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Abstract Polarization is an elementary property of light waves and has many appli-
cations in medicine and health sciences. In this research, an automatic control UV
light source Stokes polarimeter system is built using simple and inexpensive optical
devices. The optical system includes one UV laser source, three polarizers, two
quarter-waveplate, and one optical sensor applying the Mueller-Stokes decomposi-
tion for extracting linear birefringence (LB), linear dichroism (LD), circular bire-
fringence (CB), circular dichroism (CD), linear depolarization (L-Dep), and circular
depolarization (C-Dep) of a biological sample. The system can measure the inten-
sity of 180 data points then calculate the output Stokes vector of measured samples
from 4 inputs polarized lights (i.e., 0°, 45°, 90° of linear polarized lights and right-
hand circular). The experimental results showed that the system could automatically
measure Stokes parameters of a biological sample with the accuracy at £5% to
compare with the commercial device, Stokes polarimeter. Therefore, the designed
system has the benefits not only of extracting the optical parameters of the biological
samples but also of improving the accuracy of results by reducing the error effect on
the measurement.
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1 Introduction

Polarized light has significant potential for applications in the cosmetic industry,
chemistry, biology, engineering science, especially medicine [1-5]. Classic applica-
tions of the effective parameters include linear birefringence (LB) of the peripapillary
retinal nerve fibre layer provides useful information for early glaucoma diagnosis
and the complete understanding of scanning laser polarimetry [6, 7]. Moreover,
linear birefringence measurement on the myocardium of rat hearts demonstrates
the potential application for monitoring regenerative therapy of myocardial infarc-
tion [3]. Circular birefringence (CB) measurement of human blood can distinguish
the diabetic severity status in patients [2]. Linear dichroism (LD) measurements
are useful for characterizing significant properties of molecules that are hidden or
support tumour diagnosis [8—10]. In contrast, the circular dichroism (CD) spectrum
can be used to analyse and give valuable information about the secondary structure
and function of proteins [11-13].

Furthermore, linear depolarization (L-Dep) and circular depolarization (C-Dep)
measurements can provide useful knowledge for studying and characterizing turbid
media [14]. Many research papers have shown that any polarization state of light
can be completely described by four measurable quantities known as Stokes polar-
ization parameters (SO, S1, S2, and S3) [15]. Applying the Mueller matrix method,
the proposed system was designed and built for measuring the Stokes polarization
parameters from 4 inputs polarized lights (right-hand circular and linear polarized
lights in 0°, 45°, 90°) to determine the fundamental optical properties of biological
samples including LB, LD, CB, CD, L-Dep and C-Dep [16]. In this research, an auto-
matic control UV laser- Stokes polarimeter system was built to develop a medical
device capable of detecting specific diseases, especially tumour or cancer at their
early stages.

2 Methods

2.1 Methodology

Based on the analytical technique of Pham and Lo [17, 18], we design an automatic
control system for measuring the Stokes parameters of biomedical samples. This
control system can determine the optical properties of samples. A rotating half-wave
plate will produce various orientations of linearly polarized light. The polarizing
element was placed in a rotatable mount during the measurements and then inserted
between the light source and the analyser. By applying Stokes polarimetry and
Mueller matrix decomposition method [19], the optical parameters were extracted
namely linear birefringence (LB), circular birefringence (CB), linear dichroism (LD),
circular dichroism (CD), linear depolarization (L-Dep), and circular depolarization
(C-Dep). The automatic control system of Stokes polarimeter is shown in Fig. 1.
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Fig. 1 Schematic illustration of the model of the automatic control UV light—Stokes polarimeter

The system includes a Laser diode source (LDM 785, Co. Thorlabs) with the wave-
length of 375 nm firstly generate the light source to a fixed linearly vertical polarizer
(LPUV050-MP2, Thorlabs Co.) to normalize and filter the light source, the power
controller (LDC200C, Thorlabs Co.) and temperature controller (TEC200C, Thor-
labs Co.) were utilized to control the temperature of the laser. Then, the polarization
state generator (PSG) with a rotating quarter-wave plate (AQWPO05M, Co. Thorlabs)
and a rotating linear polarizer (LPUV050-MP2, Thorlabs Co.) generates two circular
polarized lights (LH and RH) and four linear polarized lights at 0°, 45°,90°, 135°. The
generated lights interact with the sample and reach the polarization state analyser
(PSA) part including another rotating quarter-wave plate (AQWPO5M, Co. Thor-
labs), a fixed vertical polarizer (LPUV050-MP2, Thorlabs Co.) and a biased Gallium
Phosphide photodetector (DET25K/M-GaP Detector, 150—550 nm, Co. Thorlabs) for
measuring the light intensity and output the photocurrent. This current was amplified
by a photodiode amplifier (PDA200C, Thorlabs Co.) before reading by a computer.
Based on the rotating quarter-wave plate polarimeter Stokes method, the rotating
quarter-wave plate in the PSA rotates from 0° to 180° and 180 data sample points
were obtained by the detector. It will rotate with the steps of 1° (On + 1 — On =
180/180 = 1°). Therefore, the angles of rotation are: 61 = 0°, 2 = 1°, 3 = 2°

