How knowledge about speckle intensity and phase gradients can improve
electronic speckle pattern interferometry

H. Helmers, J. Burke, Carl von Ossietzky Universitat Oldenburg, FB Physik, 26111 @énburg, Germany
Mail: helmers@uwa.physik.uni-oldenburg.datérnet: http://mwww.physik.uni-oldenburg.de/Docs/holo

Abstract. As is well known, the spatial coherence in a sfeedield is limited to an area called the mean kfesize.
Throughout this area, the coherence decays smdotimythe centre to the margin of a speckle, aeddtgree of coherence
between two points(,y;) and &.,y,) determines the probable amount of deviations éetvtheir intensitiely, 1, and phases
#1, ¢». These deviations are of special importance wipatiad phase shifting (SPS)is applied in electronic speckle pat-
tern interferometry (ESPI). We demonstrate thatkin@wvledge about the intensity and phase gradiantse object speckle
pattern can be used to reduce the noise in meadefetmation maps significantly.

Intensity gradients. In ref. 3, it is proven that the bright specklssentially all have the same shape and size, indiepée
of their maximum brightness. Only in the very centif the speckles the intensity is nearly constentt decreases with
nearly constant gradient to the margins. The grahtespeckles' brightness, the greater the gremdi€arthermore, within
the speckle field the intensity gradients in onatigh direction (no more is usually used in SPS)ehbeen shown to be
Laplace distributetl The similarity between the negative exponentistrihution of the intensities and the Laplaciare af
its gradients is readily explained: Because mostldps are similar in shape, their intensity digttion determines the
intensity gradient's distribution over a major paftthe intensity scale. Hence, intensity gradiestsur even within the
bright speckle areas and the assumption of congtstsity across one speckle, that is often mad8RS, is violated
everywhere. If, however, the intensity distributionthe object speckle field is measured once athtaginning of the
measuring process, it can be considered in a neadjfhase reconstruction formul®y this approach, the noise in ESPI
sawtooth maps was reduced significantly by som&28

Phase gradientsin ref. 5, the joint probability density functigfl, .l @.ly.4,), with I, =0l/0x etc. is given, from which
the joint density function of the phase gradiep(#,@,) is obtained, being roughly a bell-shaped functionref. 6, the
second-order joint probability density functipi,,l,,@1,8,) is given, with all the quantitids, I,, ¢, and@, being mutually
dependent. The relationships between these geanéte investigated in terms of mean values aridnaas in ref. 7p(¢@s|
I,15,¢1) is shown to yield high variance fgs whenl, and/orl, are low, i.e. high phase deviations are foundairk degions
of the speckle pattern. This is confirmed by Fréungho showed thai(l,C¢) exhibits an anticorrelation betwekand¢.
In ref. 9, the average phase gradient in a spdigttbis calculated to be 172° per speckle diamdter the bright speckles
themselves, a mean phase gradient of 50° per ddanisefound at the centres of the speckles. Thidicos that the bright
speckles lie in regions of slower phase variatihg. still the typical phase variation across thgHM of a bright speckle
is determined to be 45° to 90°.

These theoretical predictions about the phase gmilin speckle fields were confirmed by own measants. A speckle
field was imaged on the target of a CCD camera MP4*768 pixels of 7.5*7.5im? size each. SPS was applied with a car-
rier fringe spacing of 3 pixels and the mean speskie was set to about 45 pixels. Therefore eqaused by varying in-
tensity and phase across the speckles could beatedland the phase could be measured with aisuffiesolution. Fig. 1
shows an experimental result. The familiar brighd-alark intensity features have been measuredtlyingithout superpo-
sition of the reference wave. The overlaid netwafrphase isolines has been generated from a gedg-pbase map by an
appropriate look-up-table. As can be seen in fignla first approximation the phase gradientsne direction can be as-
sumed to be constant over the set of pixels usegtase calculation in SPSTreating the phase gradients in this way is
equivalent to assuming local linear miscalibratiohthe phase shift, a problem that has been tleatensively in temporal
phase shifting (TPS). Therefore, the well knownraging and error compensating algorithfrisr phase calculation can be
applied. By this approach, together with the cdroecof varying intensity mentioned above, the rois ESPI sawtooth
maps was reduced by approximately 39 %.

Phase singularitiesBeside the phase gradients, the phase struct@epéckle field contains the so-called phase knigu
ties or screw dislocations, appearing at pointzesb amplitude. These features are very frequespétkle patterns; their
statistical density has been shown to be one perspreckleS. Many of them can be discerned in fig. 1, recaajlis by

junctions of all eight phase isolines. At theseataans, the phase is undefined. Moreover, the pbhsess large statistical
errors at locations with very low object light ingty, because here the interferogram modulatiqguhdis very low as well.
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Both kinds of locations form "bad points”, whichearesponsible for the "salt and pepper” noise iRIg§$hase maps.
However, when depolarising objects are investigatesinumber of such "bad points" can be reduagufiantly.
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Fig. 1: Speckle field with phase isolines in 45° steps

Fig. 2 Phase stabilised ESPI set-up

Merging of polarisation states.Consider an object illuminated with, e.g., veftitiaearly polarised light. If the state of
polarisation (SOP) of the scattered light diffexanf the SOP of the incident light, the object igld4a be depolarising. The
depolarisation coefficienp is the ratio of cross- to copolarised intensitythed scattered light. If the scattered light istspl
into two orthogonal linearly polarised states (i@t v, and horizontalh), two speckle patterrs, (x,y) andS, (x,y) are gen-
erated with a correlation coefficieat Freund et al. have shown theoreticKllthat o is the parameter with the most impor-
tant influence on the correlation coefficienfThe largerpis, the smaller is. We will concentrate ourselves on strongly de-
polarising materials (e.go> 0.5), for which the speckle field correlatioreéficient is low (e.gc < 0.2)°. Caused by this
low speckle field correlation, the "bad points",est the phase is undefined or uncertain, frequeuattyr at different loca-
tions. Therefore, by suitable merging of the cqroesling phase maps on the basis of a modulatioth geyalysis, the num-
ber of "bad points" in the phase map can be mimichis

Fig. 2 shows the schematic experimental set-umdiber-optical ESPI system used for this purpddee object showed a
strong depolarisationo= 0.78) so that the measured correlation coefficienthe speckle fieldS, (x,y) and S, (x,y) was
c=0.02. The polariser P in front of the CCD camees wsed to select the orthogonal linearly polarigates of the in-
terferogram between the object wave and the redererave R. The SOP of R was set to 45° linear bgns@f the po-
larisation controller PC. As long as one single eanis used, an active phase stabilisation systerqguired, by which the
phase is kept constant during the time period acgdor the acquisition of the two orthogonallfgrsed interferograms
in every object deformation state. In a previoussiom of the systel a separate path of rays for the stabilisatioppse
was introduced in the set-up with the well knowsadivantage of possible optical path differences/drt the measuring
and the stabilisation set-up. Meanwhile, a PID aglgd synthetic heterodyne system is used withghly sensitive detector
(D) of about 50um aperture diameter. This system allows for a plstegilisation with respect to a reference arethef
same size in the recorded interferograms. In thelt;eby this merging process a noise reductioB$#1 sawtooth maps by
some 23 % was achieved.
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