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Abstract:  An experimental method for accurate polarimetric characteri-
zation of speckle field below its transverse correlation width is proposed.
Using a polarimetric analyzer, the speckle field under investigation is
probed by a set of polarimetric projections describing the full Poincaré
sphere surface. Spatial polarimetric variations of the speckle field are thus
observed with an accuracy of 1% for each Stokes parameter. Moreover, all
the experimental data can be guaranteed by a validity criterion. Using white
paper sheet and rough metal samples, the method exhibits strong potential
to analyze and differentiate speckle fields generated by bulk and surface
scattering.
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1. Introduction

When a coherent beam either illuminates a surface rough on the scale of the wavelength or
crosses a medium that provokes random spatial dephasing of the field, the multitude of de-
phased contributions generate along propagation in space, interference effects. The resulting
field that exhibits fast spatial variations of intensity is called speckle. An extremely dense liter-
ature is available on the subject because speckle is omnipresent in optics, radar and ultrasound
applications. In some cases, speckle represents a noise to reduce. Several methods can be used
as temporal averaging with a moving diffuser, polarization diversity, wavelength and angle di-
versity, temporal and spatial coherence reduction [1]. In other applications, the study of the
speckle on the contrary brings interesting data about the surface or the medium responsible of
these interferences. Especialy, it has been shown that a variable illumination spot size could
describe the transition from non Gaussian to Gaussian statistics of a speckle field generated by
a rough surface and could bring usefull information about its roughness characteristics [2, 3].
Other applications such as deformation and strain field analysis, digital holography [4], and
speckle interferometry [5] can be cited. Recently, in the biomedical field, in vivo skin cancer
detection by polarization speckle imaging has shown some promising results [6]. In spite of
the numerous applications of speckle fields, our knowledge about how are spatially structured
their State Of Polarization (SOP) and their associated Degree Of Polarization (DOP) remain
until now very limited. Such knowledge implies to perform several acquisitions of intensity in
various optical configurations but a speckle field, as an interference phenomenon, is extremely
sensitive to any phase variation during the acquisition procedure. Thus to perform such study
on a scale below the transverse correlation width of the speckle field is very chalenging and
the polarimetric accuracy of the procedure has to be checked carefully. Until now, only a few
works have tried such characterization [7—9]. We provide in this work an new experimental
method to map very accurately the SOP and the associated DOP of a speckle field at a scale
below its transverse correl ation width, with a criterion ensuring the accuracy and validity of the
experimental results. Application to polarimetric analysis of speckle fields generated by surface
and bulk scattering is proposed.

2. Polarimetric Analysis by Full Projection in the Poincar & Space

A classical method to determine the polarization state of afield, eventually partially polarized,
consists in the acquisition of the 4 Stokes parameters [10] : S represents the total intensity of
the light, S; the amount of linear horizontal minus the amount of vertical polarized light, &
the amount of linear +45 ° minus the amount of -45° polarized light, and S the amount of left
circular minus the amount of right circular polarized light [11]. The Degree Of Polarization
(DOP) of thefield isthen defined by :

pop_ VI 21S

S

A DOP equal to 1 represents atotally polarized light whereas a value lower than 1 represents a
partialy polarized light.

Except for the first component &, the 3 other components need subtraction of experimental data
to be determined. Using an imaging system with a charged coupled device (CCD) camera, this
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constraint can become severe in terms of polarimetric accuracy because of the non linearity of
the CCD camera and eventual mechanical movements during the switch between polarimetric
states of analysis. Care has to be taken also to the wavefront variation of the field during the
full acquisition procedure of the polarimetric structure of the speckle field [8]. Moreover, even
in case the setup allows to switch between different polarimetric states of analysis without
any mechanical movement, for example using Nematic Liquid Crystals (NLC), a non perfect
perpendicul ar incidence between the beam and the NL C can cause a hon constant deviation of
the beam in function of the requested birefringence. As a consequence, our first tries to map
accurately the polarization of speckle fields failed by giving some polarimetric states with a
DOP clearly higher than 1, thus showing an extremely low experimental accuracy. We notice
that in [8], even a careful protocol involving a constant wavefront during acquisition of the
SOP of the speckle field gave rise to some numerous pixels with DOP reaching near 1.5. Due
mainly to the reasons cited above that prevent among us, high polarimetric accuracy, we have
elaborated the State Of Polarization Analysis by Full Projection in the Poincaré space method
(SOPAFP) that avoids any subtraction of intensity and moreover checks the validity of the
obtained SOP.

