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We report how Stokes polarimetry of a highly-resolved
optical speckle pattern coupled to an original microwave
photonics-inspired experimental approach allows a new
light to be shedded on the so-called enpolarization phe-
nomenon, which consists in the local increase of the
light degree of polarization (DOP) inducing a high av-
erage DOP value after interaction of unpolarized light
with a totally depolarizing sample.
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Light depolarization mechanisms at the speckle grain scale,4

observable in coherent light, remain a current subject of inter-5

rogation, with experimental studies initially conducted over a6

statistical population of speckle grains [1–3], and more recently7

probing the state of polarization (SOP) of light in a deterministic8

manner accross a highly-resolved speckle pattern [4–9]. Adopt-9

ing the classical scheme of active polarimetric imaging, all these10

studies used a single-mode polarized illumination (laser), never-11

theless similar analyses can be carried out under different illu-12

mination conditions. For example, the phenomenon known as13

"enpolarization" [10] was experimentally observed with a similar14

imaging setup under unpolarized coherent illumination [11, 12].15

This apparently surprising phenomenon arises when a depo-16

larized coherent beam interacts with a scattering depolarizing17

material and consists in the local increase of the degree of polar-18

ization (DOP) across the produced speckle pattern, which results19

in a high average DOP value after interaction of unpolarized20

light with a totally depolarizing sample [11–13]. In this Letter,21

we show how an original approach inspired from microwave22

photonics techniques allows one to probe and investigate this23

phenomenon, and provides a simple heuristic to understand the24

statistical properties of the DOP distribution [13].25

The experiment reported here relies on an optimized Stokes26

polarimetry bench resolved at the speckle grain scale [4, 7–9].27

This setup, which will not be detailed here for the sake of conci-28

sion, uses a voltage-controlled polarization-state-analyzer (PSA)29

combining two liquid-crystal variable retarders and a fixed lin-30

ear polarizer to probe the SOP of the light backscattered by31

the sample in a reflection configuration, at each location of the32

speckle pattern, allowing the SOP to be precisely measured33

locally across the highly resolved speckle pattern. Complete34

details about the setup can be found in [7], while the optimized35

Fig. 1. (a) Sketch of the DFDP laser source with EO intensity
modulation for frequency down-conversion of the RF beatnote.
(b) OB contrast images acquired on a highly resolved speckle
pattern produced by a non-depolarizing and a depolarizing
sample under unpolarized illumination (after thresholding of
the S0 image above 10% of the maximum intensity).

estimation/processing protocol is detailed in [8]. For the present36

study, we engineered a versatile coherent illumination source by37

modifying the laser illumination using the setup of Fig. 1.a, and38

we complemented the previous Stokes imaging acquisitions with39

a so-called orthogonality-breaking (OB) polarimetry acquisition40

modality, a technique developed at Institut Foton since 201141

[14–17]. To this aim, the linearly polarized single-mode laser42

(COHERENT Verdi at λ = 532 nm) is fed into a polarization-43

sensitive Mach-Zehnder interferometer (MZI) architecture with44

acousto-optic-based frequency shift (∆ν = 80 MHz) in one of45

the arms [15]. With such setup, we obtain a dual-frequency dual-46

polarization (DFDP) coherent source, whose average behavior47

when “seen” by a very low bandwidth camera is equivalent to a48

perfectly depolarized coherent illumination [18]. This module49

thus enables us to map the SOP of a speckle pattern resolved50

at the speckle grain scale under 3 different illuminations: (i)51

horizontal linear polarization, (ii) vertical, and (iii) depolarized52

illumination (sum of two balanced orthogonal, frequency-shifted53

polarizations). Indeed, switching between the three illumina-54

tion modes is simply performed by appropriately rotating the55

half-wave plate (HWP) ahead of the MZI module.56

http://dx.doi.org/10.1364/ao.XX.XXXXXX
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Not only does this module make it possible to easily pro-57