.. 0179 = 178°, 6180 = 179°; with every angle of rotation the system reads the
analogue signal. Lastly, for each polarized light, 180 measurement data points will
be converted to digital signals and computed to Stokes vectors by the equations:
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So=A-C, S5 =2C, S,=2D, S;3=B 3)

Additionally, the Degree of Polarization, Azimuth and Ellipticity of each data
point was calculated the following equations:

ST+ S5+ S3
DOP=+—_

S0 4)
tan~! (g—;)
Azimuth = 90° — — 2/ (5)
2
tan_l ( Ss3 )
24832
Ellipticity = — Y12/ (6)

2

A graphical user interface application was designed to control the system and
display the output conveniently algorithm written in MATLAB by Thi-Thu-Hien
Pham was used to extract the output results, i.e., Stokes vectors, the Degree of
Polarization, Azimuth and Ellipticity of the sample. Brief processes of MATLAB
program were shown in Fig. 2.

The Stokes parameters were processed in MATLAB program by applying the
Mueller matrix decomposition for extracting nine effective optical parameters
including orientation angle of the fast axis of LB, linear birefringence of LB, optical
rotation of CB, orientation angle of LD, linear dichroism of LD, circular dichroism
of CD, linear depolarization, and circular depolarization.

/ UV Stokes Polarimeter . \ ML EE f 9 parameter \\

——

Fig. 2 The processing pipeline of the algorithm written in MATLAB
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2.2 Hardware Design

The hardware of the system is designed in two main parts. The first part is an optic
mounting, including the gear part controlled by a stepper motor. The holder was
linking with the gear part using a magnet and the optic holder to secure the positions
of the plates without damaging. With the magnet, the optic mounting can easily
disassemble its components or change the tilt angle of the optic. The second part is
the rotating optic module, which was created to control the optic angle, including
two blocks fixed two stepper motors, which were placed in symmetry and connected
with the optic mount by a belt drive.

All optic mounts and the rotating optic module were designed using Autodesk
Fusion 360 and printed by 3D printers.

2.3 Firmware and Software Development

Targeting to an automatic control system, the firmware and software were developed
to have the most ability to do measurement with less control from the user. The posi-
tion of the fast axis of each optic was saved in Electrically Erasable Programmable
Read-Only Memory of microcontroller to reduce the calibration of the system. The
microcontroller was used to control hardware components, read and convert the
analogue signal from the sensor. The software is designed by using C Sharp, giving
it the ability to fast process and controlling the system. The flowchart of the software
algorithm to control the system for generating six polarized light states and analysing
the output light after going through the sample, as illustrated in Fig. 3.

3 Results and Discussion

3.1 Designed Hardware

Optic Mounting

In Fig. 4, the optic mount was designed to secure optical components without
damaging the optic and controlled by a stepper motor. Thanks to the design of optic
mounting with magnets, the optical elements are easily removed or replaced. The tilt
angle of optical can be changed from —20 to 20°.

The gear part operated by a stepper motor was designed to link with the holder by
magnets. This part has a home point for marking the optical angle. The optic holder
was designed for the insertion of the plates, linear polarizer mount LPUV050-MP2
and quarter-wave plate AQWPO5M from Thorlabs Co., as shown in Fig. 5.
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Fig. 3 The flow chart of the automatic Stokes measurement system

Fig. 4 The design of the optic mounting which was designed allowing the user to change the tilt
angle of retarder from —20 to 20° with removable characteristic due to magnet linking
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g a b C d

Fig.5 a The gear part with magnets; b The holder with magnets to link with (a); ¢ The optic holder
part, designed to tilt the optic from —20 to 20°; d The optic; e Magnets; f The home point to mark
the angle of optic; g Gear teeth

According to Meadowlark Optics Incorporated [20], the source errors, namely
wavelength, angle of incidence, thermal, and the presence of multiple reflections can
change the retardation. To avoid inaccurate retardance error, the optic mounting is
designed to be able to alter the tilt angle of the optic. The equation calculates the
retardance:

5 t Bt 7

= (n, — ny) R (N

where t is the thickness of optic and \ is the wavelength of light, n. is the extraordi-

nary index, n, is the ordinary index, B is a birefringence. This equation proves that

wavelength has a significant impact on retardation. The angle of incidence is another

source error because it can change the extraordinary index. Retardation can change

by temperature since it can change the thickness of the retarder and the birefringence

of the material. The retardation is also affected by the presence of multiple reflections

caused by the similarity of the coherence length of the light source and the thickness
of the retarder.

Therefore, the optic mounting is designed to have the capability to change the tilt
angle of the retarder from —20 to 20° for optimizing quarter-wave of retardance for
each wavelength.

Optic Rotation Module

The block was designed to fit the stepper motor to control the polarizer lens angle. The
stepper motor-operated the optic mounting through belt drives. The system has two
optic rotation modules; each module has two motors and two optic holders placed in
symmetry. This symmetry design was optimized to reduce the length of the light path
or distance between two optics, the unbalancing of the mass balance of the module
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Fig. 6 Design of the optic rotation module using Autodesk Fusion CAD. The module was designed
to rotate the optic holder, consisting of two motors and two optic holders placed in symmetry

was also reduced. The optic rotation module was designed as following shown in
Fig. 6.

