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Abstract
Utilizing the stroboscopic illumination technique, we employ a photoelastic modulator
(PEM) to perform a Mueller matrix imaging polarimetry. The synchronized short
pulses have been used to conquer the incompatibility data acquisition rate of charge
coupled device (CCD) for a fast modulated signal. The PEM is used to substitute one
of the waveplates in the traditional Mueller matrix polarimetry to reduce the number of
rotation in the system. By almost half mechanical rotations as it is needed in the
traditional system, we performed serious Mueller matrix measurements for a submersed
leaf, after a validation measurement in free space; we are able to identify the drying

process of the leave.



Introduction

Optical parameters of anisotropic media can be extracted from the measurement of
its Mueller matrix. Since 1996[1] the depolarization effect can be decomposed
from its Mueller matrix, one can analyze the anisotropic medium even when the
medium contains depolarization effect.  Using different combinations of
polarization state generator (PSG) and polarization state analyzer (PSA), one can
establish various type of Mueller matrix polarimetry (MMP). The 16 elements in
Mueller matrix [2] can be completely solved through the 16 intensity measurements
which can be constructed by 4 linear independent polarization states of PSG and
PSA. Hauge [3] presented a dual-rotating retarder method to perform MMP. A
1:5 ratio in the rotation speed of synchronized dual-rotating retarders has been used
[4] to extract the 16 elements of Mueller matrix by Fourier transformation. Since
the rotating elements in polarimetry can cause the light beam to wander, hence
errors can be embedded in the measurement [5]. Since the optical polarization
modulators can significantly reduce these parasitic errors, it was applied to measure
the Stokes vector of light beam [6]. Then, Hunt and Huffman [7] measured the
Mueller matrix by one photoelastic modulator without being able to resolve all
elements in Mueller matrix. Thompson et al. [8] presented a Four-PEMs based
MMP to measure all sixteen elements in Mueller matrix with no moving part, but
the modulation amplitude (8o) of the PEMs have to be adjusted precisely at 2.42 for
Jo(89)=0. Later, Anderson [9] reduced the 4-PEMs to be 2-PEMs with some
rotating optical devices in MMP.  This attempt does effectively reduce the cost, but
is still not suitable to perform a 2D MMP because the slow data transfer of CCD can
not cope with the fast modulated PEM. By short pulse to freeze the intensity
variation, Han [10] proposed the stroboscopic illumination technique to conquer the
incompatibility between the fast modulated PEM and the slow data transfer of CCD
for imaging ellipsometry. In this letter, we utilize the PEM to substitute one of
rotating retarder in the conventional imaging MMP to form a stroboscopic

illumination Mueller matrix imaging polarimetry (SIMIP).

Experiments

The configuration of SIMIP is shown in Fig. 1. The PSG consists with a laser
diode which operated in the pulse mode by the programmable pulse generator, a
beam expander which expands the beam by a factor of 7, a linear polarizer and a
rotating linear retarder. For minimizing the polarization aberration from beam
wandering, we placed the beam expander between laser diode and polarizer. The
PSA is constructed by a PEM (Hinds PEM90/CF50) and a linear polarizer; the
output intensity can be grabbed by a CCD (AVT Pike F-032B) for imaging

recording.



Theory

The phase of PEM is modulated as A, =5, sinwt, with frequency 50 kHz. Substituting the
rotating retarder by a PEM in PSA, one not only can decrease the number of rotation for reducing
its time consumption, it also can reduce the rotational embedded error. The measured intensity

of SIMIP can be expressed as
I(a,Hp,c):IOSi (a,Hp)MSampleSG (c,p), (1)

where Sa and Sg are the Stokes parameters for PSA and PSG, respectively; p and a represent the
transmission axis of polarizer and analyzer, respectively; ¢ is the azimuth position of the optic
axis of the rotating quarter-wave plate. By setting the modulation amplitude of PEM to be half
wave (i.e. 6o = m), one can consider 8, =, to be the temporal phase for forming the polarization
states instead of using the rotating angles & in space. Mgumpie1s the Mueller matrix of sample
to be determined by this SIMIP. [j, the output intensity of laser can be factored out by the
intensity ratio technique. In SIMIP, the optic axis of PEM is set at zero with respect to the
incident plane and the transmission axis of polarizer at -45°. The measured intensity is given
by,

1 ) 1 .
I(a,Hp,c) = Z°<m00 —m, sin® 2¢ Moy Sin 4¢

1 . .
+cos2a (mlo ~—m sin 4c —my, sin’ 2¢ +m,, cos 20)
1 . ) . .
+sin 2a [cos (7[ sin@, )(2m20 —m,, sin4c —2m,, sin’ 2c)
+sin (72' sind, )(2m30 —my,, sin4c —2my, sin’ 2C’):|

