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The possibilitiesof running digital holographicinterferometryusing commonly available
compactdigital zoomphoto-cameraarestudied.The recentlydevelopedholographicsetup,
suitableespeciallyfor digital photo-cameragquippedwith an undetachabl®bjectlens,is
used.The methoddescribedenablesa simpleandstraightforvard way of bothrecordingand
reconstructingpf a digital holographicinterferogram. The feasibility of the nev methodis
verifiedby digital reconstructiomf theinterferogramscquiredusinganumericalkcodebased
onthefastFouriertransform.Experimentatesultsobtainedarepresentednddiscussed.

PACS: 42.25.-p42.30.-d42.40.-i

1 Intr oduction

Classicatayinterferometryenablegshemeasuremergndcomparisonsf lengthvariationsalong
afixed direction. On the otherhand,in holographicinterferometrywe comparethe whole sur
facesof the objectsunderconsideratiorandthe displacemenbf individual pointsof thewhole
surfacecanbe determinedUsing holographianterferometrywe compargwith accurag corre-
spondingo approximatelyonetenthof thewavelengthused)two partly coherentvaves,atleast
oneof which beingobtainedby reconstructiorof the correspondindnologram.Sincethe waves
comparedy the holographicinterferometryarecoherentandsituatedat the sameregion of the
spacethey interfereletting aninterferencepattern(holographidnterferogramprise. Theknowl-
edgeof the interferencepatterndistribution enablesusto determinethe displacemenvectorof
eachpointatthe objects surface.

Nowadaysthe optical holographicinterferometrycanbe divided into two main groups:the
classicaholographicinterferometryandthe digital holographidnterferometry Thetypical fea-
turesof the classicaholographidnterferometryarethefollowing:

e Thehologramsarerecordedn amediumwith a high resolutionof thousandsénterference
line pairsper millimetre (1000-5000 lines/mm). A good exampleof a reliable medium
with sucharesolutionis, eventoday a photographiglateor afilm.
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e The reconstructiorof the interferogramsobtainedhave to be carried out physically by

meanof light in anopticallaboratorywhichformstheholographidnterferogranexisting
in reality. Theholographidnterferogranmustbe evaluatecdby meanwf othertechniques.
The surfaceof localisationof the interferencgpatternhasto be establishedsa partof the
evaluation. Moreover, it is possibleto compareholographicallyreconstructedvave, and
thewave reflectedby thereal object(holographidnterferometryin realtime).

Thetypical featuresof thedigital holographidnterferometryarethefollowing:

e Thehologramrecordingis carriedout on moderndigital media,which still meansmedia

having a relatively low resolution. The main featureof thesemediais that they change
someof their electric characteristidy the incidenceof the light wave. The typical ex-

amplesarethe CCD or CMOS chips. CCD chipsconsistof a certainnumberof points—
pixels. Eachpixel allows eithermonochromati¢a certainnumberof grey levels)or colour
recording(againwith the givenbit depthin eachof thethreebasiccolours). The number
of pixelsandthesizeof eachof themaretheprincipalcharacteristicef the CCD chips,the

typical valuescommonlyavailableat presentare[1, 2]: pixel size Az = 5-11 um, color

depth10-14bits for eachof thethreebasiccolors(optionally 10—14bits for grey levelsin

thecaseof monochromati€€CD chips),thenumberof pixelsabout500-2000 x 500—1500

andthe diagonalsize of the whole CCD chip about1/2-2/3 inch. The pixel sizedeter

minesthe resolutionof the whole CCD chip. Evenwith the state-of-the-artechnology
the chip resolutionis low (approximatelyl00 lines/mm)whencomparing e.g.,bothwith

available photoplatesand from the aspeciof holographicinterferometrydemandgin the

region of thevisible light).

