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Determination of Stokes Vector from a Single Image

Acquisition

Shuji Kamegaki, Meguya Ryu, Soon Hock Ng, Vygantas Mizeikis, Sean J. Blamires,

Saulius Juodkazis,* and Junko Morikawa*

1. Introduction

Four Stokes parameters (1852) define the polarization state of light. Measured

changes of the Stokes vector of light traversing an inhomogeneous sample
are linked to the local anisotropies of absorption and refraction and are
harnessed over an increasing range of applications in photonics, material, and
space/earth observation. Several independent polarization sensitive
measurements are usually required for determination of the all four Stokes
parameters, which makes such characterization procedure time-consuming or
requires complex setups. Here, a single-snapshot approach to Stokes
polarimetry in transmission is introduced by use of a four-polarization camera
with the on-chip integrated polarizers. A quarter-waveplate is added in front of
the sample and is illuminated by a linearly polarized light. This approach is
demonstrated by measuring birefringence An =~ 0.012 of spider silk of only

~ 6 pm-diameter using microscopy, however, due to its generic nature, it is
transferable to other spectral ranges and imaging applications, e.g., imaging
from a fast moving satellite or drone or monitoring fast changing events such

as phase transitions.

Orientation is an important property
of materials, underlying the optical,l!l
mechanical,?) and thermall®! behaviors.
Imaging of aligned structures in biolog-
ical samples!*®l and tissues are linked
to various medical conditions and is of
the highest interest for the development
of new medical instrumentation and
bio-scaffolds for tissue regeneration.l’]
An optical 3D tomography based on
holography is demonstrated for imag-
ing of a 3D micro-object, which has
combined birefringence and absorption
inhomogenieties.®] Recently, a 3D to-
mography of an object was extracted
from optical images using a tensorial
description of light-matter interaction.l°!
These microscopic techniques are ex-
pected to find a wide range of appli-
cations in microscopy. 3D tomography
can even be made with non-propagating optical near-fields, us-
ing polarization-controlled input and polarization analysis at the
output for the far-IR and IR wavelengths in a popular atten-
uated total reflection geometry.['%! Orientation can be revealed
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Figure 1. a) Polarization analysis with four-polarization (4-pol.) camera (CS505MUP1 Thorlabs). Polarizers are on-chip integrated and the pixel size is
3.45 pm. The anti-clockwise direction when looking into the beam corresponds to positive ¢ angles. The liquid crystal retarder at —45° defines its fast
axis. b) Conventions for the Stokes parameters Sy, and azimuth angles 6, , used in analysis. The ambiguity of slow versus fast axis definition is due
to tan 20 = —S,/S, which has solutions 20 =20 — z (or = 6 — /2, i.e., the slow or fast axis marked by the dashed line diagonal is not determined
unequivocally). A simple cross-Nicol image with a 530-nm color shifter A-plate can determine slow versus fast orientation.[2?]

from transmission or reflection even under conditions where
feature sizes of ~ 100 nm of an aligned pattern are ~ 20 times
below the diffraction limit, as shown for the IR chemical fin-
gerprinting wavelengths where nanoscale resolution cannot be
reached.['") Mechanical stress-induced anisotropies can be im-
aged by change of characteristic wavenumbers in Raman spec-
troscopy/scattering as demonstrated for sapphire.l'?! Peculiari-
ties of population dynamics of photoexcited carriers inside semi-
conductors can be revealed by the transient grating method with
polarization sensitive probing or excitation.!**! Apart of science
based methods, polarization analysis is widely adopted in in-
dustry for edge and alignment detection,!'! satellite polarization
imaging,"®! an inspection of stress distribution in semiconduc-
tors and solar cells.[*] Stokes polarimetry, which determines the
variation of the polarization state across the image of an optical
vortex!'”] and measurement of the polarization state at separate
RGB colors in the imagel'®] can be carried out using integrated
polarizers and a quarter waveplate. Integration of polarization el-
ements even to a higher degree of complexity is demonstrated
with metamaterials, where the state of polarization, including a
waveplate function can be realized on a flat surface in front of
detector.(*”]

