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Abstract: Dual-rotating retarder polarimeters constitute a family of well-known instruments that are
used today in a great variety of scientific and industrial contexts. In this work, the periodic intensity
signal containing the information of all sixteen Mueller elements of depolarizing or nondepolarizing
samples is determined for different ratios of angular velocities and non-ideal retarders, which are
mathematically modeled with arbitrary retardances and take into account the possible diattenuating
effect exhibited by both retarders. The alternative choices for generating a sufficient number of
Fourier harmonics as well as their discriminating power are discussed. A general self-calibration
procedure, which provides the effective values of the retardances and diattenuations of the retarders,
the relative angles of the retarders and the analyzer, and the overall scale coefficient introduced by
the detection and processing device are also described, leading to the absolute measurement of the
Mueller matrix of the sample.
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1. Introduction

The transformation of the states of polarization by their interaction with a material
medium exhibiting linear polarimetric behavior is determined by a 4 x 4 real matrix, called
the Mueller matrix [1] (even though it was Soleillet who described such linear transforma-
tions for the first time [2,3]). Mueller matrices depend on the interaction conditions, that is,
given a plane light wave (probe light beam) with specific spectral profile and a material
medium, different Mueller matrices characterize their polarimetric interactions depending
on the relative orientation of the incident light beam and the material sample, the angle of
observation (either by refraction, reflection or scattering), the area and location of the part
of the sample on which the light probe falls on, etc.

Thus, once such interaction conditions are specified, the possible states of polarization
of the incident light probe, which are fully described by the corresponding Stokes vectors s,
are transformed as s = Ms, where M is the Mueller matrix that corresponds to such a kind
of interaction, and s’ is the Stokes vector of the emerging light (in the observation direction).

Mueller polarimetry can be applied to a great collection of phenomena involving
different types of electromagnetic waves. Beyond polarimeters operating in the optical
range, an interesting and important case is that of synthetic aperture radar polarimetry
(SAR polarimetry) where microwaves are emitted and detected from airborne or satellite
devices [4]. Since Mueller polarimeters operate in a nondestructive manner, they find an
enormous variety of applications in science, industry, and medicine.

The present work is focused on Mueller polarimeters operating in the optical range
and whose structure is determined by a sequence of the following elements (Figure 1):
(1) a collimated light source L; (2) a perfect polarizer P1; a linear retarder R1 (retardation
plate); (3) the material sample X; (4) a second linear retarder R2; (5) a second perfect
polarizer P2; and (6) a detection of light intensity and processing device D.
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Figure 1. General structure of a dual-rotating retarder Mueller polarimeter. The polarization state
generator (PSG) is constituted by the light source (L), which provides a collimated beam, a perfect
linear polarizer (P1), and a rotating linear retarder (R1). After emerging from the PSG, the light probe
is incident on the sample (X), in general depolarizing, whose Mueller matrix is under measurement
(by refraction, reflection, scattering, etc.). The polarization state analyzer (PSA) is constituted by a
second rotating linear retarder (R2), a second perfect linear polarizer (P2), and the detection and
processing device (D), which also controls, through the appropriate electro-mechanical gadgets, the

relative positions of PSA, X, and PSG, as well as the respective rotations of R1 and R2 at different
angular velocities.

As shown in Figure 1, the different elements are arranged along the propagation
direction of the light probe, in such a manner that the set L, P1, and R1 constitutes the
so-called polarization state generator (PSG), while the set R2, P2, and D composes the
so-called polarization state analyzer (PSA). To produce a periodic intensity signal contain-
ing complete information of the Mueller matrix M of the sample X under measurement
(in general depolarizing), both linear retarders rotate with respective constant angular
velocities w; and wy = R wy (R being a rational number whose appropriate values will be
analyzed). The unknown M determines the shape of the periodic intensity signal and is
calculated from the Fourier analysis of said signal.

Since the signal is processed through a discrete number of intensity values distributed
along a single cycle of the detected signal at equal intervals, the rotation can be produced
either by continuous rotation of R1 and R2 or by step-by-step motion operation.

Leaving aside possible disturbances (errors), the shape of a cycle of the intensity signal
depends on the following parameters: the relative angle 6, of the transmissions axis of P2
with respect to that of P1 (taken as the reference for the angles of the components and the
sample); the relative angles a1 and a5, at instant zero (taken as the origin of the cycle), of
the fast axes of R1 and R2 with respect to the orientation of the transmission axis of P1; the
retardances, A and A,, of the linear retarders R1 and R2; and the ratio R (whose feasible
values will be discussed from the general framework presented in this work).

Furthermore, according to certain realistic experimental configurations, the linear
retarders can be considered imperfect, or non-ideal, in the sense that they exhibit respective
linear diattenuations, in such a manner that they behave as diattenuating retarders [5,6],
with respective diattenuations D; and D;. Obviously, there are many other physical
phenomena causing depolarization and other imperfect aspects of the behavior of the
retarders, which are not considered in the parameterization used in this work [7]. The
Mueller matrices associated with polarizers and retarders will be described in the next
sections together with the formulation of the detected intensity signal.

Obviously, the above-indicated parameters are considered fixed (achromatic) for the
whole spectral profile of the light probe, which should be narrow enough for that purpose. It
should be stressed that the measured Mueller matrix corresponds to the linear polarimetric
response (either depolarizing or not) of the material sample for each specific spectral profile
of the light probe. In addition, different measurements can be sequentially performed
for different central frequencies of the light probe, leading to spectroscopic polarimetry.
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Moreover, the position and relative orientation of the sample itself can be varied, producing
different measured Mueller matrices. In particular, imaging polarimetry is a very fruitful
technique, which is realized when the spot-size of the light probe maps a spatial area of the
sample, and then different quantities derived from the Mueller matrices are represented,
producing respective images.

Since the present work is focused on general features of dual-rotating retarder Mueller
polarimeters, which despite being currently widely used, have a relatively long history, it
is worth briefly mentioning the most notable successive contributions that have been made
over time.

After a series of valuable contributions where rotating retarders were considered as
components of Stokes or Mueller polarimeters [8-13], a first theoretical description of a
dual-rotating retarder with equal ideal quarter-wave retarders (A; = Ay, D1 = Dy =0)
was presented by Azzam [14]. Then, Hauge formulated the equations for a dual-rotating
retarder with imperfect retarders affected by certain associated diattenuation and a ratio
of angular velocities R = 5/1 [15], which is the most common choice for this kind of po-
larimeters [16]. Nevertheless, as discussed in further sections, other ratios can alternatively
be used. It should be noted that ratios R = a/b and R = b/a (a, b being appropriate
natural numbers) lead to entirely equivalent results, and therefore, for the sake of simplicity,
without loss of generality we are using the convention R = a/b with a > b (i.e., the rotation
of R2 is faster than that of R1).

An experimental dual-rotating retarder polarimeter was developed by Gil and Bernabéu
in 1979 [17,18], with R = 3/2, leading to fifteen independent Fourier coefficients that allow
for the measurement of Mueller matrices with fewer than sixteen independent elements,
as occurs, for instance, for Mueller matrices containing certain zero elements, or being
symmetric, or being nondepolarizing (also called pure Mueller matrices, defined as those
that do not decrease the degree of polarization of incident totally polarized light in either
forward or reverse direction [1]).

