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This paper describes a new set-up for a Snapshall®d Matrix Polarimeter
(SMMP). It relies on the separation and orthogguarization of two light beams by a
Wollaston prism located at the set-up output. Tieukaneous treatment of the two
spectra allows an enhancement of accuracy fortieal-neasurements through reduction
of the effects caused by random noise and systematirs. Moreover, it gives insight into
the non-uniform spectral response of the mediumeurstudy. Experimental results

support the feasibility of the proposed technig@&009 Optical Society of America.

OCIS codes: (230.5440) Polarization-selective des4i¢260.5430) Polarization.

1- Introduction
Mueller matrix polarimetry is a powerful method foptical characterization of samples. It is
currently used in various scientific fields such elspsometry [1], rheology [2] or medical

diagnosis [3]. Many Mueller matrix polarimeters balieen implemented over the last two



decades. Most of them make fast measuremerds df-the polarimetric response of a sample
under study [4-6]. However, a temporal monitorifigadueller matrix, [M(t)], at different time
scales thanks to ultrafast measurementsig<would widen the scope of Mueller polarimetry.
Encoding the polarization states with the wavelengb as to carry out polarimetric
measurements with an acquisition time that onlyedep on the detection system aperture was
proposed in [7,8]. A Snapshot Mueller Matrix Pataeter (SMMP) by wavelength polarization
coding was recently developed within our laboratdd;10]. This instrument makes
instantaneous measurements of the polarimetriconsgp of a sample. Evidence of the
experimental feasibility of the technique was pded in [9], and the specific systematic errors
liable to appear with this new kind of polarimetesre highlighted in [10]. However, the quality
of measurement with an SMMP can be impaired byoandoise, systematic errors associated
to the retarder plates and possible interferenfeztsfdue to multiple reflections by the medium
under study. This paper describes a set-up deiffieed an SMMP and named two-channel-
SMMP. The improvements generated by the new cordigan are studied through: i) a
reduction of the impact by random noise or systemmators and ii) a correction of the non-
uniform response by the sample (interference effeict absorbing and non-absorbing media.

These improvements are highlighted by experimeetallts.

2- Presentation of the device

Figure 1 presents this new set-up derived fromsihgle-channel-SMMP described in
[9]. The light is issued from a spectrally broadthallumination system, and its polarization is
encoded by an input linear polarizer and two bingient wave-plates of thickness, After
interaction with the medium, the polarized-lightdiscoded with two birefringent wave-plates of

thickness,5e and an output Wollaston prism. The only diffeeeneith the single-channel-



SMMP described in [9] is the use of a Wollastorsiriinstead of an output linear polarizer.
Thus, the two output channels, which are spatisfiparated and orthogonally polarized, are

focused on two optical fibers linked to a spectranégrating and CCD array). Two intensity
spectra, denoted by~ (1) and |”(A), are measured simultaneously and correspond tonte
orthogonallypolarized light beams issued from the Wollastorsmtri The expression of the

detected intensities can be derived from the Muétlemalism. To evaluate the effect of the set-

up polarizing-elements on an input Stokes vecﬁa,rjet us denote by [M] the Mueller matrix of

an unknown sample; moreoverP, (6)] is the Mueller matrix of a linear polarizer with an

azimuth angleg, and[B((p, 6?)] is the Mueller matrix of a linear birefringent waveaf@ whose

retardation and fast axis orientation grandé, respectively. The intensities are:

"=z 0 0o d'[R(73]1B(Pa J][B( & PI[M[Be FLEer )[R()IS
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where the symbol represents the transpose operator of a columroivekt the first-order
approximation, the retardation of a linear birejent wave-plate (birefringence\n, and
thickness, €), can be expressed ag= 4 +fol, where &4 is the first-order retardation:

&4 = (27Ane)l o, andfy is the fundamental frequency associated to thererte thickness).

