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Snapshot Mueller matrix spectropolarimeter
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We present a new snapshot technique for performing spectrally resolved Mueller matrix polarimetry. The
basic approach is an extension of the channeled spectropolarimetry technique, employing frequency-domain
interferometry to encode polarization information into modulation of the spectrum. © 2007 Optical Society

of America
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Mueller matrix polarimeters measure the complete
polarization properties of a sample in the context of
the Stokes vector formalism. Many such instruments
are designed for use with quasi-monochromatic illu-
mination, for reasons of calibration simplicity and
speed [1]. When spectrally resolved information is
also needed, a common approach is to use the same
instrumentation and simply step through the various
wavelength bands [2]. This trades off temporal reso-
lution for chromatic information and introduces the
inconvenience of using scanning hardware (such as
rotatable mounts).

We present a snapshot method for performing spec-
trally resolved Mueller matrix measurements of a
sample, which avoids these difficulties. By use of
frequency-domain interferometry, instead of a tempo-
ral resolution trade-off, we can trade with spectral
resolution to achieve a complete measurement. By
“snapshot” we do not mean to imply fast, since mono-
chromatic systems are typically far faster. Rather, we
mean that the complete measurements can be taken
in a single integration period of a single detector ar-
ray, with no moving or active parts in the system.
The resulting instrument is potentially very compact.

The basic layout of the snapshot Mueller matrix
spectropolarimeter is shown in Fig. 1. The device con-
cept extends the method of channeled spectropola-
rimetry [3] to not only analyze polarized light, but
also to generate it [4,5]. The sample is thus illumi-
nated by a polarization state that varies spectrally,
allowing a simultaneous measurement of the output
polarization states of the sample for many input po-
larization states. If the Mueller matrix of the sample
varies only slowly with wavelength, then the mea-
surements will not overlap and can be accurately re-
covered.

Using the Mueller calculus to model the propaga-
tion of polarization states through the system, we
first write s;,(0) as the Stokes vector for the spectrum
of light incident on the first polarizer (c=1/\ is the
wavenumber). R,(6,,8,) represents the Mueller ma-
trix for the nth retarder element, with retardance &,
and fast axis orientation angle 6,. Likewise, P,(6) is
the matrix for the nth polarizer, with transmission
axis at angle 6. M is the Mueller matrix of the sample
itself. (Note that the quantities J, and m;; are func-
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tions of wavenumber o; to clarify the expressions, the
explicit dependence will not be shown.) The light in
front of the spectrometer is therefore given by

Sout(0) = Pz(OO)R4(45°, 54)R3(0°, d3)M

X Ry(0°,5,)R1(45°,8)P1(0)sip(0). (1)

Performing the matrix multiplications of Eq. (1), we
obtain an irradiance I(o)=s,, (o) at the spectrom-
eter of

sin,O(U)

I(o) = (Mmoo + Moy cos 8y +moy cos 8y sin &

+ M3 €COS &y Sin &) + My COS Oy

+ 1M1 €OS &1 COS &4 + M 19 SIN &y SIN 5, COS Iy
+ mq3 sin & cos Jy oS Oy + Mg Sin J5 sin
+ Mgy €oS &1 sin J3 sin &y

+ Mgy SIn & sin &, sin d3 sin

+ Mg SIn &7 cos J, sin d3 sin &

— mgg COS O3 8in J, — m3p cOS &1 oS I3 Sin Jy
— Mgy 8in &y sin d, cos J3 sin §

— mgg sin &) oS &y oS &3 Sin &y).

Using d,, for the thickness of retarder R, and B,,(0)
for its birefringence, we can write the retardance
terms as 6,(0)=27nd,oB,(0). To obtain the Mueller
matrix elements from the measured spectrum I(o),
we first take its Fourier transform. With the proper
choice of retarder thicknesses, the various matrix el-
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Fig. 1. (Color online) Basic layout of the snapshot Mueller
matrix spectropolarimeter. Retarders 1 and 4 have their
fast axes oriented at 45°, retarders 2 and 3 at 0°. Polarizers
1 and 2 both have their transmission axes oriented at 0°.
CHSP, channeled spectropolarimeter.
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ements are separated into independent channels in
the Fourier domain. Inspired by the dual-rotating-
retarder Mueller matrix polarimeter [6], we choose a
5:1 ratio of thicknesses for the pair of analyzing re-
tarders to the generating pair to give a compact re-
sult. Further selecting a 2:1 ratio of thicknesses for
the retarders within each pair gives a set of thick-
nesses that we designate as a 1-2-5-10 configuration,
for the relative thicknesses of R; through R,.

The optical path difference (OPD) in waves, for re-
tarder R,, is defined as OPD,(0)=(1/27)3,(0); the
mean OPD is then OPD, (o) for o, the mean wave-
number in the spectrum. The OPDs of the channels
in the Fourier domain are illustrated in Fig. 2. The
Mueller matrix elements encoded within each chan-
nel are listed in Table 1.

Extracting the Mueller matrix involves windowing
a channel (or a set of channels) in the Fourier domain
and performing an inverse transform to obtain the
spectrally resolved elements. Table 2 lists the steps
needed to recover all 16 matrix elements. Figure 3
shows a simulated measurement of a polymer achro-
matic quarter-wave retarder (based on measure-
ments in our lab of one such retarder from Meadow-
lark Optics Inc.). This element provides an
interesting object for spectropolarimetry because of
the nonlinear spectral variation of both retardance &
and fast-axis orientation angle 6. The simulation
uses a blackbody spectral source for the 400—700 nm
range and calcite retarders with 1, 2, 5, and 10 times
the thickness of 0.265 mm. The birefringence is de-
rived from the standard Sellmeier coefficients for the
ordinary and extraordinary rays in quartz crystal.
The detector is assumed to have 2000 spectral reso-
lution elements, digitized to 10 bit range and cor-
rupted by Poisson noise.