Thereconstructions not carriedout physicallyin alaboratorybut by meansof numerical
methodsusing a computer This is becausehe hologramsrecordedon CCD cannotbe
reconstructedby light physically Therefore the holographicinterferometryin realtime
is excluded,and both comparedvaves mustbe obtainedholographically However, the
computereconstructiorof digital hologramshasremarkableadvantagethe simulationof
realreconstructions possible but not necessaryUsinga computercode,we candirectly
calculatethe phasemap[3] that enabledirect determinatiorof the displacemenvector
for eachsurfacepoint (without localisationof interferencepatternsurface).

In theoptimalway, thedigital holographidnterferometrycanberunwith specialCCD arrays
that can be directly insertedinto the interferencefield. The main purposeof this article is to
demonstratéhatthe holographidnterferometrycanberun successfullyalsowithout specialized
equipmentsingcurrentlyavailabledigital photo-camerawith undetachablebjectlens(usually
calledcompaciphoto-cameras).

2 Method

Thehologramreconstructions in principlediffractionof thereconstructingvave at a hologram
pattern.Giventhehologram—aplanetransparengwith arealamplitudetransmittance € (0, 1)
proportionalto theintensityof the sumof thereferencevave U, andthe objectwave U,,

toc |Up+Upl? = I + I, + U U, + UUZ, (1)
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we canreconstructhe objectwave by illuminating the hologramwith thereferencevave again.
Theresultis awave with complex amplitude

U = tU; x Uply + Ul + LU, + UZUZ 2)

in thehologramplane.Thethird termontheright-handsideis the objectwave multiplied by the
intensity I,. of thereferencevave. If I, is uniform acrosghetranspareny, this term constitutes
the desiredreconstructedvave. The fourth termis a conjugatedversionof the object wave
modulatedby U2. Thefirst two termsrepresenthereferencevave, modulatedoy the sumof the
intensitiesof thetwo waves.

In the following we shall identify the hologramplanewith the planez = 0, i.e., with the
zy plane. The amplitudetransmittanceof the hologramthen dependson the two coordinates
only, t = t(z,y). Further we shall selectthe referencewave to be a uniform monochromatic
planewave propagatingalongthe = axis. The referencenvave will be termed‘reconstructing’
henceforth.

2.1 TheFresnelapproximation

Now, we shallfocuson how thelight field propagateslongthe positive directionof the = axis,
i.e., how the imageis reconstructedy diffraction of the reconstructingvave at the hologram
microstructure.

TheHuygens—Fresnglrinciple[4] stateghateachpointonawavefrontgeneratea spherical
wave. Theervelopeof thesesecondarywavesconstitutesa new wavefront,andtheir superposi-
tion constituteghe wave in anothemplane,say z = d.

Let us considera point with coordinateq¢, n, d) lying at the = = d plane. Accordingto
the Huygens—Fresnadrinciple, the light complex disturbancelg(¢, n) causeddy the spherical
wave originatedin aninfinitesimalportion of areadzdy ata point (z, y,0) in the transpareng
planeis proportionalto theamplitudetransmittance(z, y ), theareaof thespotdzdy, the phase
factor (the time dependencés omitted),andinverselyproportionalto the distancebetweerthe
two pointsconsidered:

exp(—ik - R)

dg(&,n) oc t(z,y) dady, (3)

wherethevectori = (&—x,n—y, d) is pointingfrom thecenterof thesphericalvave to thepoint
in which thedisturbances to becalculated R = || is themodulusof £, andk = (2r/A\)R/R
is the propagationvector With this in mind, it is easyto shav thatthe scalarproductin the
argumentof the exponentiafunctionin Eq. (3) canbe expresseds

- , — )2 )2 ,
k.R_Qw(—;\/1+(§ ?) ;;(77 y) :27r§\/1—|—5,7, (4)
wherewe introduced
2 2
p[]j +p’[
S~ = — Y (5)

andthe projectionof thevector & ontothetransparengplane
ﬁE(gfxanfyao)' (6)