An improved complete and absolute Mueller polarimeter with imperfect retarders,
self-calibration procedure, and R = 5/2 was then built by Gil and Bernabéu in 1983 [19].
Many other experimental versions with R = 5/1 have been developed, starting with the
one due to Goldstein in 1992 [16]. A large number of similar or alternative Mueller and
Stokes dynamic polarimeters, and related matters, were also reported over time [20-50].

A number of interesting approaches for the error analysis in dual-rotating retarder
Mueller polarimeters has also been published [51-62], including some relatively recent
ones, which show the interest provoked by this type of polarimeter despite the time elapsed
since its appearance. It is worth also mentioning the successive contributions to partial
Mueller polarimetry [63-66], which is applicable to some kinds of samples, especially
nondepolarizing ones.

This work deals with a general formulation of dual-rotating retarders with arbitrary
configuration parameters (R, A1, Ay, D1, Dy, a1, &3, 6;), which is described and discussed
through the following sequence of sections.

The mathematical formulations and notations used for the Mueller matrices describing
the polarimetric behavior of the polarizers and retarders of the polarimeter are introduced
in Section 2.

Section 3 is devoted to the mathematical description of the Fourier coefficients of
the measurement intensity signal, which can easily be determined, for instance, through
computerized discrete fast Fourier transform of such a periodic signal and that allows for
obtaining the elements of the Mueller matrix of the sample under measurement in terms of
(1) the said Fourier coefficients and (2) the configuration parameters, including ratio R.

Section 4 describes the self-calibration operation mode, together with the correspond-
ing structure of the Fourier coefficients, leading to the general expressions for the effective
values of the configuration parameters (for any given value of R), as well as the overall scale
coefficient introduced by the instrument, which allows for further complete measurements
of the Mueller matrices of the samples (in general depolarizing), including the value of
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the mean intensity coefficient (absolute Mueller polarimetry), whose knowledge is critical
for the physical realizability of possible serial or parallel decompositions of the measured
Mueller matrices [67-70].

Leaving aside the fact that the self-calibration mode provides the effective values for
the configuration parameters of the polarimeter, some advisable procedures to be realized
prior the self-calibration are described in Section 5. The self-calibration for the common
and particularly interesting case where both retarders are equal is described in Section 6.
Section 7 is devoted to the comparative analysis of the most convenient choices for the
ratios of angular velocities, namely, R = 5/2 and R = 5/1. Section 8 deals with an example
of experimental polarimeter designed with speed ratio R = 5/2. Finally, the main results
are summarized and briefly discussed in the Conclusions section.

2. Mueller Matrices of the Polarizers and Retarders of the Polarimeter

As described in the Introduction, the dual-rotating retarder Mueller polarimeter in-
volves a polarization state generator (PSG) containing a fixed linear polarizer and a rotating
retarder, as well as a polarization state analyzer (PSA) containing a second rotating retarder
as well as a second linear polarizer.

Since polarizers with a very high extinction ratio can be easily achieved in the mar-
ket [71,72], both polarizers of the polarimeter can be modeled through perfect linear
polarizers, whose Mueller matrices have the form [1]:

1 cos 26; sin 20; 0
oy _ Gi| cos26; cos? 26; sin26;cos20; 0
Mpi(q;, 0i) = 2 | sin20; sin26; cos 20; sin® 26; 0

0 0 0 0

where g1 and g are the respective maximal intensity transmittances associated with the
fast (or slow) transmission axes of P1 and P2, while 6; and 6, represent the orientations
of the respective transmission axes with respect to a given laboratory reference axis
X, so that Mpi(gq1,61) and Mpy(g2,6,) are the Mueller matrices associated with P1 and
P2, respectively.

Since g1 and g, appear as global coefficients in the expression of the intensity signal
reaching the detector, the specific vales for q; and g, do not take place in the measurement
of the Mueller matrix M of the sample. Therefore, for the sake of simplicity and without
loss of generality, the Mueller matrices of both polarizers will be taken with q; = g2 = 2.

Regarding the retarders R1 and R2 contained in the PSG and PSA, respectively, they
will be considered as non-ideal (or imperfect), in the sense that they behave as diattenuating
retarders exhibiting a certain amount of diattenuation associated with the transmission
of intensity for linear polarized states of light that propagate aligned to the fast and slow
axes of each retarder [5,6,73]. Such a behavior is realistic because of the very principle that
is utilized to bring about differential retardation and, in particular, the multiple internal
reflections phenomena producing certain linear diattenuation of retardation plates [74].

The generic matrix of a linear diattenuating retarder whose fast axis is oriented at
angle ¢ with respect to the reference laboratory X axis, with retardance A and principal
transmittance coefficients p7 and p3, has the form [19]:

MgL (¢, A, moor, D) =
1 Dcyy Ds», 0
. Dcyy cg(P + KCAS%(P (1 —Kcp)s2pc2p —Ksaszg
00R Dsyg (1- KcA)szq,cz(P s%q, + KCACi{, K'spcg ’ 2)
0 K SAS2¢ —K SAC29 Kcp
2 2 2_ 2
Moo = Prg!’z’ D=PFiFh g_ 2pipa 1- D2, p1>po

ot it
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where the abbreviated notations ¢, = cose, s = sine have been used for the angles
appearing in the above expression, while D and K are the diattenuation and the counterdiat-
tenuation [1] of the linear retarder, respectively. As with the Mueller matrices of polarizers
P1 and P2, the MICs mggr; and mqory of retarders R1 and R2 can be taken to be equal to
1 without loss of generality (as we will see in Section 4, the effective overall coefficient, or
scale, affecting the intensity signal can be calculated through the calibration procedure and
therefore it does not take place in the calculation of the unknown M).

According to the usual convention in other related works, Mueller matrices normalized
to have mgy = 1 will be denoted as M, so that the non-ideal retarders R1 and R2 will be
represented by respective Mueller matrices denoted as Mgy (¢;, A;, D;)(i = 1,2), where
@i = a; + w;t; w; are the respective angular velocities of the retarders, while «; are the
respective angles at the time reference, t = 0.

3. Fourier Structure of the Measurement Intensity Signal

The Mueller matrix My of the serial combination of the components of the PSG (P1
and R2), the material sample (X), and the polarization devices of the PSA (R2 and P2) is
given by:

M) = Mpy(62)MRgpa(aa + Rwit, Ay, Do) Mg (a1 + wit, Ay, D1)Mpy (61), 3)

where a generic ratio R = w;/w; between both angular velocities of the retarders
has been introduced. The angular reference convention 6; = 0 will be taken for the
subsequent calculations.

After passing through the first polarizer, P1 (with 6; = 0), and regardless of the state of
polarization of the light beam emerging form the light source (with associated Stokes vector
denoted as sy ), the state of polarization of the light probe is fixed as linearly polarized
oriented at 0°, with the associated Stokes vector:

s; = Mp1(0)s; = 0(1,1,0,0)" [0 =510 +511]. @)

Again, since the scale coefficient v will not take place in the final results, we will take

the normalized Stokes vector §; = (1, 1,0, O)T, so that the Stokes vector s of the light probe,
just before falling on the detector, is given by:

S = M[ §1, (5)

and, therefore, the detected intensity signal I(t) = so(t) is determined by the first compo-
nent, sy, of s.

