne | ocal

oscil lator shFid. 7dgpitiee nieiald fagbn¥rafiid Pinotil BEH B telRERS wrink 1R theenadd
allowng_ their separation . in fregquency space. It is known from Shannon's
TheoPBm {t§A0 ﬁ&%ﬁﬁ@@*@ fifqholograms wittiehda e Phige change pothrs oPGalln g@ivar e
T equi r edciyal BSitledBotihg kb 188 bedSlinf HAL LIRS cBRtal P1 00 ATa8R Beam 1 is passed
; -a} 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




10 that at |east 3 fringes per resolvable feature are reqU|redst8yEﬁ@glve
the object in the hologram (nomnally it would require three to four
fringes per feature to allow resolution of the carrier spatial frequency
pl us the o §% frequenC|es but work on the extended Fourier trans orm by
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W t hin to, 10 a replay of the phase data created by

o Form APHSHAL B 186 0tey st 554 Milohsiie & ollesn A5 HopomraASoR) Jierc &,

Repl ayi nghd o FarsSis APladsivial tht AbQAREd Wrdd gh%%ﬁrfﬁtﬁé‘ﬁ)ecﬁfeﬁamgn of a
diffraction grating in an optical crystal i IT'um nati on of

di f f r act iHSPetFr nﬁ@n exglugive ra%ﬁemfewﬁfl aﬁcaptablp prselbynay silhberobiained éf thii t e
| i ghty)s atreﬂe}}ﬁce‘:\% 6ls tﬂr@gé}?the Ié}?n%to? 1stc@f3?ﬁe@ﬁ}; H.Q%ﬂe}f p or Ay 8884 MRe

01/ 050201 PCT/ US 34982 Itten to the opti y sensitive crystal is
cal cul at énagedametblowbe lngmwrwdématlhymaghinmgsfa I(f uivelil enLichie, 199¢):) to each
pi xel h(x,y,z ) of the hol ogram data, where both functions are conpl ex

and: f{x,y) = ei kI{D)F(th(r&éfW&f)ﬁﬁ sf&(‘f}ieoitiua Ljot of & + y2 + z2. The

T L e
conj tgat JAFGErsRy o SRBlERlFy Ot PrRERe rieRY oot o) aesedbeihe™
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 object is 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 itnage intensity
I(¥) is performed and we obtain
FT{(®} =FT{+I™ + A% (P} +
& (Ak—§) *FT{A®D)-®P}+ O ®
5 (Ak +§) *FT{A(®) -}

where * denotes convolution.




which is witten to the light-sensitive crystal with the Iasergﬁa&zﬁgx al so
be possible to wite only 10 the intensity cross-termof the referénce beam
with the object, and drop the autocorrelation terns). The diffraction
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i 11 uni nat ed” O taser 1ight at anglng a to replay the oP$HP4E4%bI ogr am

If a crystal is used which has a te 4orary phase change or refractive
er

i ndex change en witten with |l a light, then by continuously witing
new i mages frﬁﬂ?gPWéFal?SﬁM@&m&%ﬂofg%&uﬁ sebisplpedindiladd- nbeggriElereaand 15
i1 um natji RpveAs hd ‘GREEMdAibn, ABRA chredPdndb fHR PORLPRiNKkARYT a C@ventional
appropriately treated white Iight) at the angle a, a 3-D notion picture or

3- D t el evinagsnheiaigestingdeabaesindbis wepge Weithe jsidebands’ tsh dook hike edrpareundghirod and
not the ogloy D ACc15% il .98 & '91?}[{5&%' -

optically se%lgél?%lﬁ}\r/‘e crlys% %Pﬂélﬁ’gfsﬁ%%ﬁe%eg%|fgﬁf?‘%‘g&e{)‘g’ %R@S e ?‘%t%lgesg&rtret hod
f or génertathegenter afthe sidebpide bppositcoreatne He votdiavnthe sinmegintehsityi thisdnai on. 20 |t
can be appreci that .the hologramis witten to the phase change or

ot her op?‘?act;]geﬁaégagi%??e\sﬁé%y%rystal by intersecting two | aser beans in a phase

c hgnlge cr ystzgll”‘hg ]h@thwblaﬁieg of%ﬁ&(ﬁ)hdbrﬂe@oﬂﬁﬁﬁﬁdtwd didcburgly BFEN AL Balisolatigfbne g
nodul at or . u e_the (0] ram|n,ten5|ty_ attern Lnto 1t, create
mat henat 1% gtﬂe|3§ﬁteﬁ@5§?f9wgﬁ%ﬁqugﬁwéﬁmﬁg¢ SGrrefain e %)é@e’rpfr B GHYE SOmIRE 720 i s
control | gflagdywave. HRHORHE EHrorhA dbbifatdnsl WeF AN rafSBrm 6F ho CHSETnl 88 %ave30

focuses this pattern_in the phase change 25 crystal 710 at the intersection
of LdSer cRigesRPIds\fp the Fowdes irapsdorm of thegoainlexiobisciovasiimbe follvdrgswayy  of the two

tasers is adequate t il e dde iR Lihe crystal 710, After the
"pﬁtern is witten, %@'%e{a]}rﬁgﬂ‘%&i'ied_e t®on the crysta%)no at angle a
replays tihereahd @i a)(g)10d:08ea Me idoplanMetinive @Bertalohd. qt&‘wé@ alRb-AeheBidMall N