264 H. SekaninaS. Hledik

If the valuesof the S; are negligible in comparisorwith unity for all valuesof 5 considered,
max {|{ — z|,|n — y|} < d, we canusethe power expansion

1
«/1+sﬁ:1+§sﬁ+o(5§). (7)

While theexponentialis very sensitve to the changeof R, the R—1-factorin (3) canbereplaced
with a constanwalueof d withoutlossof accurag. HenceEqg. (3) canberewritten as

dg(&,m) x %t(m,y) exp {—iwg [Sﬁ—i— (’)(S%)]} dady, (8)

wherewe omittedthe constanfactorexp(—i27d/\). Thetotal disturbancén arny point (¢, ) in
theoutputplanez = d canbedetermineddy integrating(8) overwholethe zy plane:

9(&,m) = ho //;OO t(z,y) exp {—iﬂg [S5+ O(Sg)}} dzdy. 9)

Theconstanfactorh includes,n additionto 1/d andtheconstantomplec unitexp(—i27d/)\),
theamplitudeof thereconstructingvave. The definitionof theimpulse-responskinction[5]

h(z,y) = ho exp {—iﬂ'g [Si+ O(S7)] } (10)

with 7 = (z,y,0) enablego interpretEq. (9) in termsof theory of linear systemsasthe two-
dimensionatonvolution of theamplitudetransmittancendtheimpulse-responsiinction (10):

+o0
o(Em) = / / (e, y)h(E — 2.m — y) dady. (1)

If we restrictoursehesto the S!-termonly, theimpulse-responstinction (10) will simplify
to Fresnelpproximationmpulse-responskinction

L 2_|_ 2
h(z,y) = ho exp (171'16 )\dy ) (12)
which corvertsthe formula(9) into a simplerform
+o00 )2 _a)\2
9(&;m) = ho / / t(z,y) exp {—iw €-2) ;;(77 v) dzdy, (13)

where sphericalwaves are approximatedby paraboloidawaves. The term impulse-response
functionarisesfrom the propertythatsuchfunctionrepresentshe responseo animpulseinput,
namelytheDirac d-function. Indeed substituting:(z, y) = d(x, y) into Eq.(10)yieldsg (¢, n) =
h(&, ).

In summary the space-domaimpproachdescribedabore is basedon a treatmentn which
theinput wave is expandedn termsof sphericalelementarywaves(or in termsof paraboloidal
elementarywavesin Fresnelpproximation).

Now it remaingo clarify theconditionof validity of the FresnelapproximationThe Fresnel
approximatiorholdsif the 1. post-Fresnelias?-termin the impulse-responstinction (10) is
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muchsmallerthanr for all 7, i.e., 7dS?/(4)\) < 7. Usingthe definition of S (5), we canfind
this to be equivalentto p* < 4A\d®. Denotinga the largestradial distancein the outputplane
&n, it is clearthatp? < o2, sothatthe conditionof validity of the Fresnelapproximatiormay be
written in theform

at < ANd? (14)
or equivalently
ZNFolzna,x 17 (15)
where
2
a
Np = — 16
F=\d (16)
is the Fresnehumberand
a
emax ~ = 17
; (17)

is thelargestanglecorrespondindo a. Theintegral (13) canberewrittenin the form

21
g(&,m) = ho exp[ 1— (& +n?) // t(z,y) exp [1—(£r+ny)} dzdy, (18)
wherewe denoted

t(x,y) = t(z,y) exp{ 1m(x +y )} (29)

Hence whenrestrictedo Fresnelpproximationthe outputfunctioncanbe cornvenientlycalcu-
latedvia fastFouriertransformtechniques.