By using the general expressions for the Mueller matrices involved in Equation (5) as
well as some trigonometric relations, the explicit form of I(¢) can be obtained as a function
of the unknown elements m;; of M (in general depolarizing) and the set of parameters
(R,A1,02,Dq,Dy,a1,02,60,,1), | being the overall scale coefficient to be calculated through
the self-calibration process described in Section 4.

To do so, and due to the complexity of the algebraic expressions, the abbreviated notations
c; = cos T, s; = sin T; are used for the following angles appearing in further expressions:

T = 292, 73 = 2061, T = 4061,
5 = 20, T6 = 2(ap — 62), 7 =2(2a2 — 02),
T3 = 2(a1 +ap), T9 =2(ag +ay —60y), Ti0 = 2(aq — ap),

1 =2(0 —ax +62), T2 =2(2a1 +a2), T3 = 2(201 — a2), (6)
T4 = 2(20&1 +ap — 92), T15 = 2(2&1 — 0 + 92), Ti6 = 2(20&1 + 20 — 92),

Tiy = 2201 — 200 + 67), Ty = 2(aq + 205 — 92), Tyg = 2(aq — 205 + 67),

Ty = 2(—2&1 + 92), T = 2(—061 + 92),
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while the following set of auxiliary parameters is also defined:

t1=1/2+KjcosAq, th=1/2+KycosAy,
di=1/2—KjcosAy, dp=1/2—KycosAy, 7)
v1 = Ky sinAq, vy = Ky sin A.

In addition, by considering the scale [ affecting the measured intensity signal and de-
noting the scaled Mueller elements as mg]- = | m;j, the following set of auxiliary parameters
is defined:

hy = Dy [m{y + mly + tacom’y + tacomyy + tasamby + tasymb |,

hy = Dymyy, + vimgs + tyDicom’, + tavicaml sy + b Disomy, + +trv15mmls,,
hy = dym{y, + tadicomlyy + tadisamly, hy = dym{, + tadicomy, + tadysomb,,
hs = Da(myy+timyy), he = Da(my, + timy,),

hy = Da(mpg + timpy ), g = —z (g + hmsy),

hg = DD, (m)y +m}y), hig = Dy(Dymly +vymiy),

h11 = D1D, (mhy +mby), hip = Dy(Dymby + vimby,),

Iz = D1Ds (mpg +mgy), Ia = Da(Damgy + v1mgg), ®)
his = —Dyvy (mhy + mYy,), he = —va(Dimly + v1vamby),

h7 = d1Dymy,, Mg = d1Dymi,, hig = d1Domy, hog = d1Dymy,

ho1 = diDamyy, hyp = diDymyy,,  hyz = —divpmlyy, hpy = —divamy,,
hos = dy (mig +timyy), g = do (o + timy, ),

hy7 = dydymtyy, hog = didaml,, hag = dydamy,, h3g = dydams,,

h31 = Dridy (m}y + mly), hsp = do(Dramiy +v1mis),

hsz = Dydy (mhy +mby), has = do(Drimby, + vimidy).

Then, by applying trigonometric relations and grouping terms at different frequencies,
the measured intensity signal can then be expressed as:

I(t) = A+ Bysin2wqt + Ap cos2wit + Bysindwyt + Ay cosdwnt
+Bor_48in(2R — 4)wqt + Arg_4 cos(2R — 4) w1 t
+Bor_28in(2R — 2)wyt + Azr_p cos(2R — 2) w1 t
+Byr sin2Rwqt + Ajg cos 2Rwq t

)

+Bor+asin(2R 4 4)wyt + Apri4cos(2R + 4)wq t ©9)
)
)

+
os]
iy
]
-
)
L.
3-8
B~
=
I
B
g
-
g
+
N
i
S|
-
o)
@]
A/(f\/—\/\
B~
=
I
B~
e
oy
——

+Byg sin4Rwqt + Ayg cos4Rwqt
+Byriosin(4R + 2)wit + Agrio COS(4R + Z)Ct)lt
+B4g14a Sil"l(4R + 4)6011’ + A4Rr14a COS(4R + 4)(4)11’
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(R representing the speed ratio) so that the Fourier coefficients can be expressed as follows
in terms of the above defined auxiliary parameters:

Ag = mpyy + tymjy + tacomly + titacom’y + tasamlby + trtasymly,,
By = hacs — hyss,
A = hycs + hass,
By = hgcy — h3sy,
Ay = h3cq + hysy,
Bor—a = 3[(h17 + h2o)s13 + (h1o — hag)c1s + (ha1 + hoa)sis + (haz + hoo)cis),
Asr—s = 5[(l1g — h19)s13 + (17 + hag)e1s + (hoz — ha3)s1s + (ha1 + hos)crs),
Bor—2 = 3[(h13 + hie)s11 + (h1s — hua)enr + (ho + hin)sio + (hi1 — hao)eiol,
Asr—2 = 3[(h1a — h1s)s11 + (13 + hig)enr + (o — hi1)s10 + (ho — h12)c1o),
Bor = hecs — hsss + hsce — hyse,
Aor = hsc + hgss + hycg + hgse,
Brir = %[(hm —h13)s9 + (h14 + h1s)co + (h12 — ho)sg + (h1o + h11)cs),
[(h1a + h15)s9 + (h13 — h1g)co + (h1o + h11)ss + (ho — h1p)cs), (10)
Barya = 5([(h20 — h17)s12 + (h1g + Mg )c1o + (hog — ho1)s14 + (hoo + haz)c14]
Ajria = 5[(Mig + h19)s12 + (h17 — hag)c1z + (Moo + h23)s14 + (ho1 — hog)c14]
Byg—4 = 3[(ha7 + h3o)s17 + (h2o — hos)cr7),
Agr—a = 3[(hos — ha9)s17 + (ha7 + h3o)c17],
Byr—2 %[(h31 + h34)s19 + (h3z — h32)cr9),
Asr—2 = 3[(h32 — ha3)s19 + (h31 + haa)cro),
Byr = hogc7 — hossy,
Ayr = hosc7 + hogsy,
Bigio = 3[(has — h31)s1s + (hzo + b3z )cas],
Asrso = 3[(h32 + haz)s1s + (ha31 — haa)cas),
Birta = 3[(h30 — ha7)s16 + (hos + ho9)cie),

$(h30 — haz)s16 + (hos + hao)cie)-

Ary2 =

T Ll NS

Agri4 =

As indicated above, the polarimeter can equivalently operate either with wy > w;
(R>1)orw; >w;y (R <1),and the convention R > 1 can be adopted without loss of gen-
erality. Thus, for the indices of the Fourier coefficients of the measurement intensity signal
to be natural numbers (as required for the consistency of the approach presented) the speed
ratio R must satisfy the necessary condition that 2R is a natural number (2R =2,3,4,5...),
which ensures that the Fourier spectrum of the measurement intensity signal is composed
of characteristic discrete and finite frequency lines [14]. Equation (10) shows that the cor-
responding shape of the intensity signal depends on the sample, the ratio R, and the rest
of configuration parameters (A1, Ay, D1, Da, a1, a2, 62,1), but in practice it is also affected
by different types of systematic and random sources of errors (a brief comment on certain
practical aspects of errors is included below).