er

order that the hol 6gram processing steps described h in can be nore
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wave. In 5 July 4 WO 01/050201 BCTI USOQO 34982 13 practice, this can be
achi eved 1§W; Fuebals 320! Ehia prrlesixabieatny the intdrpretation of high-resalition ciystad gretwe over a

| ar ge ar %? egﬁeﬁﬂk&ﬂeg%keiﬁﬁﬁ% the object in the mcroscope nodifies the
. ks

i nci dent plTane wave exp )" to the object wave o(r), which is defined
as: o(r) = a(R¥sidesdegrsgitily itbprBentents(of fhe paintiresalptidnf aanieros@aé, ahothat i ons and

describe.the obiect amplitude.and.the. object ph espectjvely. The
vector’ i "F%Oﬂﬁng\j%%{’"&‘)%ih gﬂ?"ﬁg&d}é‘)ﬁ%‘i‘%rﬁs e g}ﬁeé’?ac(ﬁgssﬁgy O’Etii‘? ﬁagﬁ Ipié*?fg'. i{"For _
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 gnor ed, dassl())lage%(ilg ng? IIOR, %hg%aﬁsgg‘%gnc%ln? (r)]fe the object phase info the image phase is described

¢ } by the cos-function. This transfer fimetion 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 degradeci 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 iransform 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.




and the object plane coincide. When recording the of axis hol o:?ragpzobge
object is, ideally, positioned exclusively on 10 one side of %e biprism
The bi prismthen overlaps the i mage wave (or object wave depending on the
experi msnta\lw S b-ﬂg‘p) with the reference wave, i.e. the wave on the other
side of the Biﬁﬁ th (Lichte, 1986; Joy et al., 1993: Mol PEHESWE#S2 g

Dii ker, 1956; Tonomura, 1993). ldeally, the reference wave is a plane wave

t hat does not .gaq,.t hr oygh.an art of, the, speci.nen,. . This _however, |.S not an
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electric fields. In_the inmage plane below the biprismwe find the inage

i nt ensi tth_@maensi?%m, angl the distence betyergy neighboring pixels is also d. The image function
1(r) - 1+AZ6 Whis fecorBed Seddr B 00844 e vattd2(f) ) (2) where the additional term
" el ('rA\)Z‘[(t’%)kseseC(t) h% in%ﬂpaﬂét’i caﬁfy s‘c’:atter ed photons into account. The term
Jdkl describes the spaIti_gIlf SquUengy o}I tS] ol ographi c frg nges. A(r) and
(D(r) “describe the 20 ‘mage Jampbd I udedihd e, which ar&different from

t he obj ect, anplitude and phase due to the aberrations of the objective

| ens (and¥i8tRet =doult den 16 lightls ditfos Semthe vales obhmipctionkey) # e cener of

cont rast gf ptBRAMHE ELSRANEIE f %Qﬁ%egﬁioﬁev&%e%éa c%f%helbﬁ)géi’ This§fed -1, and
I""e'" and cD are zero. I'n”FIG 8, a small area sel'ect'ed froma hol ogram of
gol d par ttpgsthes with odharsaagripetis theddBofithe §i0D ¢anegd. suir thiedistssioh vw wile

interfer ff | f t { I he bot t r,i ght
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;_:('gonﬂlﬂex)assumgﬁ)rﬂmnnenarﬂmhti(x,gyrhastﬂhﬂaﬁarm:he anpl i tude and phase, a Fourier
tyansform (FT) of the inmage intensity Z(r) is perforrredéfsnd we obtain

FT{1(r)} = FT{1 + | 11le' XM =pyl3zGu+gvik- - q) *FT{A(r)e"' ()} + (3)

S( AK+q) * P s ®id. £3lis WRREhere, HORQt BEzea BANQIIUL ison. S July 2004 WO 01/ 050201
PCT/ USO0/ 34982~ 14 The Fourier transform of the hol ogramof FIG 8 is

displayed in FIG 9. The=cesiUri-&)ed+ (1-3s)kdipwn as the " a@Docorrelation' ,
whi ch corresponds to the Fourier transformof a conventional inmage. The

i nt er est it F&aad s dsspace.niigslefrethe pumberof pixpls nepded taparen2Fdr thei ke ear s
aroung t t ] td B8 i : ' r
ol e, oM ERRRAIAA b R rihor hAREL TP B Serltl e EER USSP epana:
opposi t e fhgadey df2nqk :have the same intensity;, this is a mathenatical
“necessity) The last two lines of Eq.(3) correspond to the two sidebands in
FIG 9. By isolating one . 1 ®)

It is not required that this number of pixels be an integer. The sémpling theorem states that if the |
image function I(x,y) is sampled such that no spatial frequency of the image is sampled below
B 20  the Nyquist ﬁnﬁt(lz), 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 s>2, then the information Lo o0 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: |
i i ¢.) g~ 2mlkmc)I N (9)
N5
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 Fourjer algorithm