Having calculatedthe complex amplitudeg(z, y) in the outputplane,we canimmediately
determingheintensityby takingthe modulusandsquaring

I(z,y) = |g(z,y)* = Reg(z,y)]* + [Im g(z,y)]*. (20)
Thephasecanbecalculatedas

Im g(z,y)
®(x,y) = arctan ————=, 21
(@) Reg(z,y) D

wherethe inversetangentusedin (21) must be capableto recognizethe quadrantto ensure
¢ e (—m,m).
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2.2 Numerical tr eatment

The function g(&, n) canbe digitizedif the hologramtransmissiorfunctiont(x,y) is sampled
onarectangularasterof N, x N, matrix points,with stepsAz and Ay alongthe coordinates.
Thenthediscreterepresentatioof Eq. (18)is givenby thefollowing formula[3]:

n

. m2 2
g(m,n) = exp [—m)\d <N§A:U2 + NgAyQ)}

= s 28,2 27,2
X Z Z t(k,l) exp [—1m(k Azx® 4+ 1Ay )}
k=0 [=0

X exp |:i271' </]€V_nz + %)] . (22)

From the numericalpoint of view, Eq. (22) canbe calculatedefficiently usingthe fastFourier
transform(FFT) [6]. The functionto be Fouriertransformeds the productof ¢(k, ) with the
first exponentiafactorin the sum.In the calculationof thetransformationthe standardradix 2
Cooley—-Tukey' (see€.g.,[6]) hasbeenapplied.Thefactorbeforethesumis acomplex unitand
canbeomittedwhencalculatingtheintensity The codedevelopedis capable

1. to readan input file (recordedhologram),usingthemto calculateintensity phaseand
comple< amplitudeaccordingto Eqs(18), (20), (21) and(22);

2. to performperpixel subtractionor additionof two input files containingcomplex ampli-
tudes;

3. to performperpixel subtractiorof two inputfiles containingphasepsingthemto produce
themodulusof the differenceof phasesnodulo2r, i.e.,

_ B - Dy if ®; <y,
Al = { H; — Py + 27 if P < B, (23)

2.3 The possibilitiesof numerical reconstruction

The computereconstructiomunssimilarly asthe physicalone—therecordecdhologramis ‘illu-
minated’by the wave correspondingo the recordingreferencevave, therebygettingthe corre-
spondingobjectimages.

However, in orderto obtaininterferometriaesultswe don't have to simulatethereallabora-
tory reconstructioronly.

Therealreconstructiorsimulationpossibilities:

1. At first we performadditionof amplitudetransmittancesf two chosenhologramsthen
thesumcanbenumericallyreconstructedOf coursewe getobjectimageqcorresponding
to theclassicaholographidanterferogramspverlaidwith interferencepatternwhich char
acterizesobjectchangesdetweenhologramexposures.This procesds simulationof two
exposureholographicinterferometry This approachinvolvesone hologramreconstruc-
tion; theinterferogramobtainedmustbe interpretedoy additionalmethods.
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2. Becausehecorrespondencék, ) andg(m, n) in (22)is linear, we canconsideraversion
of the previous proceduregn which we reconstruceachhologramseparatehandthenadd
thereconstructed¢omplex amplitudes.

Thepossibilitiesover realsimulationareasfollows:

3. In compliancewith [7], it is alsopossibleto subtractthe amplitudetransmittancesf two
hologramsto reconstructhedifferenceobtained.Generallyit is claimed[7] thatsubtrac-
tion givesbetterresultsin the contrastof theinterferencepattern.However, our resultsdo
not confirmthis conclusion.

4. We usethe methodfrom [3] which enablesiot only the directcalculationof theintensity
i.e.,theintensityacquiredof theusualholographidnterferogrambput alsothedirectphase
computationfor eachhologram. The phasedifferencemodulo 27 definedby Eq. (23)
calculatedfor eachpixel—the phasemap—isthanthe direct visualizationof the corre-
spondingchangef the examinedobjectsurface. We spreadthe treatmentin [3] to the
arrangementisinglensesduringthe hologramrecordon the photo-camer&CD chip.