Moreover, by accounting the number of Fourier coefficients in Equation (10), it follows
that the maximal number of them (nonzero-valued) is 25 (12 harmonics in sines and cosines,
plus Ap), while for certain values of R (for instance R = 5/1 and R = 5/1) the number of
effective Fourier coefficients is smaller than 25.

In general, complete Mueller polarimetry requires that the number of nonzero Fourier
coefficients exceeds 16, which is the number of independent elements of a generic depo-
larizing Mueller matrix to be calculated. By combining the above-indicated requirements,
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it is straightforward to find that the values of R should be taken from one of the series
R=5/1,6/1,7/1,8/1,9/1...R=5/2,7/2,8/2,9/2. ...

As described in Refs. [17,18], the case R = 3/2 is amenable to particular but consistent
analysis, giving up to 15 nonzero Fourier coefficients, which in general is not sufficient for
complete and absolute Mueller polarimetry of arbitrary depolarizing samples.

The calculation of the 2N + 1 Fourier coefficients, N being the number of harmonics
taking place in the Fourier structure of the measured intensity signal, can be performed,
for instance, by means of computerized discrete fast Fourier transform (DFT). Thus, in
general, a minimum number of 2N + 1 data points uniformly distributed along a registered
cycle of the intensity signal is required to recover the complete set of Fourier coefficients.
As shown in [17], for a well-conditioned polarimeter, the use of a number of data points
2M + 1, with M > N, does not necessarily lead to substantial improvements in the
measurement accuracy.

While random errors can be strongly reduced through isolation of the polarimeter
from mechanical, thermal, and optical perturbations, along with appropriate configuration
of the stability of the light source and detection system, the systematic errors are usually
more critical from the point of view of the accuracy of the instrument.

By inverting Equation (10), the Mueller elements m;; can be calculated as follows from
the measured Fourier coefficients and in terms of arbitrary values for the configuration
parameters R, 0, a1, a2, A1, Ay, D1, Dy, I:

myy = (B4R 4517 + A4r—4¢17 — Baria 516 + Aar44Ci6),
My = 2 L~ (Bar 4517 + Asr—4 €17 + Bar 14516 — A4r 14 C16),
Ny = 2 L (Bar—4¢17 — Aar 4517 + Bar 4 C16 + Aar14516),
myp = ( Byr—4c17 + Agr—4517 + Bar14C16 + A4r14516),
mig = 5 [( Bag s7 + A4r C7)/l — tldzmn]
Moy = 2[(B4R c7 4+ A4r S7)/l - t1d2m21]
mor = g-[(—Basy + Agca) /1 — tady (camy + spman )],
mep = 5117[(34 ¢4+ Agsy)/1 — tady (camip + s2m22))],
mi3 = 5 [2(=Bar -2 19 + Asr—2519) /1 + Dida(imag + may — mip)]
= %[2 Byr+a €18 + Aart2s18) /1 — Dida(mao + may + maa)],
M3 = L[2 Byr—2519 + Agr—2c19)/1 — D1dy(mig + my1 + mpp)]
= 55 [2(Bar 2518 — Asr2 €1g) /1 — Dida(—mg — muy + ma2)), (1)
mszy = L{2 B2R+4 Clq4 — A2R+4 514) Dzd] [(mzz - m11)52 + (m2l + le)CZ + mOZ]}
= ﬁ{ —Bor_4 15 + Agr—4515) /1 — Dody [(my1 + map)sy + (myp — moy)ca + mpa]},
M3y = ﬁ{ —Bori4 514 + Asriacia)/1 — Dody [(Wll] - ﬂ’lzz)Cz + (m21 +mip)s2 + mOl]}
= ﬁ%{ —Bor—4515 — Aor—4C15) /1 + Dody [(my1 + mop)cp + (moy — myp)sy + mpq]},
M3 = 5-{(—Bar ¢ — Azr s6) /1 + Da[(camag — samag) + t1(comar — samn)] — v },
moz = %[(32 3+ Az s3) /1 — Dymgy — tavq(camyz + samaz) — taDy(camin + spmaa)],

mog = Ao/l — timgy — ta(comyg + sampg) — tita(camyy + samay),

m33 = 7102

2(—=Bar4+259 + Agry2€9) /1 — Dyvamzy 4+ Dovq (camgg — samy3) }
—D1 Dy [mgo 4 mo + sp(1ma0 + mip1 + myp) + ca(myg + myy — my)]

2(—Byr—2511 — Aar—2¢11) /1 — Dyvamzy + Dovq (campz — samyz) }

+D1Dy[mgg + moy + s5p(mog + moy — myp) + co(myg + myq + my)]



Dynamics 2023, 3

258

Note that, provided that the retardances of the rotating retarders are far enough
from conditions sinA; = 0 and sinA; = 0, the quotients in the above equations are far
enough from zero (values close to Ay = Ay = 71/2 constitute an appropriate choice, for
instance). Moreover, due to redundancy of the available equations to isolate m;; (25 Fourier
coefficients versus 16 unknown Mueller elements ), the elements my3, mo3, m31, m3p, and
ms3 have been calculated from two alternative expressions. Some other choices are also
possible, but they do not give any advantage over Equation (11).

The above equations solve the problem of determining the elements m;; = m; j /1 of
the Mueller matrix under measurement from the measurable Fourier coefficients of the
detected intensity signal, provided the configuration parameters of the polarimeter are
previously known.

Despite the fact that the configuration parameters correspond to the specific design of
the polarimeter and that they are under the control of the operator of the instrument, for any
given appropriate value of the speed ratio R, the effective values for Ay, Ay, D1, Dy, a1, a2, 65,
and [ can be measured through a self-calibration procedure described in Section 4.

Obviously, simpler equations for the above isolated Mueller elements and for the
self-calibration general procedure described in the next section, can straightforwardly be
obtained for different specific values of R and for certain particular cases as, for instance,
when both retarders are equal (A1 = Ay, D1 = D;), or when the retarders behave as perfect
(Dy = Dy = 0), etc. (see Section 6).

4. Self-Calibration Procedure

For any given specific value of the ratio R, self-calibration refers to the procedure to
determine the effective values of (1) the orientation angles a1, &, 67; (2) the scale coefficient,
I, affecting the detected and processed intensity signal, and (3) the retardances A, A, and
diattenuations Dy, D, of both rotating retarders. This can easily be performed by arranging
the polarimeter in direct transmission (Figure 2) with no sample under measurement, so
that then the Mueller matrix M corresponds to the air covering the volume between both
rotating retarders, which corresponds exactly to the identity matrix, M = I [15,16,19].
Consequently, the Mueller elements ;; can be considered as known data in the equations
describing the polarimeter intensity signal, and therefore the configuration parameters can
be obtained from the Fourier analysis of the said signal.

z
B D

M, al+a)1t AI,D a +Raoyt, A, D

Figure 2. Self-calibration operation mode of the dual-rotating retarder absolute Mueller polarimeter.
PSG and PSA are arranged in direct transmission, while no sample is located in the intermediate
position. Through the Fourier analysis of a cycle (or an entire number of cycles) of the calibration
intensity signal, the configuration parameters of the polarimeter, including the overall scale coefficient
introduced by the detection and processing system, are obtained.