Here, we introduce a fast single snap-shot polarimetry tech-
nique based on the four polarization (4-pol.) imaging. It was
developed for absorption anisotropy (dihroism) mapping!?®! and
now it is demonstrated for birefringent objects (optical retarders)
using a 4-pol. camera with an on-chip integrated wire-grid po-
larizers. Determination of all four Stokes parameters, which
fully describe the polarization state of propagating light, was
carried out in a single image acquisition using a liquid crys-
tal retarder with a 1/4 waveplate retardace inserted before the
sample. The amplitude of the retardance and its orientation az-
imuth were both retrieved from a single measurement. This
opens the feasibility for real-time imaging and monitoring of
anisotropy changes during phase transitions, e.g., amorphous-
to-crystalline changes.

2. Experimental Section

A 2"2-]evel grey scale CMOS camera (CS505MUP1 Thorlabs) was
used for imaging in the visible spectral range. It had an extinc-
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tion ratio larger than 100 for the entire visible spectral range with
maximum at Ext = 22 x~ 400. While the intensity, which was de-

fined by the sum of all four images appeared as usual, the orien-

tation of linear polarizers was revealed by calculating the azimuth

angle 0, = % arctanz(%) for each pixel, where arctan, is the
0190

two-argument arc-tangent 6 = arctan,(y, x) with —z < 0 < x, i.e,,
it returns angle 0 in the full [-r, ] range.[?!] The images in this
study were calculated from original four images without relying
on the intensity and azimuth images provided by the software
that controls the camera.

For determination of the retardance 6 and its orientation az-
imuth 6 a broadband 350 — 700 nm liquid crystal retarder was
used at the 1/4 waveplate setting (LCC1223T-A Thorlabs) and
a narrow-band ~ 20 nm filter to select illumination wavelength,
e.g., 550 + 10 nm (Figure 1).

Silk from golden orb web spiders Trichonephila plumipes was
used in this study; they were collected during the night in Syd-
ney, Australia. Their major ampullate (dragline) silk was collected
by forcible spooling.[?] For silk harvesting, spiders were anes-
thetized using CO,, placed ventral side up on a foam platform,
and fixed using non-adhesive tape and pins. Then, a single silk
thread from the spinnerets was collected under a dissecting mi-
croscope and an electronic spool rotating at 1 mmin! was used
to reel silk threads from spiders.[*]

3. Theory: Image of Retardation and its Azimuth
3.1. Best Fit Based Analysis

Imaging with a 4-pol. camera can show the retardance distribu-
tion and azimuth of a retarder by numerical processing of four
images as shown in this section. The experimental set up for mea-
surements of the three Stokes parameters S, , in transmission
consist of a linear polarizer, sample (an unknown retarder) and
4-pol. camera. However, an additional quarter wave plate is re-
quired for the determination of retardance vector (retardance and
its azimuth). The fourth Stokes parameter S, can be determined
after such modification of setup as shown in this study.

© 2024 The Authors. Annalen der Physik published by Wiley-VCH GmbH
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The Mueller matrix formalism was used to describe the exper-
iment. The polarizer at an angle of ¢ is given by Muller matrix

M,

1 cos 2¢ sin 2¢ 0
cos 2¢ cos? 2¢ cos2¢psin2g 0
Mpol = . . ) (1)
sin2¢ cos2@sine sin” 2¢ 0
0 0 0 0

The matrix can be set to correspond to the wire grid polariz-
ers on the pixels of the CMOS detector. Angles ¢ are set on
each quadrant of the camera at ¢ =0,7/4,7/2,37 /4, respec-
tively. The sample acting as a retarder plate with the phase re-
tardance of § and retardance azimuth of 0 is given by:

0 0
(1 — cos 8) sin 26 cos 20

sin® 20 + cos & cos? 20

cos? 20 + cos § sin’ 20
(1 — cos 6) sin 26 cos 26

—sin 6 sin 26

M, (0,8) =

ret

S O O -

sin é cos 26

This description (Equation (2)) is for the pure birefringent ma-
terial and does not take into account dichroism or optical activity.
This is a limitation of this approach, which is most useful for
birefringence dominant cases of imaged objects.