Further thedigital filtering canbe appliedto remove the reconstructingvave modulatedby
thesumof theintensitiesof thereconstructingndobjectwave, i.e., thefirst two termsin Eq. (2).
Thedigital high-pasdilter andits enhancedersion(bandpaséilter) wereused.

3 Hologram recording

High-quality CCD chipsin presenphoto-camerasonsistof severalmillion pixels. The experi-
mentalinvestigationsvere carriedout with OlympusCA3000Zoom photo-camerawhich is at
disposain our opticallaboratory The CCD arrayof the camerausedconsistof 2048pixelsin
horizontaldirectionand1536pixelsin verticaldirection,the pixel sizeis Az = 5.51 umin both
directions.

As mentionedabove, digital real time holographicinterferometryis not realisable,only
the double-exposuremethodor the sandwichholographycan be used. Holographicinterfer
ometrytermedsandwichholography[7] is a very useful modificationof the double-&posure
methodbecauseét eliminatessomeseriousdisadwantagef the double-eposuremethod. Just
sandwichholographyis usedin this article. As mostdigital photo-cameragincluding Olym-
pus CA3000Zoom photo-cameraareequippedwith the undetachablebjectlens,we usedfor
thehologramrecordingarrangemenattestedn therecentarticle[8]. Thearrangemenis a ver-
sionof theclassicaltoff-axis’ holographycharacterisetdy a nonzeraholographicangle.

The mentionedarrangementonsidersthe affect of the photo-camerabject lens on the
recordedinterferometricfield. If we usethe cameras zoom (the trans\erseoptical magnifica-
tion Z = 3 in our case)andthe cameras objectlensis focusedon its minimal distance(20 cm
in our case)the passag®f thelight throughthe objectlensincreaseshe interferencdield fre-
guencieabout? x. Consideringhe usedphoto-camer&CD chip parametreandapplyingthe
sampletheorem[6] we getthe maximalrecordablespatialfrequeny fiax = (2 x 5.51 um) =L,
Fromthewell known formula

2

9
f = X Sing , (24)
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Fig.1.A photograplof theholographidablearrangementised:L, laser;BS, beamsplitterM1, M2, mirrors;
P, polarizer;01, objective; L1, lens;|S imagingsystendescribedn [8]; PL, aluminiumplate;AP, aperture;
PCA, digital photo-camera.

which determineghe interferencefield spatialfrequeng f of the two plane monochromatic
waves(with thewavelenght\, A = 632.8 nmin our case)containingangled, we obtainthatthe
angley mustfulfil the condition® < 5.31°.

We canconcludethattherelatively low CCD chip resolutionlimits the holographicangled,
thatmay be usedfor hologramrecording,on the mentionedvalueof severaldegrees.It results
— seeFig. 1 — theobjectsof the maximaldiameterabout3 cm (platePL) situatedatadistance
of 73 cmfrom theimagingsystem S canbe holographed.

The main adwvantageof the used‘off-axis’ holographyover the ‘in-line’ holographyis that
evenwith the holographicangleof single degrees the reconstructedmagesare spatially sepa-
rated. Using the sandwichholography eachof the approacheslescribedn the subsectior2.3
enablescomparisorof arbitrarytwo surfacestatesof the object(i.e., each: statewith eachjy
state wheres, j correspondsiwaysto oneof n recordecholograms).Thususingthe sandwich
holography we recordalways one hologramon one photograph.The recordedhologramdata
areloadedinto the computerandstored(in the TIFF format) on the harddisk.

4 Experimental results

The possibilitiesof holographidnterferometryusingthe digital photo-cameraveretestedusing
the apparatuOlympuscameraCA3000Zoom which parameterganbe found for instanceon
URL [9] andits applicabilityin holographywasdiscussedh [8]. For thehologramrecordingwe
usedthearrangemenrfrom [8], thephotographillustratedthe setuprealizationon theholographic
tableis in Fig. 1. The light from the linear polarizedHe-NelaserL (A = 632.8nm) with an
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(@) (b)
Fig. 2. Two interferogramshosenasthe demonstratiorof the digital holograminterferometryusingthe

digital photo-cameray(a) The interferogramcorrespondingo the changeof the weightsfrom 7g to 2g.

