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Abstract: We have fabricated and tested, to the best of our knowledge, the first fluidic birefringent
sensor (FBS) for the concentration measurements of chemical solutions in a homodyne interferometer.
The performance of KTP (potassium titanyl phosphate)-based FBS has been experimentally evaluated
for successful concentration measurements in salt and hydrochloric acid solutions. The measurement
resolution is 0.0088 wt. % in the concentration range of 2.5 wt. % for hydrochloric acid solution.
According to the experimental results, the chemical resistance property gives the KTP sensor the
potential to be used in harsh environments.
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1. Introduction

Optical birefringence causes two orthogonally polarized propagating lights to have different
refractive indices in a birefringent medium. The birefringent materials have been widely used in
optical sensors [1-9], polarization holographs [10], waveplates [11] and polarization controllers [12].
Usually, the uniaxial or biaxial crystals with anisotropic properties have polarization-dependent
refractive indices. It is possible to make a phase delay between two orthogonal polarizations.
It is well known that the reflected light can induce the phase delay of orthogonal polarizations
through the principles of surface plasmon resonance (SPR) and total internal reflection (TIR) [13-16].
The variation of phase delay can be measured by utilizing a pair of polarizers according to
polarization interferometry. The transmitted birefringent refraction (BR) also can cause the phase
delay. Anisotropic materials such as bulk and liquid crystals have been proposed and evaluated for
application in optical sensors. In various solid birefringent crystals, the photoelastic, thermo-optic and
electro-optic characteristics were adopted for the pressure, temperature and electric field transducers,
respectively [1-6]. The birefringent fiber or planar waveguides are also flexible for the compact designs
in integrated optic sensors [7,8]. Recently, the liquid crystals have been successfully demonstrated in
the application of biosensors due to the birefringence changes induced by the bioreaction [9].

It is essential to monitor liquid concentrations during manufacture and transportation [17,18].
Especially, some chemical solutions are corrosive and a specific metallic sensing head is necessary to
monitor the concentrations based on the conductivity dependence response in electronic signals [19].
Since optical probe metrology has remote and non-contact advantages, it can provide a flexible
measurement setup. In normal situations, the refractive index (RI) of liquid is concentration-dependent
when mixed with different contents. The RI variations of the tested liquids can be detected according to
the SPR and TIR sensors in the polarization interferometer [13,16]. Therein, the phase interrogation and
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spectra interrogation are less disturbed by the intensity noise of the probe lights. Typically, the optical
SPR sensor is fabricated by coating a thin metallic gold film onto a prism or glass sheet. To achieve the
highest measurement sensitivity, the thickness and complex RI of the gold film, the incident angle and
the probe wavelength have to meet the SPR requirements. Moreover, the tight resonance conditions
limit the dynamic range. Although the SPR technique exhibits more sensitivity in comparison with the
TIR one, the intrinsic characteristics of the coated metallic layers are easily destroyed in harsh chemical
solutions. In a commercial optical instrument for concentration measurements of chemical solutions,
the TIR principle utilizing a chemically resistant prism is a typical design for monitoring dynamic
concentrations. Since the detected resolution is limited by a beam spot size and a spatial resolution in
the CCD camera, it is difficult to improve the concentration resolution down to 0.05 wt. % [20].

The KTP crystal is an important material used for nonlinear optics because of its high resistance
to optical damage at short wavelengths. Most of the applications are demonstrated on the wavelength
converters [21]. To realize efficient wavelength conversion, a phase-matching condition is achievable
under the birefringence effects. For example, it is well known that the green light of 532 nm can be
generated by utilizing secondary harmonic generation pumped by a wavelength of 1064 nm. A periodic
poling KTP is adopted for various wavelength generations and optical quantum communications [22].
In the previous report [23], the KTP plate has been studied for applications on the concentration
measurements of salt liquid by utilizing the BR principle. Because of the KTP’s immunity to chemical
reactions in some chemical solutions, it can provide possible application in harsh environments.
In this study, simulations and experiments have been evaluated to indicate the advantages of the
KTP-based birefringence sensor for fluidic liquid concentration measurements. In particular, the
varied concentrations of hydrochloric acid (HCL) have been successfully measured with a very low
concentration level of 0.0088 wt. %.

2. Measurement Principle and Setup

A schematic of the proposed fluidic birefringent sensor (FBS) is depicted in Figure 1. Its design
includes inserting a KTP thin plate in a cylindrical glass cell. When an incident s-wave is parallel to
the n-axis of KTP plate, the phase difference between the two orthogonal p- and s-waves of the probe
light is represented by