It is remarkable that, since this procedure provides the scale parameter [, the Mueller
matrices obtained through the measurement mode are determined completely, including
the MIC myy, so that all the sixteen Mueller elements of M are measured, free of any
scale factor.

Thus, in contrast to certain polarimeters that provide the normalized Mueller matrix M
of the sample (with the MIC fixed at mgy = 1 regardless of its real value), this kind
instrument is called absolute Mueller polarimeter. Note also that, beyond its intrinsic
significance, the importance of the obtainment of m1py comes from the fact that it is critical to
explore the physical realizability of serial and parallel decompositions of M, so that certain
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equivalent systems should be consequently discarded because of the impossibility that they
match the real parallel or serial constituents of the sample [67-70,75-77].

The first step to formulate mathematically the self-calibration of the polarimeter is to
setM =IIin Equation (10), which leads to:

Ao = 1(1+ titaca),

By = ID1(—s3 + tas21), A = 1D1(c3 + taca1),

By = Itady s, Ay = Itrdycn,

Bor—4 = IDrd1813, Azr—4 = IDadqcy3,

Bor—2 = 31(D1DRa — v102)s11 + ID1Das10, Azr—2 = 21(D1Dy — v102)c11 + D1 Dacyy,

Bor = *lDz(t155 + 56), Arr = lDz(t1C5 + C6), (12)
Bogrso = —31(D1D; + v10)s0, Asrio = 31(D1D2 + v102)c9,

Boria =0, AR+ =0,

Byr—4 = ldydzs17, Agr—4 = ldrdrcyz,

Byr—2 = ID1d3s19, Agr—2 = ID1dacy9,

Byr = —It1dssy, Agr = Itydrey,

Biry2 = Asry2 = Barysa = Agrya = 0.

From the above algebraic expressions of the Fourier coefficients of the self-calibration
intensity signal, the following set of auxiliary angles is determined:

x1 = 2(aq + ap — 0p) = arccot(—Axrt2/Bor+2),
Xy = 207 — 200y + 6, = arccot(Agr_4/Bar_4), (13)
x3 = 2(2ay — 6y) = arccot(—A4r/Bar),

where the numerical calculation of the ratios between Fourier coefficients is not critical
because, on the one hand, the algebraic expressions of numerators and denominators are
free of global factors close to zero (i.e., free of coefficients such as D; or D,), and, on the
other hand, the denominators are far enough from zero when the initial configuration of
the polarimeter (prior to the self-calibration procedure) is arranged with typical values
a1 ~0,a ~0and 6, =~ /4.

Since the parameters [, t1, t>, d1,d2, D1 and D, are nonnegative, the angles x; are then
placed in their respective quadrants in accordance with the signs of the Fourier coefficients
from which they are determined. The set of orientation angles is then obtained as:

a1 =x2/2+x3/4, ar=—x1/24+x2/2+3x3/4, 6= —x1+ x2+ x3. (14)

Note that all angular parameters 7; in Equation (6) are determined from the above equations.

Then, for the sake of simplicity of further expressions, the following additional set of
auxiliary parameters is introduced (again, free from the criticality derived from the use of
Fourier coefficients affected by factors close to zero such as Dq or Dy):

F= /B s+ Ay E=\BI+a} G=\By+ai (15)

so that the instrument scale coefficient is given by:
GE
l=Ay— 5 €0s 20;. (16)
When the intensity of the calibration signal is zero, the electronic device may introduce

certain signal threshold, in such a manner that a constant level, C, affects the whole signal.
In such a case, this constant should be subtracted from A in Equation (16).
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The effective diattenuations and retardances exhibited by the retarders can finally be
calculated as follows:

Dy = —Bycos2 (—ay+6p)+Apsin2 (—aq+6,) 92 7£ 0, 7T/2
1= I'sin 26, ith
D, — Bygr cos2ay +Apg sin2ap wit 4
2= Tsin26, 0<6 <
_ 1 G-F (17)
CcOs Al — ]—D% G7+F’
= 1 E-F
cos Ay = D2 FTF

As indicated, the above equations exclude the values 8, = 0, 7t/2, and, to avoid critical
denominators, it is advisable to use the intermediate values of 0, that are far from 0 and
7t/2 (for instance, 6, = 7t/4). For the sake of simplicity and control of the instrument, it is
also generally advisable that the orientations (at time ¢ = 0) of the retarders be taken so
as to satisfy a; ~ 0 and ap ~ 0. This is particularly easy to do through a pre-calibration
method described in Section 5.

Once the calibration has been performed, the configuration parameters can be in-
troduced in the Expressions (11) for the elements mij of the measured Mueller matrix M.
Obviously, it is recommended to perform the calibration procedure from time to time
(to check the effective values for the angles a1, a,67) and especially if the retarders are
replaced. An interesting quality test can be realized by inserting into Equation (11) the
values of the Fourier coefficients as well as those of (A1, Ay, D1, Dy, a1, 12, 60,1) obtained
through the calibration, and then comparing the Mueller matrix given by Equation (11) to
the identity matrix. The distance between both matrices (experimental and theoretical) can
be calculated, for instance, as the Frobenius norm ||M — I||;, which provides an appropriate
overall measure of the precision of the instrument.

5. Pre-Calibration Procedures

Leaving aside the fact that the self-calibration provides the effective values for the
configuration parameters of the instrument, it is obviously advisable an appropriate (at
least approximate) previous adjustment of the orientation angles w1, ap, 0 as well as the
independent measurement of the diattenuations D; and Ds.

The determination of D1 and D; can be performed through the following steps:

1. Taking the orientation angle of P1 as the angular reference (6; = 0), remove both
retarders and rotate P2 until the intensity reaching the detector is closest to zero
(provided a proper arrangement of the polarizers, orthogonal to the direction of the
light probe, the extinction coefficient should be extremely low).

2. Insert R1 and rotate it until the extinction arranged in the previous step is preserved.

This ensures that either the fast or the slow axis of R1 is aligned to the transmission

axis of P1,i.e., a7 =0, 71/2.

Rotate P2 and putitat 6, = 0.

Measure the intensity, I;, reaching the detector.

Apply a rotation of +77/2 to R1.

Measure the intensity, I, reaching the detector.

In accordance to the expressions for the transmittances associated with the fast and

slow axes of waveplates (see Equations 3.1 and 3.2 of Ref. [74],), if I > I the fast axis

of R1 is now oriented at 71/2 with respect to 6; = 0 (a3 = 71/2). Otherwise (I; > L),

R1 is actually aligned to 6; = 0 (aq = 0).