(b) The interferogramcorrespondindo the changeof the weightsfrom 2g on 0g. Both the primary (the
left partsof theimages)andthe secondarytheright partsof theimages)interferencepatterncanbe seen.
Both interferogramswvere obtainedby the methoddescribedn the subsectior2.3 as possibility 1. The
centralmaximumis completelysuppressedsinghigh-pasdiltering.

enegyoutputof = 50 mW is dividedby abeam-splitter  into anobjectwave andreference
wave at the ratio of intensities95% to 5%. The objectwave is expandedby a microscopic
objectlensO1 (magnification = 40) andincidentson the testedobjectPL—the aluminium

plate (dimensions3 x 4 cm) placedin a stableholder The whole testedplate,which could be

deformedby hangingof weightby meansf thread wasilluminated.

The referencewvave is reducedby the polarizerP andafterits passageéhroughthelensL1
incidentson a mirror M2 placedbesidethe illuminated plate. The object and the reference
wave interfere (the usedapertureAP only reducesthe dimensionsof the object wave in the
horizontal direction on about2cm, so that we record hologramsof object of the size about
8 x 2 cmwhich shouldrespondo themaximumof todaydigital holography)andafterits passage
throughthe opticalimagingsysteml Sdescribedn [8], theinterferencdield is photographedby
the OlympuscameraCA3000 Zoom (PCA) by which we get the hologram. Taking snapsof
interferencepatternwe usedthe cameras controlcomfortincludingits remotecontrol,exposure
and focusingautomatics. The value of the deformationpower was changedamongeachtwo
exposuregexposuretime about1 /5 s).

As we usedthe sandwichholographyone hologramwas recordedon one photographthe
presentedesultscorrespondo weights7 g, 2g and0g. Thehologramfiles (2048 x 1536 pixels)
wereloadedinto the computerandstored.The TIFF formatwascorvertedto PPMformat,from
eachhologramwasdonethe cutoutof the size 1024 x 1024 pixels. Numericalreconstructions
namedn thesection2.3wareperformedusingthe prepareccomputercode.

So,in the Fig. 2awe canseethe holographidnterferogramcorrespondingo the changeof
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the weightsfrom 7g to 2g. In the Fig. 2b is depictedthe interferogramcorrespondindo the
changeof the weightsfrom 2g to 0g. Both the primary (alwaysthe left part of image)andthe
secondanytheright partof images)holographidmagescanbe seen.Both interferogramsvere
obtainedby the methoddescribedn the subsectior?.3 aspossibility 1. The spuriouscentral
maximumis alwayscompletelysuppressedsinghigh-pasdiltering.

5 Conclusions

The possibilitiesof the realisationof the digital holographicinterferometryusing the digital
photo-cameraave beendiscusse@ndtestedthe experimentakesultshave beenpresentedvar-
iousapproacheto the numericalreconstructiorarelisted. Theefficient computercodeperform-
ing thedigital hologramreconstructiormasbeendeveloped.

As theresultsobtainedaredistinctandcanbereproducedasily we have demonstratethat
thedigital holographicdnterferometrycanbe run without the specializedequipment.The prob-
lemsconcerningholographidnterferometryusingadigital photo-camerareveryinterestingand
themethodhaspromisingperspecties.Ouranothemwork maybededicatedo theoptimalization
of thedigital reconstruction.

We canconcludeit seemdo be usefultrying to find properfeasibility of usingthedescribed
variantof holographidnterferometryin praxis—generallyn the surfaceinspectionbut also,for
instance,n the artwork diagnostics.We hopethat with the developmentof the technology a
constanexpansionof the useof thedigital holographidnterferometrywill occur
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