FT.)=

originally came from the surprising difference in the display between the modutus of FT%{I,}




of the sidebands fromthe Fourier transformwe retain the Fourgﬁ111 Qgsform
of the conplex i mage wave. lgnoring chromatic aberrations, the My
transform of the conplex i mge wave 10 corresponds to the Fourl er
transform of the conpl ex object wave in the follow ng ma %@éf e ""r}

1 = FT {A(r¥YO 0150208, 1 e xO (4) where the termz(q), HH%QO 2t he

i sopl anati c wave, aberrations. Here, is a two-dinensional vector in the
Fourier space (or reciproc R}gce) e., the_back _focal ?I ane_of the
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results in an |rrproverrent in the point resolution (Tononmura et al., 1979;
Fu et al., 1991). ThIS bl € 2si(@Su) i nterpretati qpyof
hi gh-resol ution cr yst -[L:63 }%I magegpg‘ﬁen becones rrgre) intuitive.

Besi des the possible |rrproverreP ts of the point resolution of a mcroscope,
another inportant feature ef | {ghtet#re dedpgr aphy is the direct
accessibility of the imge pha%e In 20 contrast to the conventional
g_ontlrast (;l&_é@ﬂﬁﬁ%ﬁ oi%gwmns &iﬁpl@;ledmsm} 3P n}nfad;ﬂ@h:imgp;ﬂéﬁeilamlz #9803 ar atn ]

i splaced in e i Qn t e ect e i,nto the
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- di-spl ayeGroliferishize, whéebhs tHoveriadva: aﬂenp&ey&mieths%n ﬁm}q@mmrﬂ frangtion is

that the |large area contrast (details of size > g) is not decreased and,
apart froma 'sTh‘P@WI#)G@@?@&@@%lWSfP%EFEﬁ@ﬁnﬂdtﬂﬁ olfoagésal anmpunt of
~information is higher in the 25 i gg phase than in the image intensity at
‘mor focus (Weierstall, 1984¢ R £.3991).. This is on#glof the reasons

3 a direct display of the inage hase is preferable over the inage

i nt e3§| ty in sonme cases. The extendgqhﬁ?g(;*%‘:ﬁ(m fransform In order to
eval-uate hol ograms in a conputer, ¥fscre urier optics is conventionally

30 used. - vhinl-heugh At ke ; dirgz ket e Rotri, eThetifiais baendeaFodder iaBganciedtfaieds t he
sanme information as the ori gi nal image, the conventional discrete Fourier
transfori@is not the ideal tool to performthis task. S July 2004 WO

01/ 050201 PCTIUSOO 34982 15 To ihl ugknate this, let us consider a discrete
i mge of size N X N pi xeEETWhijeh—+s rpadi.ly obtained frdida sl ow scan CCD
canera. Suppose the size of one M’xe&-fv@fﬁ the CCD canera has the dinension
d X d, and the distance between nei %Q,Igggk;,,,m(g“p,i,ux,gl s is also d. The inmage
function 1(x,y) is recorded at eath pixel, and’has the value: 5r a a 2 |
m (rX51) dhe nely varigbtts AkxIA an)ls pefhit a (Enge Birthe displaly in Fourier space as well as the

number of display points. Note that for Ak, Al=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> i) and the FT? contain the same information. There are still two
differences in the display of the modulus of the analytic aﬁd 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 canse differences
such as the disappearance of the very fine details visible in the FT*
The effect of Ak




I (x,y) at the center of the pixel ((m'/2)d), (n, -%)d)) due

i ntegration over the area of the pixel. This- effect together with others
contributes to the MIF of the CCD canera. For this discussion, we wll

assume t hatWPAESRHPE has been corrected for and theref or ePCTEYRPED) d) |, (n,
-'/2)d)) W also 10 assune, for the ment, that 1(x,y) has the form 1(x,
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X,y) W thi e area of the CCD canera is, conplete. erefore, it shou

be a quesqfﬁh%ﬁslg?yﬁﬂlgﬁtﬁﬁa‘@ﬁwlﬁe1nfth‘?’(eﬁ?“f$m°t‘?ds“&ﬁq@ﬁeayed with, for exanple,

124 X 124 or Wechl enforkB 4B TeSeHen] dre: RAleNSShd didddand @Hi@oe{cawupeffe&n%amfagt hin

real space and jn Fourier 25 space. The discrete Fourier transformFT
{.. 10 s dpiaymetnt iFouriqrsppee onythe reconstructipg.. oy da fhisn Fve-gpnerple o emonly holpgiam wher e
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7)  FETd{Im  in one dinmension an he notivation for an” extended
Fouri er. (sDgeFpuriertpaes. i lgithiarasy, tharpeottstrunied aveplisudieis flafiand shoms faaneemstendard t he

di spl ay hgtue Sa Qf: :
PCT/ US00/ 3{2119 sgfbf%gg%ﬁ%ﬂp#ej 2 ?fs‘%{tzg%{“g% lqﬂﬁéger}r‘gééﬁ?‘gd gg‘g‘wgﬁéeﬁégng%‘#%g BSuri er
t r ansf or s GlisdBdhe(c8iter ¢ b didebjd toTFhlbbetwernl the displaSopainte tk.b rahE& ol in-EYa i s
defi ri%d %gam',:&% n{e'an stlmdard] de{via'tibgl isec%m ét%éf,)agtli lve cgr)lgri.uug Yo decrease the sampling rate