duce a fully coherent unpolarized illumination [18], but it also58

allows us to perform an additional imaging measurement based59

on the OB technique, which consists in measuring the radiofre-60

quency (RF) beatnote (in amplitude and phase) produced at the61

offset frequency ∆ν upon interaction of the DFDP beam with62

a sample [14]. The amplitude of this beatnote, referred to as63

OB contrast or OB rate, and denoted τ in the following, can64

indeed be linked to some polarimetric properties of the probed65

samples [14–17]. However, previous implementations relied66

on laser scanning imaging and direct demodulation on a fast67

photodetector, which is not possible with the (low bandwidth)68

CMOS camera involved in the experiment. We thus resorted69

to a frequency down-conversion approach (similar to the one70

used in [18]) to perform full-field OB imaging on the camera: as71

sketched in Fig. 1.a, an external electro-optical modulator (EOM)72

(custom 80 MHz resonant EOM, Thorlabs EO-AM-R-80-C4) with73

optical axes oriented at 45◦ from the input linear polarization,74

associated with a linear polarizer (operated with a Quartz beam-75

displacer, i.e., a birefringent crystal with optical axis at 45◦ from76

the propagation axis, and a pinhole to select the vertical output77

polarization), makes it possible to modulate the intensity of the78

input laser at a frequency ∆ν + δν, with a very low detuning79

frequency δν ∼ 0.05 Hz, resulting in a shift of the relevant OB80

information to the difference frequency δν ∼ 0.05 Hz. The low81

frequency beatnote is finally demodulated in amplitude and82

phase from the images stack using a standard 4-bucket demodu-83

lation scheme (i.e., acquiring typically with 1 s exposure time,84

and 0.2 Hz framerate), hence enabling full-field measurement of85

the OB contrast over the whole speckle pattern. Lastly, it must86

be noted that the OB acquisition is performed first, with the po-87

larizer of the PSA removed from the Stokes imaging setup, since88

the purpose of OB is to probe the loss of polarization orthogonal-89

ity induced by the sample itself and not by an external optical90

device such as the analyzer. Then, the 3 Stokes acquisitions91

mentioned above are carried out according to the procedures92

detailed in [7, 8], after a careful speckle registration procedure,93

similar to the one proposed in [4], in order to ensure that rein-94

troducing the polarizer in the PSA does not modify the speckle95

wavefront to be analyzed.96

In this study, for the sake of easy interpretation of the experi-97

mental results, the acquisitions are performed on two samples of98

opposite polarimetric nature: the first one is a non-depolarizing99

flat metal plate, which almost does not alter the SOP of the in-100

put light; the second one being a highly scattering and highly101

depolarizing flat piece of Spectralon [7]. For each sample, 4102

acquisitions are carried out, namely: OB imaging under DFDP103

illumination; Stokes imaging with unpolarized illumination us-104

ing the DFDP source (denoted ↑→); Stokes imaging with vertical105

(↑) and then horizontal (→) input polarization.106

Table 1. Intercorrelation between intensity (S0) images.

[Reference image: ↑→] → ↑ OB

Non-depolarizing sample 90% 92% 87%

Depolarizing sample 55% 49% 83%

Let us first analyze the results obtained at a “macroscopic”107

scale across the whole speckle field imaged, comprising about108

500-1000 resolved speckle grains on the detector, as can be seen109

in [7] or in the OB maps displayed in Fig. 1.b. We first analyze the110

statistical properties of the total intensity images (S0 Stokes pa-111

rameter) acquired on the two samples. In particular, we provide112

in Table 1 the intercorrelation between the four S0 images mea-113

sured. Since it is established that on a perfectly non-depolarizing114

sample the speckle pattern should remain unchanged whatever115

be the SOP of the illumination [4], such measures performed on116

the metal blade reported in the first row of the table allow us117

to confirm the validity and stability of the experimental setup.118

Indeed, almost perfect correlation between the 3 Stokes acqui-119

sitions is observed, along with a slight decrease of the intercor-120

relation value for the OB acquisition which, as stated above,121

requires a slight modification of the PSA optical setup. On the122

other hand, when the Spectralon sample is considered, the two123

images acquired under unpolarized DFDP illumination (OB ac-124

quisition and first Stokes acquisition ↑→) remain quite correlated125

between them (83%), whereas the intercorrelation drops down126

by a factor of two when fully polarized illumination is used (→127

or ↑). Such property is one of the elements of understanding of128

the enpolarization phenomenon, as will be discussed below.129

Fig. 2. Histograms of the local DOP under vertically (a), hor-
izontally (b) polarized illumination. Histograms of DOP (c)
and OB constrast (d) with unpolarized DFDP illumination (↑→).

For the sake of concision, we do not report here the Stokes130

polarization images (S1, S2 and S3) acquired. However, the ex-131

perimental results allowed us to check that, under polarized132

illumination, the incident SOP was well maintained on a non-133

depolarizing sample. On the other hand, for the Spectralon, it134

was checked that at each location of the speckle pattern the SOP135

was well defined (i.e., with DOP values close to 1), with values136

of S1, S2 and S3 spanning over the interval [−1; 1] resulting in137

complete coverage of the Poincaré sphere. These results are138

in agreement with previous works [4, 7, 9], and are also con-139

firmed by the shape of the estimated DOP histograms plotted140

in Fig. 2.a and 2.b, which show significantly high values of the141

DOP across the image for the two samples. The similarity be-142

tween the distributions and average DOP values, despite the143

very different nature of the samples, can be explained by the144

fact that locally, at the speckle grain scale, the SOPs are perfectly145

defined when the illumination is single-mode (monochromatic,146

single polarization) [4, 7, 9].147

In contrast to single-mode illumination, however, the his-148

tograms of the DOP under unpolarized DFDP illumination dis-149
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Fig. 3. (a) Intensity distribution (S0, in graylevels) and SOP representation (blue/red ellipses) of speckle grains of types 1, 2 and
3 under various illumination conditions (left: vertically polarized, center: horizontally polarized, right: unpolarized) on the Spec-
tralon sample. (b) Local DOP (left) and amplitude of the detected OB beatnote (right), and corresponding histograms (center).