A practical concern for implementing this instru-
ment is whether it is sensitive to misalignment and
manufacturing tolerances. To analyze these issues,
we ran the previously described simulation for per-

turbed system parameters 6,=6,+A60 and 5,=5,+AJ,
with azimuth error A# and retarder thickness error
AS. The calibration procedure for a channeled spec-
tropolarimeter generally involves assuming the azi-
muth angles to be without error and using a refer-
ence spectrum measurement to calibrate the
retardances &,(0). In a Mueller matrix spectropola-
rimeter, a no-sample measurement likewise allows
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Fig. 2. Fourier domain, 37 channels C,.
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Table 1. Fourier-Domain Channels C,, Encoding the
Mueller Matrix Elements for the 1-2-5-10

Configuration®
OPD
(C,) Channel Content X(64/sj, o)
0 16m g
+1 8m01+4m0214im03
+9 —Mgg+iMgg + iMgo—M33
+3 —4mgy F 4img3
+4 2Mmo1+ Moo F imogt2imgtimge+msg
+5 4m2014im30
+6 2mgq+Mog*imeg+2imgy £iMmgg—Mag
+7 —2myg+2imqs
+8 —Mgg T iMgg+ IMgo+ Mgy
) dmq1+2mqg + 2imq3
+10 8myqg
+11 4m11+2m1212im13
+12 Mog 1Moz + iM3p—M33
+13 —2myp ¥ 2imy3
+14 —2Mog1—Mog+iMgg+2img £imgg+Mgs
+15 —4m20i4im30
+16 —2mg1 —Mgg F iMgg+ 2imgy £imge—mgg
+18 Mog+iMog + iMgg+M33

“The OPD numbers listed for the channels are given in terms of
multiples of OPD;(ay), the mean OPD of the thinnest retarder.

calibration of the §,(0). For azimuth errors, the ap-
proach needs to be more complex, but the effect of ig-
noring them is simply that azimuth errors in system
elements cannot be differentiated from changes in
the sample. Thus, for example, an azimuth error of
0.3° of a polarizer can appear as a 0.3° azimuth
change in the sample.

The primary restriction on the kind of measure-
ment that can be made accurately with this approach
is that the spectral variation of all Mueller matrix el-
ements must vary slowly enough that none of the
channels overlap in the Fourier domain. The width of
each channel is the mean OPD of the thinnest re-
tarder. The effective Nyquist limit of the Mueller ma-
trix elements is thus given not by the sampling rate
of the spectrometer but by the sampling rate of a
single channel. If the retarder thicknesses are chosen
such that the Nyquist limit of the spectrometer coin-

Table 2. Spectrally Resolved Mueller Matrix
Elements m;;(o) Obtained by Operating on Spectral-
Domain Channels ¢,

moo(0) =16 Re{cs}
ma1(0) =32 Re{cog+cy}
mog(0)=-32 Re{cy+cg}
mo3(0)=32 Im{cy—cg}
mgo(0) =16 Re{cs}
msg1(0)=16 Im{cy+cy+cg+cg)
m12(0')=—32 RB{C']} m32(0)=—32 Im{02+08}
mq3(0) =32 Im{c} mgs(0)=32 Re{cg—ca}

“These are given in terms of the Fourier-domain channels by
c,(0)=[1/s,0(0)]F{w(OPD)C,(OPD)}, for windowing function
w.

moo(0)=4cg
mo1(0)=8(cq1+c3)
mgo(0)=—16 Re{cs}
mo3(0)=16 Re{cy}
mp(0)=8cyg
m11(0)=16(c7+cg)
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Fig. 3. Simulated measurement of an achromatic polymer
retarder using a snapshot Mueller matrix polarimeter. Up-
per figure: the Fourier-domain representation of the mea-
sured spectrum. Lower figure: the retardance §(o) and ori-
entation angle 6(c) of the sample reconstructed from the
measured Mueller matrix elements. The error bars are ob-
tained from the standard deviation of data taken over 100
instances of Poisson noise.

cides with the edge of the highest-frequency channel,
the analysis implies a loss in spectral resolution by a
factor of 37 (for 18 positive and 18 negative channels

plus the DC channel). This can place stringent re-
quirements on readily available spectrometers to pro-
duce a useful spectral resolution for the Mueller ma-
trix. For example, the highest-resolution visible-light
spectrometer available through Ocean Optics Inc.
has 2000 resolution elements, with which Mueller
matrix elements can thus be measured with
2000/37 ~ 54 spectral resolution elements.

Because of its snapshot capability, this technique
could be employed in some applications where mov-
ing parts are difficult to use and the trade-off in spec-
tral resolution is acceptable, though it is limited to
measuring samples whose Mueller matrix elements
vary only slowly with wavelength (i.e., each Mueller
matrix element’s spectral dependence must be band-
limited to within the width of a single channel).
Examples include in situ ellipsometry of thin films,
in vitro biomedical imaging, or underwater measure-
ment of samples.

Polarimetry is a relatively small field, in part be-
cause the instrumentation required for polarization
measurements is too complicated for casual use. A
compact snapshot instrument may allow access to us-
ers whose budgetary and time constraints have pre-
vented them from making use of polarization in their
research.
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