unti] the center of the sideband falls on the display point (k + 1,1+ 1). The result of this

within, n=1, ...,N is slightly different fromthe val ues of_thpgzpﬁgction
“The

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:
(1)  Select area hologram that does not show object contributions (if possible).
(2)  Apply Hanning window to this area (or all of hologram).
"T\L.} (3)  Perform FI* and extract information about exact position of sideband. Thls 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) Exiract 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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displayed in FIG 12. In conparing Figs. 11 and 12, it is clear t none
of the details visible in Fig. 12 are found in Fig. 11. Also, the FT'OI
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‘beyond t he /Eglg%}%vm Nyquist limt af 1/(2d). The (d| scPeTES0084Bended
Fouri er transformEFTls defined as fOl | ows: NEFT{...} {...} {11): N 10
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Al =0 and ¢ =1, pgiGirAL, B0 Ao sTEeERitARovimtngan be seen
fromFIG 13. Us o =16 ow—NA—512 points to
displ & in Fourier sthreuEhrbeba&jﬂlamlmlhﬁnml\{i@hﬂeadageometﬁd G 11. Obviously,
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di splay of t ul.us of, the an C dul us of the extende
FOUIPI e¥ L7 hf?ﬁ“gfi’)l% larﬁﬁéaﬂﬁfg‘/%liﬁ ta}’l? cglﬁe ePiSRYSIipgrs M ¢ARRaKisa ded
~ Fourier tvhﬂlrtﬂfcﬁélmnegladn&@ whitd mﬁhtmnﬁﬂm}&flﬁidQ&eﬁh@é%ddﬁ Reygnd the Nyqui st
| rage area causes higher 25 frequencies in

I t Second he I|
Folrjnrllgr spaceRe Ir‘:gé%geﬂa%eétléﬁlﬁaﬁ%a]&(cquﬁl@d amr@blqauﬁmumoaﬂ'@l%ause

dif f er encgich iSYRalBBcduRd & & ARRERLBAESHA: 1618 X Shikial | bl e in
tHe FTa. The effect ofB TR R RO AP i LIRS B3 S
asser.ubly 1625 is optically coupled to the variable beamsplitter 1615. An illumination

beamsplitter 1630 is optically coupled to the assembly 1625. An objective lens 1635 is optically
‘coupled to the beamsplitter 1630. An object 1640 of interest is near lens 1635. A beam
15 combiner 1650 is coupled to the beamsplitter 1630 via a tube lens 1645. A CCD camera 1655 is
optically coupled to the beam combiner 1650. Reference beamsplitter 1665 is optically coupled
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
fhirror 1675, passes back through lens 1680 and then passes through the reference beamsplitier
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.




17 The effect of Ak in EFT{1IQ} is displayed in FIG 14 for the @9&@@2
case Ak = 0.133 and T -1. In conparison to FIG 11, the right 5

peaks now coi nci des exactly with a pixel (or display point) in Fourier
space. This causes the sidelobes, as visible in FIG 11, to disappear. This
shifting of VPR pl ay points in Fourier space is very PHEBHOANE? for
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(k +1, 1 +1 The result of this simulation is displayed in FIG 15. In
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and perforr‘q)- July 2004 050201 PCT/ USQO
combining angle between the object and reference beams to be relatively large without causing -

20  the spots from the reference and object beams to no longer overlap at the CCD camera. This
allows much finer control over the carrier frequency fringes. It is possible to vary the angle
between the two beams from zero up to the maximum angle allowed by the constraints of the
i\) 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 Astig:msitism




18 EFT of hologram The sideband is now centered on a displ ayg%%@&
artifacts are reduced in the reconstructed anplitude. D G TAL

ACQUI SI TI ON SYSTEM | MPROVEMENTS 5 Through the lens illumnation and

Mach- Zender 8eorretry The invention can include through the |ens
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t ube | ensand Gdtxls A arbefire cembirelFaOWLG3R laadsas It dude dpheciasd dabthy 1660, is

refl ref erence. beans, the a es through t he
ref er ncéefc%% Jn(éehtf g e ?ﬁﬁcerﬂé‘%gf t%ée%egg% glg &1L 1 om t he
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t hrough th ansplitter 1665 toward the beam comnbi ner 1650 via
t he tube Wﬁ@ﬂ@%h@o f'ned beans travel from 30 beam conbi ner 1650 to

the CCD canera 1655 where digital data is collected. O course, the
digital data can be recorded, transmtted and/or transformed. 5 July 2004
WO 01/ 050201 PCT/ USO0/ 34982 19

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-polatization and reflects
s-polarization and a quarter-wave plate is placed between the objective and the object. The
Qualter~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