8.  Calculate D7 by means of D1 = (1 —r1)/(1+r1), where r1 = Inin/Imax, with
Imax = max (I, ;) and Iyyn = min (I3, ).

9.  Apply to the second retarder, R2, the procedure described above, so that the ori-
entations of the fast axes of R1 and R2 as well as their diattenuations have been
determined.

N oUW
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Despite the fact that, for ideal or high-quality retardation plates, the equality I; = I,
(D = 0) is satisfied with good approximation, in general the measurement of D; (D) can
also be easily realized by analyzing the extremal values of the intensity signal obtained
though continuous rotation of R1 (R2).

Once the polarimetric behaviors of R1 and R2 (for the given central frequency and
bandwidth of the light probe used) have been determined, the polarimeter can be arranged
through a procedure such as, for instance:

1. Taking the orientation angle of P1 as the angular reference §; = 0, remove both
retarders and rotate P2 until the intensity reaching the detector is minimal (zero), i.e.,
62 =TT / 2.

2. Insert R1 with its fast axis oriented approximately at a; ~ 0; then slightly rotate it
until the extinction of the intensity signal is preserved, so that a1 = 0.

3.  Insert R2 with its fast axis oriented approximately at a, ~ 0; then slightly rotate it
until the extinction of the intensity signal is preserved, so that ay = 0.

4. Rotate P2 and putitat 8, ~ rr/4. Thus, the orientations arranged ensure the stability of
the equations for both the self-calibration and Mueller measurement operation modes.

Another important aspect regarding the pre-calibration stage is that small tilts of the
planes containing the retardation plates, producing undesirable lack of perpendicularity
with respect to the direction of propagation of the collimated light probe beam [60] lead
to slight differences between consecutive cycles of the self-calibration intensity signal.
Therefore, the analysis of such possible differences is useful to identify the indicated source
of systematic errors and to address the corresponding adjustments in the polarimeter in
order to optimize its accuracy.

6. Self-Calibration of a Polarimeter with Equal Retarders

Since it is in general advisable to use retarders whose effective retardance for the light
probe is not far from 7r/2 (with achromatic behavior for the entire spectrum of the light
probe), and there is no advantage of using different retarders, a common and natural choice
is to take equal retarders (in general non-ideal), in which case the Fourier coefficients take
the forms:

Ag = l(l + tZCZ),

By, = ID(—s3+ tsp1), Ap =1D(c3 + tear),
By = ltdsy, Ay = ltdcy,
Bor—4 = IDds13, Azr—4 = IDdcy3,
Bor_p = Z(Dz — 02)51] /24 lDzslo, ApRr_p = Z(Dz — UZ)CH /2 + ZD2C10,
Bor = —ID(ts5+sg), Az = ID(tcs +cq),
242 2., .2 (18)
Boryo = —Z(D + o )89/2, A2R+2=l(D +o )C9/2,
Borta =0, Aorys =0,
Byr 4 = ld%s17, Ayr—q = ld%cyy,
Bygr—» = [Ddsy, Ayr—2 = IDdcyg,
Bygr = —ltdsy, Ayug = ltdcy,

Biri2 = Agry2 = Barysa = Agrya = 0.

Equations (13)—(17) become redundant, which does not prevent their use for the self-
calibration. Moreover, the Mueller elements of the material sample (measurement mode)
are given by Equation (11), but applying the equalities:

t=tp=t)=(14+KcosA)/2, d=dy=dy=(1—-KcosA)/2,
v =v1 = vy = KsinA, (19)
[KEK]:Kz, AEAlez].
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For certain theoretical comparisons and analyses, it is useful to have at hand the simple
mathematical expressions corresponding to the limiting case where both retarders behave
as perfect quarter-wave retarders, i.e., D1 = Dy = 0 with A = A} = Ap = /2. Then,

H=th=di=dy=1/2, v1=1v, =1, (20)
so that the Fourier coefficients take the simplified forms:

Ag=1(1+c2/4),

By = Isy0/4, Ay =lcy/4,
Bor—2 = —Is11/2, Azr—2 = —lc11/2,
Borio = —Is9/2,  Axr4z =1lc9/2, 1)
Byr—g = Is17/4,  Ar_4 =lc17/4,
Byr = —Is7/4, Ayr = lc7 /4,

By = Ay = Bop—4 = Apr—4 = Bor = AR = Bopya = Aoris = Byr—2 = Agr >
= Bar42 = A4ry2 = Bapya = Asrya =0,

while the effective orientations a1, ap, 8 can be calculated through Equations (13) and (14).
If, in addition, &y = ap = 0, 6, = 71/4. Then,
co=cy=c9g=cyy=ciy=0cp =0, sp=—87=—59 =511 =817 =580 =1, (22)

and consequently,

Ag=1, By=1/4, Bor2=—1/2, Bori2 =1/2, Bsr—4 =1/4, Byr =1/4,
0= By = Bor—4 = Bor = Bort4 = Bar—2 = Bary2 = Bapia =
Ay = Apr—2 = Agr—4 = Aor = Azrt2 = Aorta = Agr—4 = Agr2 =
Asr = Agry2 = Adrya.

(23)

7. Polarimeters with R = 5/1 and R = 5/2. Comparative Analysis

The number of nonzero Fourier coefficients of the measurement intensity signal I(t)
in Equation (9) (for arbitrary Mueller matrices under measurement) depends on the ratio
R = w »/w 1 of the angular velocities of the retarders R2 and R1. In particular, the choice
R = 3/2 provides fifteen nonzero Fourier coefficients, which are sufficient to retrieve the
Mueller matrix of a nondepolarizing sample [17,18] (nine independent parameters) or
certain specific kinds of samples (those having symmetric Mueller matrices, for instance),
but are insufficient to obtain the sixteen independent elements of the Mueller matrix of
an arbitrary depolarizing sample under measurement. Thus, values such as R = 5/2
or R = 5/1 (with the convention taken w; > wj) are required for a general complete
Mueller polarimetry, in which case the number of Fourier coefficients exceeds 16, and some
redundancy of information is produced (which does not imply any practical problem).

Moreover, the use of different retarders for R1 and R2 is not worth it, in general,
and therefore retarders with equal nominal retardance are commonly adopted for the
configuration of the polarimeter.

Prior to the analyses of the cycles of the intensity signals for different values of
R, it should be recalled that a rotation of an angle 7t of a retarder leaves its Mueller
matrix unchanged.