+cos2c {m03 +sin2a [mB cos (7z sin6, ) + m,, sin (7z sind, )}}>

)
where the m;; is the element of Mueller matrix of sample; the optic axis of rotating retarder c is
set to be -90°, -45°, -15° and 15° for the linear independent states of PSG [11, 12]. For
obtaining a complete set of PSA, we set the transmission axis of analyzer (a) at 0° and -45°, then
measure the intensity through 4 specific temporal polarization states which are uniformly spaced
on the Poincaré sphere, as shown in Fig.2. These 16 intensity measurements can be used to

extract all 16 elements in Mueller matrix.
Results
Since the ideal Mueller matrix of free space is an identity matrix [13], Mueller matrix in free

space is normally used to confirm the measurements of a MMP. The Mueller matrix in free
space measured by this SIMIP is averaged from the 190x100 pixels of CCD:



1 —0.0028 -0.046 —0.0911
| —0.0086  0.9892  0.0466 0.0496

“r1-0.0037 —0.0470 0.9897 —0.0231
—-0.0889 —0.0507 0.0219 0.9929

2

which is comparable with what were measured by other MMP [14].

Using the stroboscopic illumination imaging technique, we develop a Mueller imaging
polarimetry for analyzing the property of an anisotropic medium quantitatively. Only 7
rotations are needed in the SIMIP instead of 15 rotations in the traditional rotating dual-waveplate
Mueller matrix polarimeter. According to the error analysis of Piller [15], we can conclude: the
Dual-waveplates polarimetry should be more sensitive to the error from the imperfection of
compensator than the error from the misalignment of analyzer or the polarizer. Substituting one
of the quarter waveplate by PEM, we not only almost half its time consumption, we also half its
error by a well calibrated PEM. This system has been used to measure the drying process of a
submersed leaf. We performed the measurement every half an hour for three hours. The
birefringence in vein of leaf become clearly observable after decomposed the depolarization

matrix. Fig. 3 a-d. are the images of elliptical retardation of the leaf.

The authors acknowledge the funding from National Science Council of Taiwan under the grant
of NSC 98-2221-E-009 -024
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Pulse Delay Generator

Fig.1 The schematic setup of the stroboscopic illumination Mueller matrix imaging polarimetry,
which consists with a laser diode coupled with the pulse generator to perform the stroboscopic

illumination technique, polarizer, rotating retarder, photoelastic modulator, analyzer and CCD.

Fig.2 Poincaré sphere: 4 specific polarization states (e) are utilized in performing Mueller matrix

measurement.
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Fig. 3 The elliptical retardation of the leaf after it was taken out (a) 30 min (b) 180 min before

decomposition the depolarization and (c ) 30 min (d) 180 min after the decomposition of the

depolarization.
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This Mueller matrix polarimetry can be used to investigate all kinds of anisotropic
medium: linear and circular birefringence/dichroism medium. The free space was
used to calibrate the system, we use a drying submersed leaf to demonstrate its
dynamic imaging ability of this polarimetry. This technique can be widely used
to identify the abnormal structure of muscles, glucose contains in blood and etc.

The endoscope contains a polarimetric technique can be developed for internal
abnormal structure investigation.
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# < @ Utilizing the stroboscopic illumination technique, we employ a
photoelastic modulator (PEM) to perform a Mueller matrix imaging
polarimetry. The synchronized short pulses have been used to conquer the
incompatibility data acquisition rate of charge coupled device (CCD) for a fast
modulated signal. The PEM is used to substitute one of the waveplates in the
traditional Mueller matrix polarimetry to reduce the number of rotation in the
system. By almost half mechanical rotations as it is needed in the traditional
system, we performed serious Mueller matrix measurements for all kinds
anisotropic medium. Such as abnormal structure in bio-tissues and physical
constant of liquid crystals and polymers.
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(% % ) This Mueller matrix polarimetry can be used to investigate all kinds of anisotropic
medium: linear and circular birefringence/dichroism medium. The free space was used to
calibrate the system, we use a drying submersed leaf to demonstrate its dynamic imaging
ability of this polarimetry. This technique can be widely used to identify the abnormal
structure of muscles, glucose contains in blood and etc.

The endoscope contains a polarimetric technique can be developed for internal abnormal
structure investigation.
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the ellipsometric measurement technique has been the main research of
this lab, other half research is the continuous efforts of previous
project.
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This Mueller matrix polarimetry can be used to investigate all kinds
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This Mueller matrix polarimetry can be used to investigate all kinds of anisotropic
medium: linear and circular birefringence/dichroism medium. The free space was
used to calibrate the system, we use a drying submersed leaf to demonstrate its
dynamic imaging ability of this polarimetry. This technique can be widely used
to identify the abnormal structure of muscles, glucose contains in blood and etc.
The endoscope contains a polarimetric technique can be developed for internal

abnormal structure investigation.