FIG 16 shows a schematic of a Mach- Zender geonetry. Conparing tﬁaﬁ,mm
Mach- Zender geonetry of Fig. 16 (called Mach-Zender because OP
simlarity to the geonetry of a Mach- Zender interferoneter) W|th the
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(objective ns;ol%{gS in FIG 16) can hg much closer to tﬁgq%%?"%étszlmo
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carrier la.fil capLler. i efr duency
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maxi num &fpgep § icplhyecopplad to the ﬁ?%t féqe of phe pokyiging heamsplitu242he spat i al
carriygr frequency of the heterodyne hol ogram exceedi ng the Nyqui st ‘
frequency allowed by the CCD (i.e., the angle can be increased until there
are only two CCD 25 pi xel sTd@é'Palﬂbi]WEJ@Iddief@rh@eéi@amlPathSCarr| er

f requency- beygpdi; ? rokr | onger
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spatial ceARiTaR 6@@@9@&%9, thdfrettytkesing thglcmrrm;agmequbrmyrmmm%@t@use t he
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I m nat G esseglh%[mihélﬁfpal e Xmg c%q}ns 18 gj%ct angT ference beam wave fronts

as nearly identical at the digital camera (CCD sensor) as possible. The semi-identical wavefronts

'L,} 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
3 phase and amplitude after the inverse FFT. If the holographic carrier frequency is not constant,
then this technique does not wotk becanse spurious artifacts are created in the inverse transform
t)y 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




20 The invention can include front face reflection from beans%hhirgé@for
the object beam thereby helping to prevent astigmatismin the A
limtation with the layout of FIG 16 is that the object beam passes
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pol ari zati on when it strl kes the ect. The return fromthe object passes

‘through tthenwbsr efcyelspolppsetipn aghiev ‘éf’élyrmre and is converted to

s-pol arization. The s-polarization is nowreflected fromthe polarizing
beansplitter and passes down the o] tlcal ath to the CCD canera. Spurious
reflections from Pbeetibss; edhag atching lensesdfosench legy are stilf

P POLY | 2| Ot BGuLE o 29 01 R3920% T LB Ao 25

(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 1s 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
A single-mode optical fibers rapidiy attenuate any laser light not in the allowed mode, thereby
“cleaning up” the beam profile.
| It can be appreciated from FIG. 16 that if mirrors and lenses are used to couple the laser
to the object and reference legs of the “holocamera™ that it would be inconvenient to have the
30  laser located far from the camera system. Remote location would require unobstructed beam
paths that might have to be enclosed for reasons of safety or to keep debris and artifacts out of
the path and off of the optics. On the other hand if singtc—mode polarization-preserving optical




not reflected by the polarizing beansplitter . Alternative vergh&ni E this
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characteristics at the digi canera and use sinpl'er optics designed to

r epr oduc &2%ighle bpamgpittep h9L0 thiapglng aowepiate P60, Usouphaveheter 2925, through a spatial
filter 1930, and through a collimating lens 1935 to a mirror 1940, to a beam combiner 1945 (e.g.,

™y
[ beamsptitter), 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
igrating 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 frain is superfluous to the writing
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pol arjgzatré 88Lyi ng optical S July 2004 WO 01/050201 PCT/ USQO /34982
23 fibers sed to couple the laser to the matching | enses for each |eg,
renote | oc at i BIGS)fZIAhmd RHS glrow two SLM geometries suitable for implementation in a

_ 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 Difftaction Grating

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

suitable for replay and no separate'replay beam is required.
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grating pattern The t ube Iens 1980 and obj ectlve 1990 then focus the
hol ogr aphi c gr own t he appropriate size in the photorefractive
cryst al 1995 ( %—%ﬁ@ $I'$,3f11 tﬁl;\ efSaer‘ihH’rﬁQHﬂO %ﬁq})&od\#ﬁﬁoﬁi tanate and

ot her photorefractive crygits, e.m@ewﬁliﬁgﬁp%sermgpﬂ,ggagm fication is such
that the hol ographi c. di fW%WﬁW 1995 will separate
the zero or defPHEEFAIGE 63 inplyde lieelﬁmagaaw apigal heap|agngton vith g agpustHoptient i r e
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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 o 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. Speciﬂc

components can be replaced with other kinds of compoﬁents. Laser wavelengths used for
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by 6 pi xel s. transm ssive SLM enpl oyed for the 25 hol ographic replay

Wi tggbemeeqegaﬂ}ﬁgéﬂﬁm schematically in FIG 19. Elininating the SLM Pi xel

Edge Di f fract Thélinédioh QusdEfor IN@Gré@RorCadtrdlols, UUe inveht doNSudeh £F3IpPgr am
diffracti onﬁgrﬁ%il ng.to photorefractive crystal and rﬁpéllpayl ng wth the same

: . ySt C ;
beam by P rEungign ekisehnical mpterde andowgionsliodata sefsy dde ipgnticads pssfulr i t e
and of f trg ITPAk@YneWd EdnMeniShBRa bodtBrehdis, Mes,téaﬁw%’,‘”aﬂxy St becones a
pl ane wave suitable for replay and no separate Teplay beamis required. 5
Jul 'y 20047%§nmey SUPeesPCT/ US00/ 34982 25 Because the SLM pi xel s have
finitbg edges (as opposed to infinitely thin), the edges form a fairly
strong diffraction grating. If these edges/diffraction grating are not
elimnated fromthe 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  (fiinges) 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 cattying 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
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t he repl ay 6b iCE M T h si ngl e- node pol arization preserving optical fibers.