played in Fig. 2.c show two very distinct shapes for the two types150

of materials. The respective averages of these DOP distributions151

are 0.18 and 0.60, clearly revealing the opposite polarimetric152

nature of these samples. On the one hand, it is expected that the153

metallic blade should exhibit unpolarized speckle grains, since,154

as seen above, each component of the DFDP beam leads to sim-155

ilar patterns. The incoherent summation of these two speckle156

patterns with crossed linear polarizations hence produces an157

unpolarized speckle, with low average local DOP. On the other158

hand, the occurence of high DOP values observed in Fig. 2.c159

for the Spectralon precisely correspond to the enpolarization phe-160

nomenon [11]. It can be noted however that the measured his-161

togram does not strictly follow the theoretical parabolic-shaped162

probability density function of the DOP (i.e., fP(P) = 3P2 with163

P denoting the DOP [13] ). The decrease of the histogram values164

at high DOP is due to the fact that the intensity images acquired165

have been thresholded so as to discard regions of the image with166

grayscale values below 10% of the maximum intensity. Another167

consequence of rejecting such regions showing poor level of con-168

fidence in the measured SOP [7] is the slight underestimation of169

the average DOP value in the reported experiments.170

Interestingly, the difference in the polarimetric nature of the171

two samples is also clearly visible in the maps of the OB con-172

trast measured. These maps and their corresponding histograms173

are displayed respectivly in Fig. 1.b and Fig. 2.d, showing av-174

erages of 0.04 for the non-depolarizing sample and 0.19 for the175

depolarizing sample. This result could be expected since the176

orthogonality of the two polarization states of the DFDP source177

is more likely to be altered when such a beam interacts with a de-178

polarizing sample, thus breaking the polarization orthogonality179

(hence inducing high τ values). This property is precisely the ba-180

sis of the OB sensing approaches [14–17]. This result shows that181

full-field OB imaging, which can be operated with the proposed182

setup, can be an alternative approach to probe the enpolarization183

phenomenon and its properties without necessarily requiring184

the full-Stokes imaging architecture used in previous works.185

Once analyzed the macroscopic properties of the DOP and186

OB contrast distributions across the whole speckle patterns, let187

us now focus at a more local scale on the behaviour of individual188

speckle grains obtained experimentally. Analyzing these par-189

ticular cases will lead us to propose a fairly clear interpretation190

of the enpolarization phenomenon observed here macroscopi-191

cally. According to the above discussion about intercorrelation192

of speckle intensity images acquired under distinct illumination193

polarizations, the speckle grains can be schematically catego-194

rized into “monomode” grains and “dual-mode” grains: in the195

first case, a bright grain obtained under vertically polarized196

(↑) illumination, for instance, correspond to a dark intensity197

(“dark” grain) when the sample is enlightened with horizontal198

(→) polarization. Contrarily, dual-mode bright grains exhibit199

high intensity (S0) values under both polarizations. Following200

the above discussion, when illuminated with unpolarized (or201

DFDP) light, a perfectly non-depolarizing sample will produce202

only dual-mode grains, while a perfectly depolarizing one will203

schematically create about 50% of each category of grains.204

The experimental results of Stokes and OB imaging of highly205

resolved speckle grains presented in Fig. 3 follow this basic cate-206

gorization, with the first two rows addressing dual-mode grains,207

and the third one a monomode grain. The first special case208

identified (and referred to here as Type 1 grain) occurs when the209

sample locally induces a unitary polarization transformation,210

thereby preserving the orthogonality between the two input211

polarization states. This is the only case observed on a non-212

depolarizing sample such as the metal plate studied (but whose213

results are not reported here for the sake of concision), lead-214

ing to an unpolarized speckle grain under DFDP illumination215

with no OB beatnote creation. This situation is also likely to216

be encountered with a highly depolarizing sample such as the217

Spectralon, as examplified in the first row of Fig. 3.a. A spatial218

average of the local DOP of 0.72 and 0.80 respectively is ob-219

served under cross-polarized illuminations, each of which being220

well preserved in the grain. It can also be seen (Fig. 3.b, left) and221
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corresponding histogram (Fig. 3.b, center) that the DOP under222