A quarter-wave plate is added for the determination of the
phase retardance 6 and retardance azimuth 6. The quarter-wave
plate aligned along the —z /4 direction is given by (follows from
Equation (2)):

1 0 O 0

M= 00T (3)
0O 0 1 0
0O 1 O 0

The incident light was set to the horizontal (x-direction) so that
it can be described by the Stokes vector S™ = (1, 1,0, 0). Finally,
the output light (Stokes vector) detected by the CMOS 4-pol. cam-
era is the solution of the following matrix equation:

SO (,0,6) = My (@) - M, (0,6) - M,y (—7/4) - S™ )

1—sinésin2(p — 6)
1| cos2¢(1 -sinssin2(p - 6))
~ 2|sin2¢(1 - sindsin2(p - 6))
0

The Equation (4) defines the all four output Stokes parameters
SOUT (S, = 0 due to linear polarizers on 4-pol. camera segments).
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Next, we use the first S, which is intensity, since we measure
intensity images in experiment. It has this form, which is a result
of a simple matrix multiplication:

SOV (@, 0,6) =

sin 6 sin 2(¢ — 6) (6)

N —
N —

By fitting intensity (S,) at four angles ¢, the amplitude, retar-
dance 6 and its azimuth 6 can be determined. This protocol was
used to determine the retardance and its azimuth 6, 6 of yellow
spider silk fibers, which are examples of a birefringent (retarder
waveplate) material at visible wavelengths. By virtue of simultane-
ous acquisition of four intensity images at different polarizations
and addition of a A/4-plate to the setup, the retardance and its
orientation can be obtained from the single measurement. The
quality of the best fit was assessed by calculating R? residuals for

0
sin 6 sin 260
(2)

—sin 6 cos 260

cos o

experimentally determined intensity I; of each pixel in the image
by (index i = 1 — 4 corresponds to angles ¢ = 0,7 /4,7/2,3x/4):

XL (L= f(0)°

R=1- -
= (L=T)

)

where the fit function is f(¢) = Amp X [1 —sinésin 2(p — 0)]/2
(see, Equation (6)). The fit is obtained for two pairs of (5,,0;)
for 0 <6 <x/2 and (6,,0,) for —x/2 < 5 < 0 corresponding to
the positive and negative birefringence, respectively. Regardless
of & sign, the values are calculated from the same image and
8, =—6,, 0, = 0, — = /2. The direction of fast versus slow axis,
0, or 6,, is determined unequivocally from the cross-Nicol imag-
ing with complimentary color shifting 530 nm A-plate, see, e.g.,
for the polyhydroxybutyrate (PHB) bounded spherulite organic
crystal.[?]

3.2. Analytical Solution Based Analysis

The Stokes vector after passing the 1/4-plate at the setting of
right-hand circular (RHC; the fast axis of liquid crystal 1/4 plate
is at —45°) polarizer and sample (retarder plate; Figure 1) is:

1

sin 2@ sin é
(6,6) - Sguc = . (8)
—cos2@siné

S=M

ret

CcoS o
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Figure 2. Polarization analysis of yellow spider silk Trichonephila plumipes. Single pixel fit of 4-pol. images (from region of interest ROl 170 x 200 pixels)
by Equation (6) for 4-angles @: Fit(p) = Amp X [(1 - sin§sin(2(p — 6))/2] is plotted for amplitude Amp, retardance 8, its azimuth 6 and residuals R?
between the fit and experimental values. Statistical distribution of § and 6 and R? from the central region of spider silk fiber are presented in histograms.
Diameter of the silk fiber was d = 6 um (the largest outside cross-section between the intensity maxima; see Figure S1, Supporting Information).
Objective lens NA = 0.65 (Nikon) was used for imaging at the corresponding resolution r = 0.614/NA =~ 0.52 pm (4 = 550 nm). Since sin § = sin(z — J)
for 0 < 6 < = (1&Il quadrants), there are two possible values for 6;; also, siné = sin (—z — 8) for —z < 6 < 0 (IV&IIl quadrants). This analysis is valid
for the limits of 0° < § < 90° and —90° < 6 < 90°; see, Figure S3 (Supporting Information) for the complementary possible case of the fit.

Experimentally detected intensity by 4-pol. camera is (polarizer
at @ angles):

Solp) =1, = %(S(’) + S} cos 2¢ + S} sin 2¢) )

For the 4-pol. angles ¢, the corresponding intensities reads:
Io= (S, +8)/2 Loy = (S) = S})/2, Lis = (S, + S,)/2, and [_y5 =
(Sy — S5)/2. The Stokes parameters S' are directly related to
the measured intensity by the 4-pol. camera: S = (I, + ;5 +
Lo+ I_45)/2, S} = Iy = Iyy, Sy = I5s — I_ys. There is an ambiguity
with S, parameter, since two angles 6, , satisfy tan 260 = —S/ /S/:
6, = arctan,(—S], S})/2 and 6, = arctan, (S}, —S})/2 (Figure 1b;
Figure S2, Supporting Information). The corresponding re-
tardances &,,, which are expressed via Stokes parameters

S} ,: 8, = arcsin (S| /sin26,) = arcsin ( —1/S'7 + S’%) and §, =

arcsin (S'1/sin 26,) = arcsin <\ /8% + S’%). Set of (8, ,, 0, ,) sat-

isfies S}(6,) = S}(6,) and can be calculated using experimentally

determined 4-pol. intensity images for S | , as described above.

4. Results
4.1. Retardance and its Azimuth 6, 6 from Fit of 4-pol. Images
Measurement of orientational properties of an absorbing sam-

ple requires only one linear polarizer for the incoming light onto
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the sample or at the detector. With a 4-pol. camera, orientational
dependence of absorbance can be easily determined with a sin-
gle measurement.!?") For samples that have distributed birefrin-
gence, a retarder plate plus two polarizers are required and can be
used in crossed or aligned geometries with the sample rotated be-
tween them.?>] From the angular dependence of transmittance,
the absorption, and birefringence contributions are separated
due to the double modulation frequencies of absorbance, ¢ and
2, respectively.l?®! The birefringence mapping requires a larger
number of measurements due to a faster oscillation of transmit-
tance versus polarization angle. As shown in Section 3, it is pos-
sible to extract retardance and its orientations from the generic
expression Equation (6) when the additional 4/4 plate is intro-
duced before the sample. For the orientation of retardance, an
optical activity based polariscopy method has been developed for
anisotropy mapping using true color coding of the orientation.?”]

Figure 2 shows a summary of the polarization analysis of a
spider silk strand only ~ 6 pm in diameter using the proposed
best fit mode with an additional A/4-plate added in front of the
sample (retarder). The fit of 4-pol. camera images for each sin-
gle pixel was carried out using Equation (6). The retardance
6 and its azimuth 6 inside the silk are retrieved with high fi-
delity showing a high confidence range of the fit based on resid-
uals R? ~ 0.996. This high fidelity fit also signifies that there
was negligible dichroism and optical activity at the wavelength
of illumination, as expected for silk at visible wavelengths. By
selecting a region of interest (ROI) on the silk fiber, the max-
imum retardance 6, = 47.2° is obtained for the central cross-

© 2024 The Authors. Annalen der Physik published by Wiley-VCH GmbH
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section of the fiber. The aximuth angle 6, = 4.6° is obtained
and corresponds to the slow axis of silk (along n, along the
fiber).