Once nore thi §isatends] thitehgapppake cRfmedove dlaidgiditizas maliktagmsiap@nnent al
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hol oVPsi GFTAREFRFEn X eipbodimegHs ohePreseRhy FrbsR i diffrentiefed &y dhea) so ser ve
t he pur paggeneaCfibelABdse of elimnating the spatial filters shown in FIG 19.
30 Many sim | ar geonetries are possible. Angles can be nodified; reference
and object beam geonetries can be nodified. Wite and replay beam
geonetries can be nodified. Specific conponents can be replaced with ot her
ki nds of conponents. Laser wavel engths used for 5 July 2004 WO 01/050201
PCTI USO0/ 34982 26 recording and replay can be different. The system coul d
al so be inplenented with coherent x- radiation, UV, DUV, VW, or infrared
coherent radiation. The replay system could be nodified

O




to use white light to replay after the photorefractive crystal -i@\gio%ten.
A phase shifting rather than anplitude nodul ati ng SLM coul d ba 'Y (9 or
the replay system Ferroelectric SLMs could 5 be used and mcro mrrors
(e.g., Texas Instruments DLP systen) could also be used in place of an
SLM Practi YQIOURIH cati ons of the Inyention A practical PEFFFIEHS2 on of the
present invention which has value w t#ﬁ n the technological arts is

hol ographic interferonetry for conputer assisted neasurenents. Further, the
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or Motion Pictures ("HoloVision") sughpgces used for the purpose of
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those skilled in the art that the invention may be practiced ot2§ '2@ han
as specifically described herein. For exanple, the individual h’ﬁ% 0t s
.need not be fornmed in the disclosed shapes, or 5 assenbled in the

di scl osed configuration, but could be % ovided in virtually any shape, and
assenbled in virtually any configuration. Further, the individual
conponents need not be fabricated fggéﬁt e disclosed materials, but could
be fabricated fromvirtually any sui materials. Further, although the
recordation equi pnment described herein is a physically separate nodule, it
will be manifest that the recordati on equi pnment nmay be integrated into the
appar at us 10. wi t Amvdppetatistto rscoabanafif-aksdol deman hermppiseg: al | t he di scl osed

el enents and features of each disclosed enbodi nent can be conbined wth,
or substitufé¥B3d the disclosed el enents and features of every other

di scl osed eg‘g@%j' : nts or features are nutually
excl usive. It %@%@%ﬁgﬁ%ﬁﬁgﬁlﬁ%ﬂgﬁgﬁgﬁcl ains cover all such
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ROy.  SQfmih@fiPBearfblitterts Mcalbll in4ROokjdd%Ph; thafa rEferdné b firdr is4BSHE GKS
~J. Opt. Soc. Am 52,1123 (1962). 5 3. E. Leith ang 1. Upatnieks , J. Opt.
Soo. Athe BBred@7#n( 18833 bedm chnihinerRevpleil go il tie GfereResy hedmiyplittdhewd yheand

Application of Hol ography, ,Addi son- Wésl ey, . Readi ng, sachusetts, 1967.
oPP L o Baon BB R b b R B Tere L ORISCL bk &nd et AR are A 37
5‘% ( 1&5@513 an6an§'l:e & thbaRQER comBiné suchelsf@afpaang Sl bR the ABBERce SR -
6,/1407 (1967); 10 7. F.C. Jahoda and R E. "~ Sienon, Hol ographic

| nt er f ebjetdieams Gdokthep knteifvke 305 BlavSof thatigitabtecelpnrt UC- 37, Los Al anps

Scientific Lab L Al , . New. Mexi , (1972).. S. .M . Kuj awi I,
"h Tt er  or QP KRAJATIEE Yoph G0 pobIRGE b1t et FORRE Abidiel PRBEHIE e,
(edi t edighifl rddoMier RPRbAS R @N8kis HolbgrdRLl #hl: said GFjeBUBdns Bhd Gailt fererBei R
Engl and,” 1993. 15 9. K. Creath and T. Kreis, ~in Hol ographic

| nt er f eprtiptte § plurddity né pybstagtislitosivuttnegys refadidesad dbjeckwaRsst ogi ) ,
Springer-Verlag, New York, New York, 1994.

2. The appafatus 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.



10. E. Voelkl, L.F . Allard, and B. Frost, J. Mcroscopy | SO p§ 1
Qctober, 1995, pp. 39-50. 11. E. Voelld, and L.F. Allard, A °{8yye4p
Frost, Utram croscopy 58, (1995), pp, 97-103. 12. E. Voelkl and L. F.
Alltard, I1CEM 13 (13'th Internati onab0 Conf er ence on El ectron 20
- Mcroscopy), 17-22 My, 1994, Paris, France, Proceedings, p. 287. 13. The
El ectri cal Engi neering Handbook, CRC Press, (Richard C. Dorf et al. eds.,
1993). = 14. Handbook of Optics, Volunes 1-11, 2°1 ed., McGaw Hi Il Inc.,
(Mchael Bags et Tabkapffidtus of d82P),; wRerdilah AU bédn pihAl Midstantidly RBRE RIS
to record an off-axis hologram conprising: a laser; and a didital
r ecor dérrefgpnre bgany pétbupl ed to sai d | aser, characterized in that a
beansplitter optically coupled to the |aser splits laser light into a
reference beamformng a reference arm and an obj ect beam form ng an obj ect
arm that am. il Theappdratosobeaims p) further canspristrgadreatoustoidpéc alajdabktorappraliyhat
a reference, beansplitter is |lqcated i.n .1he reference m that..a am
Conbi nEPIIE, LHER, B It hanepefentd B ReRmSael 1 PR on
beanspheih@litteonbi nes the reference and obj ect beans; and that neans are
provided to vary an angle of the beam conbiner such as to inpart an angle
between the reference and object beans prior they interfere at a plane of