The signalsl “(A) and1”(A) are both periodic and can be rewritten as follows:

19() =s(A).Re[gE LY it )-é‘“‘“*%)} 3

n=1



1"(4) =s(A). R{gg £ @it )é“‘“ﬂ @

wheres(4) contains the source spectrum shape and, pos#ilelyjon-uniform spectral response

of the medium under study; moreovsf, andh’, are both linear combinations of the Mueller

coefficients,m;, in the parallel case, wheregs, andh“, are those in the perpendicular one. As
all of the Mueller coefficients are assumed to km/elength-independent, the analysis is made
on a narrow (10nm) spectral detection range. Theasiis composed of 13 frequencies (from O

to 1%,), and the phase#,, results from the windowing of the measured sigialing the

analysis (Blackman window). A more detailed discus®f this variable is available in [10].

3- Random noise

As the Mueller matrix reconstruction is performeadhe Fourier domain, the magnitudes
of the Fourier peaks in the real part and thosthénimaginary part are, respective@’/n (CE)
and h’, (h’}) in the parallel (perpendicular) case. The measarg of the magnitudes of the
Fourier peaks issued from a single spectrum allowesto retrieve the 16 Mueller coefficients of
a sample. Expression of the relationships betwkerburier peaks and the Mueller coefficients
in a matrix formalism leads = P.m, wherev is a 50-dimension vector whose components are
the magnitudes of the Fourier peakss [¢o....,d"12, W'1,...,0'12, g%%...., 9"12, h,..., W4T, and
m is a 16-dimension vector composed of the Muelleefficients m = [myo, My,..., M3
Moreover,P is the (5&16) transformation matrix of the set-up and depemughe thickness
configuration chosen for the plates. According tevpus investigations about the propagation
of random noise on Mueller matrices [11], the vabiethe term denoted bEWYV (Equally
Weighted Variance) and linked to the variantar(m), of the mj components ofm can be

calculated from the singular valugs,, of the transformation matrix?, through use othe



16 16
relationship EWV=ZVaI(m)k =zi2 For the single-channel-SMMP, this calculation in
k=1

k=1 Mk
[11] led toEWV = 3524 By comparison, in the case of the two-channel-SMEWYV = 1142
which means a reduction of this parameter by aBodthe two-channel-SMMP is, thus, about
three times less disturbed by the experimentalaandoise on instantaneous measurements of

Mueller matrices.

4 - Systematic errors

A — Influence of the plates

The calibration of an SMMP was described in [10]the case where the thickness of the
first plate,e, is used as reference. It showed that the queatiibin of the window phase,, and
those of the thickness errors on the other plagégse; and e;, with respect to the ideal
configuration €,e,5e,5pare a must. These values are determined throwgisumements of two
known media: for example, vacuum (when the sangpieissing) aneither a linear polarizer, or
a half-wave retardation plate. One should be awlaag in experiments, inaccuracies in the
determination of the values @&, &, s and e, are unavoidable and lead to absolute errors
denoted here asd4., A€y, Aes andAes. Furthermore, the wave-plates in the set-up asalig
aligned in the configuration4b°,0°,0°,45Y depicted in Fig.1. Therefore, the absolute errors
(Aar,Ao,AazAas) On the alignment angles of the elements yield aaditional source of
systematic errors. In this study, the impact ofséherrors on a measured Mueller matrix was
investigated via simulations run on varying theueal of A4, Ag (1=2,3,4 and Aom
(m =1,2,3,4 and on assuming that the element under test wpmder-wave plate oriented at

120°. Figure 2 compares the effects generated dgyhtematic errors with the single-channel-



SMMP and the two-channel-SMMH. clearly shows a reduction of the impact by sysiéc
errors with the latter. It is also worth noting ththe two-channel-SMMP allows an over-
determination of the system with no additional seuof systematic errore.g another wave-
plate or a polarizer. Concerning the influence red Wollaston prism, spatial filtering should
guarantee to be in the angle tolerance of the eleraad one can reasonably expect that, with a
10-nm broadband source used here, the system ailinaffected by the Wollaston-induced
changes on the beam angle.