Figure S1 (Supporting Information) shows a cross-
section measurement of the silk fiber at 4 = 550 nm wavelength.
Due to its small diameter, the edges of image are affected by
diffraction (imaging was taken with NA = 0.65 and the corre-
sponding resolution was r = 0.614/NA =516 nm). The two
cross-sections at max—max intensity and at the baseline varied by
only ~ 4%. The retardance And = (6°/360°) X A =721 nm,
which defined birefringence An=n,—n,=0.012 (for
d = 6.02 pm); for d = 5.76 pm, An = 0.0125.

The retardance and its azimuth was determined using the best
fit to Equation (6) for a spider silk fiber that was only ~ 6 pm in
diameter. The birefringence of silk An = 0.012 was determined.
The procedure was accomplished by a single image snapshot us-
ing a 4-pol. camera. The procedure of error determination in the
final calculated values of 6 and 6 based on experimentally mea-
sured intensities is presented in Section 3.

4.2. All Four Stokes Parameters from 4-pol. Imaging

A polarization state is fully determined (a point on Poincare
sphere) when all four S, ; , ; Stokes parameters are known. By ad-
dition of a circular polarizer (RHC) before the sample (retarder),
we showed how retardance 6 and its azimuth 6 can be determined
from best fit as described in the previous section. The fourth
Stokes component S; can be calculated as S; = cos §, while the
a first three are directly determined from the fit of 4-pol. im-
ages.

An analytical method for determination of (6, 8) (Equation (8))
was also used to calculate maps of two equivalent solutions
for pairs of (6,,0,) and (8,, 6,), which both satisfy the tan 20 =
—S' /S, (Figure 1b). Figure 3 shows results calculated from a pair
of experimental values of S7, S,. Solution (§,, 6,) (Figure 3b) cor-
responds to the real case with positive retardance § > 0 values (a
negative value of § would be expected for the form-birefringent
material, which has An < 0, i.e., n, > n,). The ambiguity in (6, 6)
is solved by the fact that n, > n, in silk and that the slow axis
is along the fiber. Another conventional method to solve this is-
sue of fast versus slow axis is to use a color-shifting plate (usu-
ally a 530 nm wavelplate) in cross-polarized imaging, which de-
termines positive and negative contributions to the refractive in-
dex with blue-red perpendicular directions corresponding to the
n,(slow)-n, (fast) orientations of silk.[?®]

Finally, with &, 0 determined via fit or from analytical expres-
sion using single a image from a 4-pol. camera, all four Stokes
parameters can be defined: S, (intensity) and S, , ;. Such calcu-
lations using an analytical model and a resolution of the uncer-
tainty of the fast-slow axis orientation (Figure 3b) is shown in
Figure 4. If there is no knowledge of the slow/fast axis orienta-
tion at the wavelength of interest, both maps (6, ,, 6, ,) can be cal-
culated from the same data without the need to retake an image
(Figure 3). It is noteworthy that S;(6) is the same when calculated
for the two pairs of (6, ,, 8, ,) based on experimentally measured
(S5, 5)).

The main advantage of the above presented procedures to de-
termine 6 and @ is due to inherent capability to calculate them

Ann. Phys. (Berlin) 2024, 536, 2300471 2300471 (5 of 7)
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Figure 3. Determination of (5, 8) from analytical solution Equation (8) us-
ing experimentally determined Sy, ; , from the 4-pol. intensity images. Pos-
itive retardance is expected for silkl?®! and corresponds to the panel (b).