This method uses a Polarimetric State Analyzer (PSA) which consists of 2 variable birefrin-
gent materials (2 NLC called CL3 and CL4) with eigen axes oriented respectively at 45° from
each other, followed by a quarter waveplate and a linear vertical polarizer with eigen axes re-
spectively oriented at 45 ° from each other. The 2 orientation constraints cited above between
the 2 nematic liquid crystals CL3 and CL4 and between the quarter waveplate and the linear
polarizer ensure that the PSA can project an incident field on any fully polarized polarimetric
state of the Poincaré Sphere [12].

We define a projection state of our PSA as follow : the variable birefringences 63 and 64 of
respectively CL3 and CL4 for a given polarimetric state of projection i are chosen so that if the
polarimetric statei is effectively incident on the PSA, it will exit after CL3, CL4 and the quarter
waveplate, with a vertical linear polarization perfectly aligned with the output linear polarizer,
thus giving rise to a maximum transmitted intensity. All other polarimetric incident states but i
will be partially absorbed excepted the state diametrically opposed to i on the Poincaré sphere
that will be completely absorbed (in case of a perfect linear polarizer).

In order to perform the various polarimetric projections of the speckle field to analyze, the
Poincaré sphere surface is uniformly discretized into projection states. For a polarimetric accu-
racy of 1%, 300 projection states were needed. As an illustration, the Fig. 1(a) shows the first
projections states that are used for polarimetric speckle analysis. We have chosen arbitrarily to
scan from the initial state (1;0; —1;0) to the final one (1;0;1;0). For a given electromagnetic
field to analyze, the full discretized surface of the Poincaré sphereis scanned. Asanillustration,
the Fig. 1(b) shows the theoretical variation of intensity transmitted through the PSA in the hy-
pothesis of an incident electromagnetic field of state (1, —0.58, —0.58, —0.58) represented by a
green circlein Fig. 1(a).
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Fig. 1. () First polarimetric states of projection homogeneously distributed at the surface
of the Poincaré sphere. During the acquisition procedure used for polarimetric analysis,
theincident field is projected sequentially on every projection state by the use of the PSA.
The green disc corresponds to the SOP of the field that is being analyzed. (b) Simulated
variation of intensity at the output of the PSA and corresponding to the projections of the
incident field shown in (a). Each curve of intensity variation during such a scan signs a
unigue incident SOP.

To each polarimetric state of the incident field corresponds a unique variation of intensity
during the scan over the projection states. During this scan, the projection state that is the clos-
est to the polarimetric state of the incident field will give rise to maximum intensity at the output
of the PSA. On the contrary, when the incident state of illumination is projected on the more
diametrically opposed state, the output will be minimum. As a consequence, just by record-
ing the projection states associated to the minimum and maximum of intensity transmitted
through the PSA during the scan, we obtain the polarimetric illumination state with its associ-
ated DOP. However, to increase our accuracy and to allow the obtained polarimetric statesto be
everywhere on the Poincaré sphere and not only on the discretized projection states, we fit the
complete experimental curve of the intensity variation with atheoretical one using the 4 Stokes
parameters S, S, S, S3 as adjustable variables for the polarimetric incident state. Thus, we
use the whole ensemble of experimental polarimetric projections for maximum accuracy and
each experimental polarimetric state is obtained with a characteristic distance that quantifies
the difference between the closest possible theoretical variation of intensity and the experimen-
tal one. This distance is used to filter physical states from nonphysical ones and provide us a
criterion of validity of the obtained SOP. Non physical results could come mainly from the non
linearity of the CCD cameraespecially in low intensity places of destructiveinterferences, from
the wavefront variation and/or from the deviation of the beam, during acquisition procedure.
The experimental setup is shown on Fig. 2.
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Fig. 2. Scheme of the experimental setup. A laser diode emits abeam at 532 nm through the
Polarization State Generator (PSG) composed of alinear vertical polarizer R, and aquarter
waveplate A /4 oriented at 45 ° from each other, followed by 2 nematic liquid crystals LCy
and LC, with their eigen axis oriented at 45° from each other. The quarter waveplate of
the PSG ensures the ability to generate any Stokes vector on the Poincaré sphere surface,
whatever the orientation of the entrance linear polarizer is. After scattering on the sample,
the field goes through a pinhole P before entering the PSA that is composed of the same
optical elementsthan the PSG but in reverse order. Its quarter waveplateis not essential but
makes our calibration procedure easier by keeping the symmetry between the PSG and the
PSA.