These promising results with the two-channel-SMMmusations drove us to make
measurements in order to assess the level of upgrad this device. The experimental set-up
was very similar to the above-described one, exttegitthe Wollaston prism was replaced with
an output linear polarizer (alike the one in thegk-channel-SMMP device) set at first at 0°,
and then at 90°. Moreover, a multimodal opticakfilvas used to enter the detection system;
however, its use with a coherent beam generates gdarference between spatial modes, which
depend on the injection angle, and are responblemodulations in the shape of the spectrum,

s@). In order to avoid coherence effects and be cettats(l) is alike for I”(A) and |”(A)

signals, the medium under study was imaged onatimgtdepolarizing medium, in turn imaged
on the fiber entrance. Moreover, the reconstructbihe Mueller matrix, normalized hyy,

involves a step of normalization of EQs.(3) and B§) a given reference. Consequently,
differences in coupling efficiency between the fdedo not occur. Table 1 gives experimental
Mueller matrices relative to the single-channel-SRiMnd the two-channel-SMMP with their
associated physical parameters (calculated fronn @arid Chipman decomposition [12]) for a
commercial quarter-wave plate oriented at 120° sssamedium. The experiment was driven

with 10pus acquisition time exposure and 100 accatimrs so as to reduce random noise.



Therefore, only systematic errors remain in theiltss Tablel shows that the measurements
made with the two-channel-SMMP are more precise thase by the single-channel-SMMP.
Indeed, the improvement is particularly identifalgn the values d?, andD, which are closer

to the ideal ones in the case of the two-channeM®BMIn both cases, the parameRealways
stands in the acceptance values given by the metauést and the orientation of the fast axiis

in the error bar of the experimentation.

B — Influence of the source and the medium under study

With the two-channel SMMP, an additional sourcearfcern is abow() measurement.
Indeed, in a classical Mueller polarimeter, theapahtion states are sequentially generated,
which means that intensity variations with time @& be taken into account. On the other hand,
with a snapshot polarimeter, the polarization staaee generated simultaneously owing to
wavelength coding, and thus the intensity variaiofith wavelength have to be considered. The
signal, s(1), has two origins: the shape of the source spectndthe non-uniform spectral
response of the medium under study (produced, Xamele, by multiple reflection-generated
interferences). One should also note that both pédee at the same time. The knowledge of the
Fourier peak magnitudes is essential for the reoect®on of a Mueller matrix. Sincel) is a
term of a product in the measurement domain (Epgarn@ (4)), it acts as a convolution product
in the Fourier domain, and thus it can be at thgiroof systematic errors on the reconstructed
Mueller matrix. Hences(@) must be calculated to take into account the ctomqdividing

1”(A) and I”(A) bys(l)) and make an accurate reconstruction. Summatigheofwo signals,

1”(A) and1”(A), from Eqgs.(3) and (4) leads to:

() +17(A) =s(A).f (1) (5)



wheref(4) is given by:

64f (A)=32m,, + 1@m,+ 32m, cos(d ) 16y, cos(F -) 1@, sin(f) (6)

1- Non-absorbing medium
A given medium is either non-absorbing or absorbihg is non-absorbing, the first row

(with the exception of coefficientyg) of its Mueller matrix is null s = Mo2 = Mez = 0). As a
consequence, Eq.(5) becom&s(A) +I D()I)=}é:~:()l).rr})o, which gives direct access &f.).

This step was experimentally performed in this gtuthe level of improvement was assessed

‘2

mpr_ nﬁh

i , Which represents

through use of the value of the Frobenius nofyM ”F :\/2
]

the global difference between the theoretical Marethatrix and the experimental one. This
value is generally used when dealing with expertaeerrors on Mueller matrices [13].

Figure 3(a) illustrates the variations of intensigrsusA, which are attributable to the nature of
the source. For vacuum, calculations HﬂM ”F gave values of 0.04 without source spectrum
correction against 0.017 with it; this significadifference between values is the sign of
improvement in the measurement accuracy. To iny&sti the influence of the interference

signal given by a non-absorbing medium, a quartzeA@ate cut perpendicular to the optical

axis and with no anti-reflection treatment of theds was used as the sample. hespectrum

associated to this plate is presented in Fig.3by. this plate, the value dfAM ”F with no

correction is 0.155 against 0.05 with correctithrereby reducing the error by a factor of around

three.