50 um

from a single image from a 4-pol. camera. For example, forma-
tion of a crystalline phase of organic crystal polyhydroxybutyrate
(PHB) from a cooled amorphous melt (150°C) takes place with a
typical front speed of few micrometers per second for a tens-of-
pm thick bounded spherulite between two transparent plates.!??]
Figure 5 shows an optical image (intensity) and orientation an-
gle 6 maps obtained by the best fit. This example shows a com-
plex spiraling crystalline pattern of PHB with the spiraling period
of ~ 20 pm revealed via the orientation azimuth. Future studies
will be focused on temporal evolution of phase transitions, which
can also be imaged at different wavelengths, e.g., at the IR finger-
printing spectral range. The order-disorder front and orientation
anisotropy of chemical bonding could be monitored in real time
using the two proposed methods based on the fit and via analyt-
ical expression using experimentally measured intensities from
4-pol. camera images.

5. Conclusion and Outlook

Orientation azimuth of retardance and its value can be extracted
without any prior knowledge of orientation from a 4-pol. image
using polarized illumination of the sample, addition of a 1/4
waveplate, and numerical analysis presented in this study. Im-
portantly, this can be achieved in a single measurement snap-shot
with a 4-pol. camera. With knowledge of the retardance 8, all four
Stokes parameters can be calculated, i.e., full characterization of
the light state on a detector is obtained and can be linked to the lo-
cal retardance and its orientation in the sample. This opens new

© 2024 The Authors. Annalen der Physik published by Wiley-VCH GmbH
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Figure 4. Maps of Stokes’ parameters S, (intensity) and normalized S, , ; calculated from analytical model Equation (8) (same sample and conditions
as in Figure 3). Objective lens NA = 0.65; image taken at 2 = 550 nm using bandpass filter. The S; = cos § was calculated from the determined §; note-
worthy, the S; = 0 when calculated for the entire experimental setup with 4-pol. camera detection, i.e., linear polarizers makes S; = 0. The background
has S; = +1 for the RHC illumination set by the LC 4/4-waveplate (Figure 1a) and would be S3 = —1 for the LHC, since definition of S3 = Igyc — I 14c

is by the intensities at two cross circular polarizations Igyc | e

opportunities for imaging of fast-changing events, e.g., phase
changes in crystals under microscopy observation at IR or vis-
ible wavelengths, as well as polarization analysis of satellite im-
ages where natural illumination has prevalent polarization in the
plane of scattering, while a 4-pol. camera is used for imaging. The
single image technique presented here for Stokes polarimetry is
expected to find a number of potential applications, also, at dif-
ferent spectral ranges of electromagnetic radiation, e.g., as fibu-

12500

2000

1500

1000

500

lar structure of bamboo shows linear anisotropy at THz spectral
range.3% Since Stokes vector is a 2D projection, the variations in-
side the sample affect the possibility to decouple a retarded phase
due to birefringence from that due to inhomogeneities of thick-
ness or composition. However, for many practical applications
where micro-tomed thin slices are imaged, the proposed method
should prove useful. If required, true 3D techniques could be ap-
plied as recently demonstrated.!®”]

0 (degrees)

100 pm

Figure 5. Polyhydroxybutyrate (PHB) bounded spherulite imaged at 550 nm wavelength and the orientation map was calculated via the best fit procedure
described here for spider silk. In PHB n, < n,, hence the best fit was carried out for —90° < 6 < 0°. Objective lens 10¢ with NA = 0.25 (Nikon); the

resolution r = 0.614/NA = 1.34 um.

Ann. Phys. (Berlin) 2024, 536, 2300471 2300471 (6 of 7)

© 2024 The Authors. Annalen der Physik published by Wiley-VCH GmbH

95US01 SUOWIWIOD aA11e81D) 8|qeoljdde ay) Aq peussnob aJe sepile VO ‘88N Jo S9Nl 1o} AkeldTauljuQ AB|1MW UO (SUONIPUCD-pUe-SWIBIALI0D A 1M ATeIq 1 jeul{UO//SANL) SUONIPUOD Pue swie | 8y} 89S *[6Z02/£0/20] Uo Ariqiauliuo A8|Im ‘AisieAiun sniujiA Ag T2#00€202 dpUe/z00T 0T/10p/WooAe i Aleiqijpul|uoy/sdiy Wolj pepeojumod ‘9 ‘vZ0g ‘688ETZST