The pinhole at the entrance of the PSA is used to choose the transverse correlation width

of the speckle field with respect to the pixel size and imaging optics. Some Polarimetric State
Generator (PSG) and Analyzer (PSA) enable us respectively to generate the illumination field
and to project the field scattered by the sample using any polarization state chosen at the surface
of the Poincaré sphere.
After afirst calibration procedure of our 4 nematic liquid crystals, a second procedure checks
and refines automatically the voltages corresponding to each projection state of the PSA using
aTPX Polarimeter from Thorlabs® as a reference. We reach finally a polarimetric accuracy of
1% in the 3 Stokes parameters §, S, S3 of all the 300 polarimetric projection states. Several
tests using different polarimetric states of illumination on amirror have then confirmed that this
accuracy is conserved for the polarimetric states detected by the SOPAFP method. Moreover,
such test experiments have allowed to define a threshold value as a criterion for which the
experimental variation of intensity during an acquisition procedure is close enough to theory to
consider the polarization state determined by the SOPAFP method asvalid. Thisthreshold value
is characteristic of our experiment and is used in the forthcoming sections to ensure the same
accuracy of 1% for every polarization state detected from the speckle fields. The experimental
variations of intensity that do not respect this threshold value are removed before processing
the statistics of the specklefield.

3. Comparison of classical and SOPAFP methods for Stokesvector analysis

We generate in this section a speckle field by the scattering from arough metallic surface at the
wavel ength 532 nm. Using exactly the same optics and the same part of specklefield to analyze,
we perform the experimental acquisition using the classical method (images subtraction) to
extract the Stokes parameters and the SOPAFP method described above. We show in Fig. 3
the spatial representation of the SOP of the field using RGB representation where R=| S |,
G=|S|,B=|S3|. Figure 3(a) correspondsto the classical method and Fig. 3(b) to the SOPAFP
method. Figure 3(c) shows the corresponding DOP histogams.
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Fig. 3. Representation of the spatia variations of the SOP of a speckle field generated by a
rough metallic surface and analyzed in terms of Stokes parameters using (@) subtraction of
intensity images and (b) the SOPAFP method. In this RGB color representation, R=| S |,
G=|S |, B=| S3| wherethe values of R, G and B vary from 0 to 1. (c) DOP histograms:
the red curve corresponds to the classical method and the blue one to the SOPA FP method.

We notice that this RGB color representation doesn’t take into account the sign of the Stokes
parameters but allows an interesting overview of the spatial variation of the states of polariza-
tion. In the case of the determination of Stokes parameters using images subtraction, in addition
to the noisy signal that can be observed in Fig. 3(a), the corresponding red histogram in Fig.
3(c) exhibits a DOP mean value of 0.90 with a large standard deviation of 0.2 and numerous
values higher than 1, thus nonphysical. The SOPAFP method shows in Fig. 3(b) a less noisy
signal in the RGB color representation, and its DOP histogram exhibits the mean value of 0.90
but with a much smaller standard deviation of 0.03 without any value higher than 1.