The design of the automatic measurement of the UV Laser system was shown in
Fig. 7. This design consists of 2 main parts. The first part is PSG including a Laser
diode source and a first module attaching a rotating quarter-wave plate with a rotating
linear polarizer. This part served as the generator of 6 inputs polarized lights. To
calibrate the light source, a fixed linearly vertical polarizer is inserted before the first
module. The second part is PSA consisting of a second module, which has a rotating
quarter-wave plate, a fixed vertical polarizer, and a photodetector for measuring the
analogue signals and calculating the Stokes parameters.

The light with the wavelength of 375 nm is firstly created by the light source,
passes through a rotating quarter-wave plate and a rotating linear polarizer to produce
sequentially six polarized light (two circular polarized lights and four linear polarized
light). Subsequently, these lights interact with the sample, followed by reaching
another rotating quarter-wave plate, a fixed vertical polarizer, and a photodetector
for obtaining the analogue signal and calculating the intensity.
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Fig. 7 The design of the system in autodesk fusion CAD. The system is designed into two main
parts. The first part is the polarization state generator (PSG) including a laser diode source and a first
optic rotation module for generating six inputs polarized lights. The second part is the polarization
state analyser (PSA) including a second module and a photodetector for receiving the analogue
signal and calculating the Stokes vectors

3.2 Validation for Accuracy of the System

Accuracy of Optic Rotation and Photodetector

A first experiment that is used to validate the accuracy of the motor and photode-
tector was set up to measure the light intensity of UV laser through a fixed polarizer
and rotate another polarizer. Hypothetically, the output intensity recorded will be
calculated by I = I,*(cos(a))?, where (a) is the angle formed by the polarizer and the
light axis; I, is the intensity when the polarizer is parallel with the light axis. The
error of the system was determined by subtracting the measured values to expected
values, as shown in Eq. (8):

Measured values — Expected values
Yoerror =

100% 8
Expected values * 0 ®

In our experiment, the measured data were compared with the expected values.
The results of the system are well fitted with the mathematical assumption, as shown
in Fig. 8. The accuracy of the motor and the light detector were perfectly validated
in this experiment with the error is 0.25% of reading.
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Fig. 8 The comparison of the results of the designed system and the expected values

The Output of Polarization State Generator (PSG)

180

The outcomes of the generated light from PSG, including Stokes vector, the degree
of polarization, azimuth and ellipticity were measured and shown in Table 1.

The generated lights had an error from —0.2% to 1.1% about DOP satisfied the
project goal to have the error below 5%. An experiment to extract the properties of
the half-wave plate with generated lights was done and reported in the below part of
the paper. The result was very good but can improve in the future.

Table 1 The outcomes of the generated polarized lights from PSG

So | S1 SH S3 Azimuth | Ellipticity | Degree of
Polarization

Linearly polarized |1 |1.007 0.009 —0.026 |45.26 -0.73 100.8
00
Linearly polarized |1 |—0.027 |1.011 —0.024 |90.76 —0.66 101.1
45°
Linearly polarized |1 |—0.998 |—0.021 | —0.017 |45.59 —0.47 99.8
90°
Linearly polarized |1 |0.003 —0.988 | —0.011 |90.76 —0.67 101.1
135°
Left-hand circularly |1 | —0.059 |0.007 -1 131.71 —4491 100.2
polarized
Right-hand 1 10.039 0.029 0.997 63.23 43.60 99.8
circularly polarized
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Fig. 9 The extracted optical rotation of CB property of a rotating half-wave plate when it rotated
from 0° to 180°

Decomposition of Rotating Half Waveplate

To validate the accuracy of the motor and photodetector, a standard Achromatic Half-
Wave Plate (AHWP05M-340, Thorlabs Co.) was positioned at the sample location
(see Fig. 1) and rotated from 0 to 180°. After that, through extracting the LB, LD
and CB properties of the half-wave plate, the accuracy was assessed. The results are
illustrated in Fig. 9.

For each rotation of the half-wave plate, the optical rotation of CB decreases 10°,
which is equal to the increasing angle of the half-wave plate, followed by starting a
new cycle at the next 90° of the optic.

4 Conclusion

In conclusion, the system was designed, built and tested for automatically measuring
the Mueller matrix of the samples with error £0.25% for reading data. Thanks to the
Stokes-Mueller matrix decomposition, nine effective parameters in LB, LD, CB, CD,
L-Dep or C-Dep were extracted for investigating the optical properties of the sample.
For future works, more rigorous experiments with biological samples and chemical
compounds need setting up to characterize their optical properties that could be
obscured by using other methods or compare the differences between the healthy and
abnormal tissues which is contributed to the cancer diagnosis. This system not only
minimizes the time consumption and reduces the errors by users in experiments. It is
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a promising device for diseases diagnosis and monitoring development or supporting
tumour detection in the future.
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