http://www.advancedsciencenews.com
http://www.ann-phys.org

ADVANCED
SCIENCE NEWS

sz physik

www.advancedsciencenews.com

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements

S.K. and M.R. contributed equally to this work. Funding via the ARC Link-
age LP190700505 project was acknowledged by S.J.; ].M., and M.R. were
funded by JSPS KAKENHI Grant no. 22H02137 and JST CREST Grant
no. JPMJCR1913. M.R. was funded by JSPS KAKENH! Grant no.22K14200.
Open access publishing facilitated by Swinburne University of Technology,
as part of the Wiley - Swinburne University of Technology agreement via
the Council of Australian University Librarians.

Open access publishing facilitated by Swinburne University of Technol-
ogy, as part of the Wiley - Swinburne University of Technology agreement
via the Council of Australian University Librarians.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords

anisotropy, polarimetry, polarization analysis, stokes parameters

Received: November 18, 2023
Published online: January 18, 2024

[11 A. Hofmann, M. Schmid, W. Briitting, Adv. Opt. Mater. 2021, 9,
2101004.

[2] M. Yamada, Rev. Sci. Instrum 1993, 64, 1815.

[3] Y. Xu, D. Kraemer, B. Song, Z. Jiang, J. Zhou, ]. Loomis, |. Wang, M.
Li, H. Ghasemi, X. Huang, X. Li, G. Chen, Nat. Commun. 2019, 10,
1771.

[4] ). M. Bueno, F. Vargas-Martin, Appl. Opt. 2002, 41, 116.

[5] R.A.Bone, G. Draper, Appl. Opt. 2007, 46, 8351.

[6] M. Sobczak, M. Owczarek, W. A. Wozniak, P. Kurzynowski, Opt. Ex-
press 2021, 29, 15356.

Ann. Phys. (Berlin) 2024, 536, 2300471 2300471 (7 of 7)

(7]

[8

[9

o]
W
(2]
(3]
(4]
5]
6]
(7]
(8]
(9]
[20]
1]

(22]

(23]
(24]

(25]

(26]
(27]

(28]

(29]

(3]

www.ann-phys.org

J. de Boer, C. Hitzenberger, Y. Yasuno, Biomed. Opt. Express 2017, 8,
1838.

A. Saba, J. Lim, A. B. Ayoub, E. E. Antoine, D. Psaltis, Optica 2021, 8,
402.

S. Shin, J. Eun, S. S. Lee, C. L. nd Herve Hugonnet, D. K. Yoon, S.-H.
Kim, ). Jeong, Y. Park, Nat. Mater. 2022, 21, 317.

M. Ryu, S. Ng, M. Han, V. Anand, T. Katkus, J. Vongsvivut, D.
Appadoo, Y. Nishijima, S. Juodkazis, ). Morikawa, Nanoscale Horiz.
2022, 7, 1047.

R.Honda, M. Ryu, M. Moritake, A. Balcytis, V. Mizeikis, . Vongsvivut,
M. J. Tobin, D. Appadoo, J.-L. Li, S. H. Ng, S. Juodkazis, ]. Morikawa,
Nanomaterials 2019, 9, 732.