The particular choices R = 5/2, 5/1 require special attention because they are the
lower values leading to complete Mueller polarimetry. Regarding the speed of the measure-
ments, both ratios can be considered equivalent because the period of the intensity signal is
determined by two and half turns of R2 (wyt : 0 — 571) regardless of whether R = 5/2 or
R = 5/1, so that the cycle involves a half turn of R1 (wyt: 0 — ) whenR = 5/1,0ra
full turn of R1 (wqt: 0 — 27r) when R = 5/2. Thus, the period of a cycle is in both cases
T= 57’[/ wy.
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As for the self-calibration signals, the expressions for the Fourier coefficients for
R =5/2and R = 5/1 are shown below (equal retarders are considered in both cases).
Fourier coefficients for the calibration signal with R = 5/2:

Ay = l(l + t2C2),

Bl :lDd813, A1 :lDdclg,,

By :lD(—S3-|—t521), Ay :lD(C3+tC21),

B3 = I(D?* —v?)s11/2 + ID%s19, Az = 1(D? — v?)c11/2 + ID%¢yp,
By = 1td sy, Ay =1tdcy,

Bs = —ID(ts5 + s¢), As = 1D(tcs +cq),

2 2 (24)
B6:ld S$17, A6:ld C17,
B7:*Z(D2+02)59/2, A7:l(D2+02)C9/2,
BgZZDdslg, AgZZDdclg,

Bg =0, Ag =0,
Big=—lt1dzs7, A =1t dycy,
Bip = A1y = Big = A14 = 0.
Fourier coefficients for the calibration signal with R = 5/1:
Ay = l(l + t2C2),
By IZD(*S3+tS21), Ay ZZD(C3+tC21),
By =1td sy, Ay =1td cy,
BéZZDd513, AGZZDdclg,
Bg = 1(D?* —v?)s11/2+ ID%s19, Ag = 1(D* —v?)c11/2 + ID%cyy,
BlO = —lD(tS5 + 56)/ AlO = lD(fC5 + C6),
B12 = —l(Dz + 02)59/2, A12 = Z(Dz + 02)(19/2, (25)
By =0, A =0,
Big = [ d%s17, A1e =1 d%cy7,
BlBZZDdslg, AlBZZDdclg,
Byy = —1tdsy, Ay =1tdcy,

By = Ay = Boy = Apy = 0.

As indicated above, a complete measurement cycle is produced through a rotation
from a; to ap + 57 of R2, which corresponds to a half turn of R1, (from & to a1 + 7w when
R = 5/1), or a full turn (from a; to a1 + 271 when R = 5/2). As a consequence, the
odd Fourier coefficients of the calibration signal corresponding to R = 5/1 are zero, and
the replacement of w; by 2w; allows for re-labeling the indexes of the nonzero Fourier
coefficients, which then run until 10 instead of 20.

To illustrate the peculiarities and differences between the polarimeters configured with
R =5/2and R = 5/1, the respective shapes of simulated single cycles of the calibration
signals are represented in Figures 3 and 4.
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0 )2 p 37/2 2

Figure 3. Simulated single cycle of the self-calibration signal of a dual-rotating retarder Mueller
polarimeter with R = 5/2 and configuration Ay = Ay = n/2,0, = nw/4and D; = D, = 1/9.
w; represents the angular velocity of the slower rotating retarder.

1

ot

0 /4 72 37/4 T

Figure 4. Simulated single cycle of the self-calibration signal of a dual-rotating retarder Mueller
polarimeter with R = 5/1 and configuration Ay = Ay = /2,0, = /4, D1 = Dy =1/9.

It is remarkable that, contrary to what happens for R = 5/2, when R = 5/1 the shape
of an entire cycle of the calibration signal (0 < w;t < 77) exhibits two semi-cycles whose
slight difference depends exclusively on the value of the small diattenuation D of the equal
retarders R1 and R2. In fact, when D = 0, such a double periodicity is exact, while, as
shown in Figure 5, for relatively large values of D the calibration signal is far from such an
apparent double periodicity. This peculiar behavior of the calibration signal for R = 5/1
suggests certain criticality of the calibration process that is not featured in the case R = 5/2.

1

0 /4 72 37/4 7

Figure 5. Simulated single cycle of the self-calibration signal of a dual-rotating retarder Mueller
polarimeter with R = 5/1 and configuration Ay = Ay = /2,0, = /4, D1 = Dy =1/4.
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A complementary and useful view of the above self-calibration signals is provided
by their respective Fourier structures, i.e., the representation of the relative values of the
Fourier coefficients involved.

In both cases under analysis (R = 5/2, in Figure 6, and R = 5/1, in Figure 7) a
number of 13 nonzero Fourier coefficients arise, six of them being significant (far from zero).
Coefficients Al, Az, Bz, A3, A5, B5, Bg (when R = 5/2) and Al, Bl/ A3, A4, A5, B5, Bg (When
R = 5/1) are close to zero due to the small value of the diattenuation D of the retarders, and
they become zero for the ideal case when D = 0. In accordance to the calibration algebraic
expressions in Equations (13)—(16), such spectra are sufficient to calculate consistently the
entire set of configuration parameters A1, Ay, D1, Dy, a1, 22,0, 1.

1
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Figure 6. Fourier spectrum of the simulated self—calibration signal of a dual-rotating retarder Mueller
polarimeter with R = 5/2 and configuration Ay = Ay = 71/2, 6, = /4, D1 = Dy = 1/9 (the labels
of the Fourier coefficients correspond to multiples of the angular frequency wy).
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Figure 7. Fourier spectrum of the simulated self—calibration signal of a dual-rotating retarder Mueller
polarimeter with R = 5/1 and configuration Ay = Ay = 71/2,6, = /4, D1 = Dy = 1/9. (The labels
of the Fourier coefficients correspond to multiples of the angular frequency 2wy).
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The general Equation (11), giving the elements of the Mueller matrix M of the sample
under measurement, adopts the forms shown below when R = 5/2 and R = 5/1, respec-
tively, where the simple and practical condition that both retarders are equal is assumed
(Al :AQEAanle ZDzED)

Mueller elements for a polarimeter with R = 5/2 and equal retarders (the labels of the
Fourier coefficients correspond to multiples of the angular frequency wy):

1
my1 = 72 (Be s17 4+ Ag c17 — Biasie + A14.C16),
1

my = ;7 (Bes17 + Ag c17 + B1a 516 — A1a c16),

—

My = %(Bé c17 — Ag S17 + Bia c16 + A14516),
My = ld%( Bgc17 + Ag s17 + Bra c16 + A14516),
My = %[( Bigsy 4+ A1p C7)/l - tdleL

Mg = 3[(Bigcy + A1gs7)/1 — tdmyy],

moy = 3[—Basy + Agca/l — td(comiy + spmo)],
moy = 3[(Baca + Agsa) /1 — td(camap + spma)],

miz = 5[2(—Bscig + Ags19) /1 + Dd(mag + may — my2)]
= L[2(Bipc1s + A12s18) /1 — Dd(mog + mpy + my2)],

mys = L[2(Bgsig + Agcig) /1 — Dd(myg + myy + my)]

= 7[2(Bi2s18 — A1z c18) /1 — Dd(—mag — my1 + ma)], (26)
mz1 = 3{2(—Biscia — Aras1a) /1 — Dd[(ma — my1)sz + (ma1 + ma)ca + meo]}

= 3:{2(=Bg c15 + Ag s15) /1 — Dd[(m11 + mpp)sy + (m1z — may)ca + moo] }
mzy = +{2(—Biasia + Araca)/1 — Dd[(myy — mpp)ca + (mo + mya)sy + mp ] }