the digital sreco r ej rgé]% j ect:
. conbi ned at 7é foggﬁ ?P%gfsoépgltgﬁ L i gl %F@ﬁ%ﬁ%gﬁ{%%ﬁ% gﬁﬁ% @dé;;l(el%sle
hol ogr apticadizctosplied bebyeatsalielhmramd ssai dlunehaioaniantsphiter; ewh 8 tse¢antieacausto-
plurality of ,substantially simultaneo ref erence.and obj ect. waves. 2. The
Bopar aPhte BpdARF pieat G cobeiRs Btlwe 8P ERE Bt il oS e DRFBEIHE T of | cot ed
’b@pa front face of said illumnation beansplitter that is closer to said
. object than_a back face of sajd .illym natiaon beansplitfer and ref erence
beam from séi d @F@ﬁ@%@tuﬁpf _Ff@rmils fyriier GoweEsIBy Aot BIFC fibes ptigpi s cpled
ref er epgiQeBs 38 Mkt LK1 sdid AluntifatflnORamshiRidd: skl LLLDEE optié fiBér 6};!&%511}%%%& _
face of said reference beansplitter. 3. The apparatus of claim 1T, erein
sai d i betiverm aaidd asetandrpeis reference behaplidist.a  pol ari zing i1l unination
beansplitter and said reference beansplitter includes a polarizing
ref erence beansplitter, and, further conprising, an illum nating quarter
wave pl ate opti cTht yproatpd efcidial 9yeaerdaikaid el optic fibeginchlded fisk kidple mode
beansplitter, and an object;_ and a reference quarter wave plate qgptically
coupl eBoBEzatvBrPreseT N GIPHE ifibeh gnd etidsependd PRt RPE chides A degondesingla qaede

mrror

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

'L) 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 results,



4. The apparatus of claim1l, further conprising a first polari zeg ?péb&al ly
coupl-ed between said illumnation beansplitter and said beamc hery* and

a. second pol ari zer optically coupled between said reference beansplitter
and sai d beam conbiner. 5 July 2004 3035. The apparatus of claim1, wherein
an object beampath is substantially identical to a reference beam path.

6. The apparatus of claim1l further conpri sing an acoust g-opti ¢, nodul at or
optically e@amfpt@azqslekw@%a?awasn iftep pré%ﬁywwgeéép& fFfLﬁPih @#erhght mnto a
beamsplibicte Bafh Tohtly i ajn 1,
further corrperl g%?rrl\g F%ggggﬁs%%?g}g% Jr%%&lbg%lgr i caPﬁ%bﬁ%@%lt&%

bet weeidlleninatiérabeamsptidersiailacatdd furthe abjieamrhga}m @l mfetr@rce bamdspditise oochted in

acoust o- i ¢ nodul ator optl cally coupl ed bet en said | nd said
ref er emeere%é%mﬁ a@ﬁﬁa?%ﬂ) tgrbogh Pmmfiﬁlroflﬂ@ﬁm\%ﬁ%i‘ and tp

first I
il lum géa}%):eg%g ’Beansgﬁ %Ijt&géﬂlﬂesq ggﬂ?g%%egﬁfd%ﬁbé %?éf gséraﬁgglﬁtc ég{legjr(alg%d fo

bet wee Nalszaalmﬂghasd‘rtha belars @abohbinef suohmseo 1rbpartrmp kngle etwedn thhefappanad vbjeof
claim9, whereltg said. first o tlfﬁ‘é{ includes a first single node

pol ar | PSATORIYBOLINAr IR Yprhlens cﬂecé’ @ second optic fiber includes a
second single node polarization preserving optic fiber. 10. The apparatus
of claiml1, further conprising a first tube lens optically coupled between
said illum hati oﬂ"hbaanlhpdiidﬂ elninank®, swheieiheiametﬂeoﬁrigwemdamje(a ssmao ichnt wakl

| ens opticall coupl ed hetween said referepce bheans |tter an sal m
conbi n iumwoynmsma Hiencneligss eqtlecitng Satd, obicet @@np?rpga fg antf géama
ﬁpa“dﬁhﬁﬁﬁéﬁdrﬁbeaﬁhé e t&l@tlg CRIstY 1 gza;a' @cge&%y}?%n%a%ﬁ flcd %?esramfiﬂﬁmﬁﬁétﬂ)n