4. Application to speckle fields generated by surface and bulk scattering

From the theoretical point of view, we know that the histogram statistics of intensity of speckle
fields generated by surface and bulk scattering, in most situations, can be differentiated by their
gamma laws of different orders [13]. To go further in the statistical analysis, we propose now
a comparative analysis of speckle fields generated by scattering from a rough metallic surface
of aluminium and from a white sheet of paper in order to compare the spatial variations of
the SOP of speckle fields generated by surface and bulk scattering. Figs. 4(a) and 4(e) show
respectively for the rough metal surface and the white sheet of paper, the sum of all the intensity
images obtained by projection of the speckle field over the 300 projection states used in the
SOPAFP method. During the acquisition procedure, the speckle field generated by surface
scattering has exhibited a near constant pattern with a global variation of intensity depending
of the projection state. On the contrary, the speckle field generated by bulk scattering has
exhibited very different intensity patterns in function of the projection states. Figs. 4(b) and
4(f) show the corresponding spatial variations of the DOP. The criterion of validity described
in the previous section has been used to check which pixel of the CCD camera, during the
acquisition procedure, has exhibited an acceptable variation of intensity ensuring an accuracy
of 1% in each Stokes parameter of the SOP. The resulting areas of acceptable pixels has been
encircled by dotted lines and we observe that they remove pixels with too low intensity that
correspond to places of strong destructive interferences. Figs. 4(c) and 4(g) represent the
corresponding variations of the SOP represented in RGB color. In order to visualize how vary
the SOP in function of the origin of the scattering (surface or bulk), Figs. 4(d) and 4(h) show
some trajectories of the SOP in the Poincaré space corresponding to the full vertical cross
sections at the middle of respectively Figs. 4(c) and 4(g). We observe that the SOP remains
localized in the case of surface scattering while it spreads apparently randomly in the Poincaré
spherein the case of bulk scattering. An additional but smaller cross section named (A) in Fig.
4(g) has been plotted in Fig. 4(h) in order to better quantify the corresponding length traveled
by the SOP.
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Fig. 4. For respectively the scattering from a rough metal (upper line) and from a white
paper sheet (lower line) : (a) and (e) show the sum of intensity images obtained by the
whole set of polarimetric projections, (b) and (f) the degree of polarization with filtered
physical results that are encircled by dotted lines, (c) and (g) the RGB representation of
polarimetric states, (d) and (h) the Poincaré sphere representation of the full vertical cross
section of the middle of respectively figure (c) and (g) as indicated by white dotted lines.
Thered dots represent theinitial states of illumination. An additional cross section analysis
named A in (g) isplotted on (h). Polarimetric states remain localized with high DOP values
in the case of surface scattering while they spread al over and inside the Poincaré sphere
with lower DOP values in the case of bulk scattering.

Then, the areas of pixels selected by the validity criterion [Figs. 4(b) and 4(f)] have been
analyzed deeper from the point of view of statisticsin Fig. 5. Figures 5(a) 5(c) 5(e) show the
DOP histograms of the fields for respectively amirror, arough metal surface and a white sheet
of paper as sample. Figs. 5(b) 5(d) 5(f) show the corresponding SOP in the Poincaré sphere.
The mirror has been used as areference sampleto test the point spread function of the SOPAFP
method and moreover to define the corresponding threshold value for the validity criterion as
explained in the previous section. The DOP mean values are found to be respectively 0.97 with
a standard deviation of 0.01 for the mirror, 0.88 with a standard deviation of 0.04 for the rough
metal surface, and 0.64 with a standard deviation of 0.11 for the white paper sheet. We can
observe clearly that the SOP of the speckle field originating from surface scattering remains
very localized and near the surface of the Poincaré sphere, keeping the information about the
illumination polarization state while the speckle field originating from bulk scattering spreads
near all over the sphere.
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Fig. 5. (@) (¢) (e) show the DOP histograms of the fields scattered from respectively a
mirror, a rough metal sample and a white paper sheet. (b) (d) (f) show the correspond-
ing Poincaré sphere representation of the SOP. The green dots represent the illumination
polarimetric states.

5. Conclusion

We have proposed a new method to study with high accuracy the polarimetric properties of
speckle fields at a scale below their transverse correlation width. By using a polarimetric ana-
lyzer allowing polarimetric projections homogeneously distributed on the full Poincaré sphere
surface, an accuracy of 1% in each Stokes parameter of the analyzed speckle field has been
obtained. Comparison with classical setup devoted to Stokes analysis that uses simple image
subtractions has been proposed. The new method has been applied to analyze speckle fields
coming from surface and bulk scattering. The spatial variations of the polarimetric states and
the associated degree of polarization have been studied in both cases. The speckle field gener-
ated by surface scattering using a rough metal sample mainly maintains the polarimetric state of
the illumination and exhibits only a small polarimetric spread near the surface of the Poincaré
sphere, thus keeping a high DOP of mean value around 0,88 with a standard deviation of 0.04.
The speckle field generated by bulk scattering using awhite sheet of paper exhibits on the con-
trary, due to multiple scattering, a very strong spreading of the polarimetric states all over the
Poincaré sphere with an associated mean DOP value around 0,64 with a standard deviation of
0.11. We can expect that the ability of the SOPAFP method to study accurately the polarimetric
properties of speckle fields at such intimate scale with the possibility to check the validity of
the results, provide a better fundamental understanding of such fields, including depolarization
and enpolarization effects [14] on the spatial variation of the SOP. On amore practical point of
view, this new method could be used to optimize all the currently available optical techniques
that use the strong characterization potential of speckle fields.
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