DFDP illumination is strongly diminished as it only reaches in223

average 0.30 across this grain (the non-zero DOP value being224

due to the intensity mismatch of the two grains observed under225

cross-polarized illuminations). Thanks to the setup proposed in226

this Letter, the preservation of polarimetric orthogonality is here227

confirmed from the estimated OB contrast map (Fig. 3.b, right)228

and the corresponding histogram (Fig. 3.b, center) which exhibit229

very low values of the OB contrast across the whole grain.230

When the sample analyzed is not strictly non-depolarizing,231

the two incident polarization states (↑ and→) are not likely to232

be preserved nor modified by the same Jones transformation in233

all dual-mode speckle grains. In such a situation, one expects234

a degradation of the polarization orthogonality and hence the235

occurence of an OB “beatnote speckle” (as displayed in Fig. 1.b,236

right). This must be accompanied with an increase of the local237

DOP measured under unpolarized illumination (i.e. enpolariza-238

tion) in such particular grains (the DOP value possibly reaching239

1, if the intensities of the two modes are equal and if the result-240

ing polarizations are identical). An example of such a typical241

extreme case, referred to here as Type 2 grain, has been observed242

in the speckle pattern acquired on the depolarizing Spectralon243

sample and is provided in the second row of Fig. 3.244

We present in the third row of Fig. 3 the last situation of a245

monomode grain, also observed on the depolarizing Spectralon246

sample. In this example of grains referred to here as Type 3,247

constructive interference produces a bright speckle grain under248

vertically polarized illumination, whereas in horizontally polar-249

ized illumination the interference is destructive. Therefore, the250

speckle grain obtained under unpolarized DFDP illumination is251

roughly similar in terms of intensity and of SOP to that obtained252

with vertical illumination, hence exhibiting a high value of the253

local DOP and contributing to the enpolarization effect. However,254

as can be seen in Fig. 3.c, this case does not produce any OB255

beatnote as the light detected in this type of grain is monomode.256

Finally, the results presented in this Letter tend to show that257

the enpolarization phenomenon arises from two properties of258

speckle patterns which differ according to the polarimetric na-259

ture of the sample: (i) the spatial distribution of speckle grains260

for each of two orthogonally-polarized illumination modes,261

which are fully correlated for a non-depolarizing sample, but262

partially correlated for a fully depolarizing sample; and (ii) the263

ability of the material to alter the incident SOP (no alteration for264

a non-depolarizing sample, but possible alteration for a depolar-265

izing sample). The above results now allow us to interpret quite266

clearly the theoretical average value of the DOP of 3/4 expected267

in such experiment of enpolarization of a depolarized light by a268

depolarizing material [13]. Indeed, in this situation, the speckle269

patterns for each illumination mode show an intercorrelation270

as low as ∼ 50%, so we expect that around half of the grains271

observed under DFDP illumination correspond to single-mode272

grains, while the remaining half are dual-mode. For the former273

monomode grains, the DOP observed under DFDP illumina-274

tion is maximal and the OB contrast is null. Now, for all the275

dual-mode grains, we expect a random distribution of SOPs,276

with a distribution of dual-mode grains ranging between the277

extreme cases of Type 1 and Type 2 grains discussed above, i.e.,278

with DOP values between 0 and 1, and OB contrast ranging from279

0 to 100%. Globally, spatial averaging over this population of280

dual-mode grains leads to an average DOP of 0.5 and a mean281

OB rate of 50% too. When we now extend this statistical rea-282

soning to encompass the remaining population of single-mode283

grains (all sharing a unit DOP and zero OB contrast), we ob-284

tain an expected average DOP over all grains of 0.75, and an285

expected OB rate of 25%. Such analysis is in reasonably fair286

agreement with the quantitative results obtained. Indeed, de-287

spite the consequences of experimental imperfections and of288

images thresholding discussed above, we obtained an average289

DOP of 0.60, and an average OB rate of 19%.290

Using a specific DFDP laser source as a “controlled” model291

of unpolarized coherent source, we have shown that the enpolar-292

ization phenomenon could be experimentally probed with the293

full-field OB technique proposed, instead of using a full Stokes294

imaging approach which requires a more complex polarization-295

analyzing setup at the detection side. In addition, such source296

precisely corresponds to the physical model of unpolarized297

light used in [13], described as an incoherent sum of two cross-298

polarized coherent modes. It also reproduces the beam produced299

by an unpolarized He:Ne laser source such as the one used in300

[11], since in such laser, consecutive longitudinal modes exhibit301

cross-polarized SOPs. Following the method proposed in [18],302

this DFDP source would allow to extend these investigations303

to a more sophisticated model of unpolarized coherent source304

involving fast scanning of all SOPs across whole the Poincaré305

sphere, but also to the case of partially-polarized coherent il-306

lumination with controlled DOP. Deeper investigation of the307

correlation properties of speckles produced on a scattering sam-308

ple with different polarizations of the illumination source also309

appears as an interesting perspective.310
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