{14 um nat1on beansplitter and a second beam expander/spatial filter

opt i cabéamsplitipl efterbefleebrg sad dbjeasbeanafigins said abgdce apd ¢ sla&iamﬁqrbﬂnctetlmam k2. A

nmet hod or di of f - axi.s hol o npri.sing: ittin ser
beam | Fitlself 1o Bcforb i oAl rones bpanaR s ipled g O s Bty By
of f - ax{Sa RAdreea o Mthnt d BRR R34 d Sk Rinol Bea%i%‘gﬁtt&oif&g f&léulﬁgz@aq&f&él@ﬂ@ee
with a Fourier transformto obtain a set of results July 2004 31
char acbesmi freth said tefrarenca rhiemnspl i tter optically coupled to a | aser splits
| aser light into a reference beamformng a reference armand an obj ect
beam form ng an object arm that an

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.




illumnation beansplitter is located in the object an that a reference
beansplitter is located in the reference arm that a beam conbihBHY @8Rl ed
to both the illumnation beansplitter and the reference beansplitter

conmbi nes the reference and object beam82 and that means are provided to
vary an angl e of the beam conbi ner such as to inpart an angl e between the
reference and object beans prior they interfere at a plane of a digital
recorder. 13. The nethod of claim 12, wherein i) reflecting said object

beam from saikd iThk Widthe &)Pd]aigﬁﬁl_f}i)ﬂ‘ie&é_iﬁ &h _oi)ﬂ:a b%pelﬁﬁftﬂagg& b}“h &hi® %bj@ctqgaaﬁf’t

beam froma front face of sai i'l'lum nation beansplitter tthat is closer to

sai d obj sbstantilly idemsisektofaaeteresice beard path| e by said refbisaessheant t er af ter
reflecting said object beamfrom said object and ii) said reference beamis
reflected froma front face of a reference beansplitter |ocated in the
reference arf t hdheimsethddselainh A2 afirthbecenpdsing pawingt daithlageinakn fha@ehodn

sai d reference. bea litter af.ter reflecting said reference beamfromsaid
r ef er efitES '?ftt?rmﬁf%ﬁ%‘g‘ﬁéphﬁl&géwﬁé?%f , wherein i) reflecting said
object beamfromsaid illumnation beansplitter includes reflecting said

obj ect beamfroma polarizing illunination beansplitter and ii) said
reference bd8m i Jhe efettushddldimd? furthet eomprisiee:r ef er ence beansplitter, and,

further conprisin a). si ng said ect beam.thraough an_.illug natin

uar ter vawBRie BhieR Siaib s e Bk aioulr oot Mgt Bh-Ptsip atfediBin bt om
sai d oBpReibeamCwii Seg@gﬁjnggatﬁggam@gﬁ@r,eﬁﬂe beam t hrough a reference quarter
wave plate both before and after reflecting said reference beamfrom said

ref erence npassing, saicbrefarmecenisamodirafghal sicondl 2cousioratiisrmedrigor béfnry: reflagiigng
‘sai d ob% ctf beam t hr OLJ[ﬁh a fi rs(Egl ol F{tl zer after reflecting said object
beam f POMTEIETE PG Wt A tistFnee ?‘?@Epl ¥er and before conbining said obj ect
beam and said reference beam wth said beam conbi ner; and passing said

reference beamthrough a second polarizer after reflecting said reference
beam from alPef elbnowthsdatspimilicturhavcaseftsing conbi ni ng sai d obj ect beam

and said reference.,beamwth.said b conbi.ner,. .5 July..2004..32.16., The
ot hod of oParTEgia AR bR S, £ FE LR IR erote SR AR R Beam
“is sub@ﬁm@aidallhmiﬂadgﬂbé@ﬁépliﬁ@r -andef erence beam path traced by said
reference beam 17, The method of claim 12, further conprising passing said

| aser beam p#siggRidaisierence bsem-thipupk aseemdarie fihet befersysfleetingrgidfdenceser
beam %gam P&% JT}%Ifé}glgceq;‘eal%lsﬁH&lz, further conprising:

20.  The method of claim 12, ﬁ,lrther 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.




passi ng said object beamthrough a first acousto-optic nodul ator before
reflecting said object beamwith said illumnation beansplitter? Jelxd004
passi ng said reference beamthrough a second acousto-optic nodul ator before
reflecting said reference beamw th a3Beference beansplitter . 19. The
met hod of claim 12, further conprising passing said object beamthrough a
first optic fiber before reflecting said object beam wth said

i |1 um nat i ort3bearfsprifaxisrhologryy prepacedibyghe glethadertstadmde. beam thr ough a
second optic fiber before reflecting said reference beamfroma reference
. beansplitter. 20. The nethod of claim 12, further conprising: passing said
obj ect beamouhr oumhe G¥f bkisHoldgkdi® of NEmaty QFherh |sgiat dMaxis HofboPh € beRSABY
from said illum nation beansplitter; and passing said object beamthrough
a secongdinguhextendsd Bourkr tagdfbegt i ng said reference beam froma reference
beanmsplitter. 21. The nethod of claim12, further conprising: passing said
obj ect beamthrough a first beam expander/spatial filter before reflecting
said object beamwi th said illum nation bearnsplitter; and passing said
reference beam t hrough second beam expander/spatial filter before
reflecting said reference beamwith a reference beansplitter. 22. The
met hod of claim 12, further conprising storing said off-axis hol ogram as
digital data. 5 July 2004 33 23. An off axis hologram prepared by the

met hod of claim 12. 24. The off axis-hol ogram of claim 23, wherein said

of f-axis hologramis generated using an extended Fourier transform
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