W. Zhu, G. Pezzotti, J. Raman Spectroscopy 2011, 42, 2015.

E. M. Garmire, A. Kost, Nonlinear optics in semiconductors Il, Aca-
demic Press, San Diego, 1999.

T. Onuma, Y. Otani, Opt. Commun. 2014, 315, 69.

C. Zhang, B. Xiangli, B. Zhao, X. Yuan, Opt. Commun. 2002, 203, 21.
H. Takeuchi, Rev. Sci. Instrum 2011, 82, 033907.

M. A. Cox, C. Rosales-Guzmén, Appl. Opt. 2023, 62, 7828.

X. Tu, O. ). Spires, X. Tian, N. Brock, R. Liang, S. Pau, Opt. Express
2017, 25, 33160.

N. A. Rubin, G. D'Aversa, P. Chevalier, Z. Shi, W. T. Chen, F. Capasso,
Science 2019, 365, eaax1839.

Y. Hikima, J. Morikawa, T. Hashimoto, Macromolecules 2011, 44,
3950.

S. Ng, B. Allan, D. lerodiaconou, V. Anand, A. Babanin, S. Juodkazis,
Eng. Proc. 2021, 11, 46.

M. Ryu, M. Han, L. Grineviciute, ). Hu, T. Moein, R. Honda, T. Katkus,
M. Tobin, J. Vongsvivut, T. Tolenis, Y. Nishijima, S. Ng, S. Juodkazis,
J. Morikawa, Laser Photonics Rev. 2023, 17, 2200535.

S. ). Blamires, M. Nobbs, P. Martens, I. Tso, W. Chuang, C. Chang, H.
Sheu, PLoS One 2018, 13, €0192005.

S. ).Blamires, G. Cerexhe, T. White, M. Herberstein, M. Kasumovic, J.
Royal Society Interface 2019, 16, 20190199.

R. Honda, M. Ryu, M. Moritake, A. Balcytis, V. Mizeikis, J. Vongsvivut,
M. J. Tobin, D. Appadoo, J.-L. Li, S. H. Ng, S. Juodkazis, ]. Morikawa,
Nanoscale Horiz. 2019, 4, 1443.

R.Honda, M. Ryu, A. Balcytis, J. Vongsvivut, M. ). Tobin, S. Juodkazis,
). Morikawa, Appl.Surf. Sci. 2019, 473, 127.

M. Rajabi, O. Lavrentovich, M. Shribak, Lig. Cryst. 2023, 50,
181.

D. Linklater, A. Vailionis, M. Ryu, S. Kamegaki, J. Morikawa, H. Mu, D.
Smith, P. M. nd R Ford, T. Katkus, S. Blamires, T. Kondo, Y. Nishijima,
D. Moraru, M. Shribak, A. O’Connor, E. Ivanova, S. Ng, H. Masuda,
S. Juodkazis, Nanomaterials 2023, 13, 1894.

R. Honda, M. Ryu, J.-L. Li, V. Mizeikis, S. Juodkazis, J. Morikawa, Sci.
Rep. 2018, 8, 17652.

H. Ichikawa, K. Takeya, S. Tripathi, Opt. Mater. Express 2023, 13,
966.

© 2024 The Authors. Annalen der Physik published by Wiley-VCH GmbH

85U80|7 SUOWWIOD @A eaID 8|qedl|dde ayy Aq peusenob ae Ssplife YO ‘@SN JO S9N 10 A%eiqi]8UljuO /8|1 UO (SUONIPUOD-pUe-SW.el W0 A3 1M ARelq 1 Ul |UO//:Sdny) SUORIPLOD pue swie | 8u 88S [Gz0z/20/20] uo ArigiTauliuo Aeim ‘AiseAun sniuliA Aq T/#00€202 dpue/z00T 0T/I0p/woo A3 1M Afeiq1jeul|uoy/sdny woJy pepeojumod ‘9 ‘vZ0Z ‘688ETZST


http://www.advancedsciencenews.com
http://www.ann-phys.org

	Determination of Stokes Vector from a Single Image Acquisition
	1. Introduction
	2. Experimental Section
	3. Theory: Image of Retardation and its Azimuth
	3.1. Best Fit Based Analysis
	3.2. Analytical Solution Based Analysis

	4. Results
	4.1. Retardance and its Azimuth from Fit of 4-pol. Images
	4.2. All Four Stokes Parameters from 4-pol. Imaging

	5. Conclusion and Outlook
	Supporting Information
	Acknowledgements
	Conflict of Interest
	Data Availability Statement

	Keywords