2- Absorbing medium
In the case of an absorbing medium, the Muellerfficbents, mp1, My and mps, are

different from 0, and thus there is no way to disecletermines(l). However,s(l) can be

retrieved by carrying out a pre-calibration proaedas follows: let us consider an unknown
medium, whose Mueller matrix i#1]. A half-wave plate oriented at first at ({’E{(n, 0)]), and
then at 45° (B(77,77/4)]), as well as a polarizer at Of R, (0)]) are both set in front of this
medium. Two artificial mediaM;] and[M;], are thus generated as follows:
[M,]=[M][ R, (0)]{B(7.0] )
[M]=[M][R, (0)] [B(7 4] ®
Four intensities are then measurefi(1) and I,’(1) concern Mi], whereasl} (1) and 1)(1)

concern Mj]. The sum of I(A)+1;(A), or that of I'(A)+1)(A), is equivalent to the

measurement with a single-channel-SMMP of a mediapresented by the Mueller matrix,

[Miof = [M1] + [M2]. By using Eqgs.(7) and (8), one gelt4{] as follows:

100 0 (m+m, 0 0 O
1000 |m+m, 00 0

[Mtot]:[M]' = ' 9)
0000 |m+m, 00 0
0000 (m+m, 00 0

The sum of the four intensities; (1) +1, (1) +1 4 (1) +1 ;(A), is equivalent to the measurement
of the medium, Mo, with a two-channel-SMMP:

Lo =12 (A)+1 () +H Z(A) H (A) = (A).f (A) (10)
wheref(A) is taken from the relatior84f (1)= 32m,, + 32m,,, which is easily identifiable thanks

to Eq.(6). This means thafl) is retrieved in the case of an absorbing mediume. 8&xperimental

validation of this method was made on setting tlewipus quartz wave-plate in front of a linear



polarizer at 30° to generate the medjyM], which is thus absorbing. The two components of
this medium (quartz wave-plate and linear polajixegre characterized independently so as to

generate the theoretical matrix from the productheir Mueller matrices. The value found for

lam ”F with no correction was 0.205 against 0.044 withr@ction, which means that further to

the correction, the accuracy was about five tinetteb than without it.

5- Conclusion

This study demonstrated the benefits of the propagmrade of a single-channel-SMMP. It,
indeed, led to a noticeable reduction of the e$feggnerated by both random noise and the
systematic errors associated to inaccuracies ckrtesses and alignments of the retarder plates.
Moreover, the use of this dual-measurement teclenligads to an over-determined system, with
no additional systematic errors. Furthermore, thal-theam technique allows one to correct the
effects bys(l) (issued from the source spectrum and interfergeoerated by the medium under
study). This correction can be made instantanedoslg non-absorbing medium. In the case of
an absorbing medium with no evolution sif) over the experiment, a pre-calibration step is
needed before performing snapshot measurements.egperiments showed that the two-

channel-SMMP proved to be more precise than aesidgannel-SMMP.
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List of Figure captions

Figure 1. Experimental set-up for a two-channel-SRIh the (e,e,5e,5e)onfiguration. A

single-channel-SMMP gives access to ohlyA) .

Figure 2: Simulations of the impact by systematiors in the cases of a single-channel-SMMP
(continuous line) and a two-channel-SMMP (squar€sg medium under study was a quarter-
wave plate oriented at 120°. The inaccuracy ofwirelow phaseAd,, is expressed in radians.
The set-up used in the simulations consisted of &alcite platesAn = 0.166) of thicknesses
e = 2.08 mm for plates 1 and 2, arel510.4 mm for plates 3 and 4. The source had adtvand
spectrum withlp = 829 nm, and the analysis window of the detectgstem wa\l = 10 nm
sampled with 512 pixels. The thickness error insacies,Ae,, Aes andAe,, are expressed in
units of wavelengths, the misalignment errav;, Aay, Aaz andAay, are given in degrees. The

term used to quantify the measurement errors is tlk@obenius norm,

|aM || :\/Z
ij

with systematic errorsr(ﬁ"ors) and the ideal onen(}ijdeal). All of the my coefficients are

errors ideal 2
m -m

] i ; it corresponds to the difference between the Muehatrix

normalized bymge.