= +{2(—Bgs15 — Agc15) /1 + Dd[(m11 + mpp)ca + (may — ma)sz + moy]},

dv
mzp = %{(—B5 Ce — A5 56)/1 + D[Cz?’i’lzo — SpMqo + t(Cle21 — Szﬁ’ln)] — tUTH31 },
moz = 1[(Bacz + Az s3) /1 — Drimoy — to(comiz + spmopz) — tD(comip + sompn)],

mog = [Ag/1 — tmgy — t(camig + samapg) — t2(comyy + spmnn)],
e = 1 2(—B7s9 + A7 c9) /1 + Dv(—mszy + camas — samy3)
3 T ) —D2[moo + moy + sz (mag + Mo + myp) + ca(mg + My — may))

1 2(—33 11 — Asz 611)/1 + DU(—TH32 + compz — 52m13)
= 92 +D2[mgg + mgy + sp(mag + Moy — myp) + ca(myg + may + mp)]

Mueller elements for a polarimeter with R = 5/1 and equal retarders (the labels of the
Fourier coefficients correspond to multiples of the angular frequency 2w; instead of wq):
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my1 = ;5 (Bss17 + Ag c17 — Bias16 + A12 c16),

(

my = ix (Bg s17 + Agc17 + Brasis — A2 C16)

My = IL (BS c17 — Ag S17 + B12 C16 + AlZ 516)
(=

Mmip; = e Bgci7 + Agsiy 4+ Biacig + A1 516)/

myg = 2[(=Bigsy + Argcz) /1 — tdmyy],

myo = 3[(Bioc7 + A1gs7) /1 — tdmyy],

myy = 3[—Bysy+ Agca/l — td(comyy + symp)],
mop = L[(Bycy + Agsa) /1 — td(comip + sama)],

miz = 24[2(—Bg c19 + Ags19) /1 + Dd(mag + may — my2)]

= L[2(Byy c15 + A1 518) /1 — Dd(mog + may + mya)],
mys = 2[2(Bgs1g + Agc19) /1 — Dd(mg + myy + ma)]

= L[2(Byy 515 — A11 c18) /1 — Dd(—myg — myy + m2)],
{2(=B7c1y — A7s14) /1 —

= L{2(~Bsc15 + Ass15) /1 — Dd
mzy = +-{2(—Bysiuu+ A7c14)/1 — Dd

+{2(—Bss15 — Az c15) /1 + Dd[(my1 + ma)c

(27)
(mp — myq)sp + (myy + myp)ca + mpp
(m11 + 7’i’l22)s (
(my1 — map)cp + (my1 + myp)s2 + moy
( )ea + (

mzp = dl Dd| )

Dd| myp — Mo )C2 + Moy

Dd| )

T [ My — M12)82 + Moy
%{(—B5 ¢ — As56) /1 + D[campg — spmyg + t(comoy — spmyq)]| — tomay },

mo3 %[(BZ c3+ Azs3) /1 — Drimop — tv(camyz + spmps) — tD(camyp + spmao)],

mog = [Ag/1 — tmgy — t(camag + spmmag) — 2(comyy + s2mz1)],

msp =

T 1 2(—B6 s9 + Ag Cg)/l + DU(—TH32 + Coming — Szmlg)
P —D?[moo + moy + s2(mao + Moy + miz) + ca(mg + My — my)]
[moo mpy + Sz (M0 1+ Mp1 12 210 11 22
_ 1{ 2(—Bys11 — Agc11) /1 + Do(—mgp + comps — spmaz) }
+D? [moo + mo1 + sp(1m20 + Moy — mig) + co(myg + myq + ma)]

8. An Experimental Example of Absolute Mueller Polarimeter with R = 5/2

Since dual-rotation retarder Mueller polarimeters are usually realized with R = 5/1,
it is worth to briefly describe experimental results obtained through the less common
choice R = 5/2. Figure 8 reproduces an example of the experimental calibration signal of
the polarimeter designed by Gil and Bernabéu [19] and its comparison to the ideal signal
corresponding to the measured configuration parameters.

A

/

wt

0 )2 p 37/2 27

Figure 8. Experimental (dashed line) and ideal (solid line) single cycle of the self-calibration signal of
the Gil and Bernabéu’s absolute dual-rotating retarder Mueller polarimeter with R = 5/2 correspond-
ing to the measured configuration parameters, A} = 88.1°, A, =91.5°, D; = 0.015, D, = 0.010, and
relative angles ay = —28.5°, ap = —48.2°, 6, = 17.0° [19].
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Even though both retarders and polarizers used where made from simple commercial
Polaroid sheets, while the optical benches and other mechanical systems were somewhat
rudimentary, the theory-experiment adjustment was really good, which stresses the suit-
ability of the choice R = 5/2 and the use of non-ideal retarders.

As described in Ref. [19], each of the retarders R1 and R2 were synthesized from
respective serial combinations of two commercial waveplates [78] whose relative angles
were fitted to get A1 = Ay = 71/2 (note that the effects of both, mutually inverse, extra
rotators of such combinations were directly compensated leading to a neutral overall
effect in the calibration signal and an apparent rotation of the sample in the measurement
mode operation).

Many experimental results as well as technical details of this experimental setup can
be found in Refs. [17-19], including the continuous mode operation of the rotation of the
retarders; the light source; the calculation of the Fourier coefficients from the detected
intensity signal through a DFT algorithm based on standard procedures [79]; etc.

9. Conclusions

A general formulation for dual-rotating retarder absolute Mueller polarimeters with
imperfect retarders and arbitrary ratio of angular velocities of the retarders has been devel-
oped, including explicit expressions for the Fourier coefficients of the cyclic measurement
intensity signal as well as for the elements of the Mueller matrix of the sample under
measurement (in general depolarizing).

The self-calibration mode, based on direct transmission without sample, allowing
for the measurement of the effective configuration parameters of the polarimeter, namely
the retardances, diattenuations, and angles (at time zero) of both retarders; the angle of
the transmission axis of the second polarizer; and the scale coefficient introduced by the
detection and processing subsystem, is described for arbitrary values of the ratio between
the angular velocities of the rotating retarders.

The said calculation of the scale coefficient is a requirement for the absolute measure-
ments of the Mueller matrices of the samples; that is, instead of a normalized Mueller
matrix, all the sixteen Mueller elements, including the mean intensity coefficient (i.e., the
mean transmittance or reflectance) are determined. The absolute measurements are im-
portant because they provide criteria to check the physical realizability of serial or parallel
combinations of simple and passive components whose overall polarimetric behavior is
equivalent to that of the sample.

Some pre-calibration procedures have also been described, including the comparison
of pairs of consecutive calibration cycles as a way to check the perpendicularity of the
retardation plates with respect to the axis defined by the collimated light probe.

A comparative analysis of polarimeters working with the smaller ratios (5/2 and 5/1)
compatible with the measurement of the complete Mueller matrix of the sample has been
performed. A peculiarity of the ratio 5/1 is that, contrary to what happens for 5/2, a single
cycle of the calibration intensity signal contains two semi-cycles whose difference depends
exclusively on the diattenuations exhibited by the retarders.

Expressions for the most common case where both retarders exhibit equal retardances
and diattenuations, as well as some examples for the calibration signals obtained in different
configurations, are also included.

In summary, since rotating retarders are extensively used as the functioning principle
of many Mueller polarimeters, the results presented in this work provide a deeper insight
for the better configuration and use of dual-rotating retarder absolute Mueller polarimeters.
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