Figure 3: Experimental spectra: (a) vacuum (sost@pe) and (b) quartz wave plate (multiple-

reflection interference signal).
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List of Table captions

Table 1: Experimental Mueller matrices for a quawave plate with its fast-axis oriented at
120° with either the single-channel-SMMP (a) or thw-channel-SMMP (b). The parameters
Pp (depolarization index)p (diattenuation)R (retardance)s; (ellipticity), o, (orientation of the
fast-axis) are calculated from a Lu and Chipmarodgmosition. The plate is a quartz wave plate
(QWPO-830-10-4-R15 from Melles Griot) whose retaiais given by R = 90° £ 1° at 829nm
and ellipticity ¢, =0. The plate is assumed to be non-depolarizindg=(1.000) and non-
absorbing (D =0.000). The plate is aligned by aatileg mount at the position

ar = 120.00° £ 0.1°. All of the Mueller coefficienase normalized by ga.
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Figure 1: Experimental set-up for a two-channel-SRINh the (e,e,5e,5e)configuration. A

single-channel-SMMP gives access to ohlyA) .
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Figure 2: Simulations of the impact by systematiors in the cases of a single-channel-SMMP
(continuous line) and a two-channel-SMMP (squar€sg medium under study was a quarter-
wave plate oriented at 120°. The inaccuracy ofwirelow phaseAd,, is expressed in radians.
The set-up used in the simulations consisted of &alcite platesAn = 0.166) of thicknesses
e = 2.08 mm for plates 1 and 2, arel510.4 mm for plates 3 and 4. The source had adtand
spectrum withlp = 829 nm, and the analysis window of the detectigsiem wa\1 = 10 nm
sampled with 512 pixels. The thickness error ineacies,Ae,, Ae; andAe,, are expressed in
units of wavelengths, the misalignment errav;, Aaz, Aaz andAag, are given in degrees. The

term used to quantify the measurement errors is ti@obenius norm,

. 2
oM = |2 mltjarrors_ niqj'deal it corresponds to the difference between the Muehatrix
ij

with systematic errorsml?"ors) and the ideal onen(ll'jdeal). All of the m; coefficients are

normalized bymge.
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Figure 3: Experimental spectra: (a) vacuum (sost@pe) and (b) quartz wave plate (multiple-

reflection interference signal).
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Table 1: Experimental Mueller matrices for a quawave plate with its fast-axis oriented at
120° with either the single-channel-SMMP (a) or thw-channel-SMMP (b). The parameters
Pp (depolarization index)) (diattenuation)R (retardance)s; (ellipticity), o, (orientation of the
fast-axis) are calculated from a Lu and Chipmarodgiosition. The plate is a quartz wave plate
(QWPO-830-10-4-R15 from Melles Griot) whose retaiais given by R = 90° £ 1° at 829nm
and ellipticity ¢, = 0. The plate is assumed to be non-depolarizindg=(1.000) and non-
absorbing (D =0.000). The plate is aligned by aatileg mount at the position

ar = 120.00° £ 0.1°. All of the Mueller coefficienase normalized by ga.

(@) (b)
1.000 -0.010 0.002 0.00 1.000 0.000 0.000 0.00
0.007 0.259 0.444 0.86 0.006 0.258 0.445 0.86
0.000 0.423 0.753- 0.50¢ 0.003 0.435 0.746- 0.51:
-0.002 -0.878 0.483 0.00 0.001 -0.868 0.485- 0.00:
Po=1.004, D =0.011 Pp = 1.001, D = 0.0002
R =89.63°¢, = 0.36°,0, = 120.05° R =90.09°¢ = 0.25°,0, = 119.89°
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