2
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where v is the wavelength of the probe light, ¢ is the thickness of the KTP, n; is the refractive index of
the liquid medium and 0; is the incident angle. The KTP is a biaxial birefringent crystal. There are
three different refractive indices represented by 1y, n, and n.. The inlet and outlet are connected by a
plastic tube. The fluidic liquid is transported by a tubing pump. The phase variation A¢ of the probe
beam is dependent on the incident angle and relative refractive index between the KTP plate and the
liquid. The liquid’s Rls are also dependent on the concentrations of mixed contents. Therefore, the
liquid concentrations are measured according to the phase variations.
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Figure 1. Device structure and photo of a fluidic birefringent sensor (FBS).
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Figure 2 represents the schematic diagram of a measurement system for fluidic liquid
concentrations. A 632.8 nm He-Ne laser (LS) is used as a probe light in the system. A linear
polarizer (PL) and a half-waveplate (HWP) are used to control the probe light with equal power
for both orthogonal polarizations. The polarized probe light through an objective lens (L1) is launched
into a waveguide-type Zn-indiffused phase modulator (ZIPM) [24]. The sinusoidal voltage from a
function generator (FG) is applied on the ZIPM for the homodyne modulations. The output beam is
focused through a lens (L2), and a pinhole (PH) is used to filter out the scattering light. The probe
beam passes through the FBS, an analyzer (AL), a cylindrical lens (CL) and a photodetector (PD).
The tested liquids are injected in the FBS by the tubing pump (TP). The received voltage signals
through the PD are connected to a multi-data acquisition module (PXI); the procedure employs a
LabVIEW (Version 2010, National Instrument, Austin, TX, USA) platform [24] performed on a personal
computer (PC). The measured phase data is saved and shown on the display. In common-path
homodyne interferometry, the received interferometric intensity applied with a sinusoidal phase
modulation. The modulated interferometric signal is analyzed by a fast Fourier transform (FFT)
scheme. The spectrum, with different harmonic signals, can be used for calculating phase information
during measurements.

PL Hwp ZIPM

&@/ ‘.r PXI
.

Figure 2. Measurement setup for the fluidic concentration of solution in a homodyne interferometer.

3. Results and Discussions

The simulations of the phase variation A¢ versus Rl of the tested liquid medium, ranging from
1.333 to 1.343 refractive index units (RIU) for different incident angles to the surface of the KTP plate
(6; = 40°~50°), are shown in Figure 3a. The sensitivity of the RI sensor is defined as a slope of the phase
curve as shown in Figure 3b. The unit of RI measurement sensitivity is deg./RIU. The sensitivity is
increased with the increased incident angle. The linearity is still good for the higher incident angles.
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Figure 3. (a) Phase change versus RI for different incident angles in a small dynamic range;
(b) Sensitivity (deg./RIU) versus RI.
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Figure 4a shows the phase variation versus Rl in a wide dynamic range from 1.30 to 1.50 RIU.
The values of sensitivity are dependent on the incident angles and RI regions as shown in Figure 4b.
The higher incident angle and larger RI enhance the sensitivity. Because of the relaxed incident angle
conditions, its flexibility permits adjustment of the sensitivity for measurements on different levels
of concentrations. The sensitivity and linearity on the wide measuring RI range is a tradeoff at the
increased incident angle. In a practical application, the nonlinear phase response needs a correction
factor to recover the correct measurements.
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Figure 4. (a) Phase change versus RI for different incident angles in a wide dynamic range;
(b) Sensitivity (deg./RIU) versus RI.

Since the probe beam is focused with a diameter of around 0.2 mm, it is still possible to induce
an additional phase shift caused by the photorefractive effects in the KTP plates. At the probe power
of 25 pW and a measurement period of 2250 s, the long-term phase variations A¢ in the FBS are
within one (degree) with fluidic de-ionized water (DI) at a flow rate of 30 sccm (mL/min), as shown
in Figure 5a. The root mean square error (RMSE) of the measured phase data is used to express the
phase stability in the measurements. The short-term stability possibly reached 0.2 (degree) during
the measurement period of 100 s (200 data points), as shown in Figure 5b. The photo-induced phase
variations of the KTP plate will change the initial phase values. It needs a reference injection liquid to
obtain the initial phase for providing the reference baseline. The phase variations in the KTP plate are
mainly dependent on the wavelengths of incident light and the input powers. The approach to reduce
the photorefractive impacts can be considered to reduce the input powers by using a higher-sensitivity
photodetector. Besides, the probe light with a longer wavelength (>632.8 nm) is possible to improve
the phase stability.
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Figure 5. Phase stability measurements: (a) long-term period and (b) short-term period.
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To study the measurement performance depending on the cell sizes, two different designs
(Figure 6) are proposed to compare the phase variation profiles under the exchanged liquids between
DI and salt water (SW). A quasi-linear dependence of the RI change of the salt solution’s concentration
(wt. %) is possible [25]. Various Rls can be adjusted by mixing with different weights of water and
salt. According to the simulations in Figure 3, the phase variations are expected to have a linear
dependence on the concentration. Because of the FBS's cylindrical shape, it is easy to distort the probe
beam. The cylindrical lens (CL) is used to focus the transmitted beams onto the PD. There, the large
cell has a 28 mm diameter and a height of 16 mm. The small one has a 14 mm diameter and a height
of 16 mm. The KTP plates are the same dimensions as used in the two different cells. The length and
width of the KTP plate are 8 mm, and the thickness is 1 mm. The KTP plate is placed on the center of
cell. The flow rate is 30 sccm (mL/min) from the tubing pump for both cells.
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Figure 6. Geometrical sizes of the FBSs: (a) large cell and (b) small cell.

Figure 7 gives the measurements of phase response for two different incident angles in the large
flow cell. The tested concentration of SW is 0.625 wt. %. The values of the phase difference Aj between
DI and SW periods are 25 (degrees) and 35 (degrees) for the incident angles 8; 45° and 50°, respectively.
The trends of phase variation increased as well, as did the incident angle, similar to the simulations
shown in Figure 3. The volume of the large cell requires a longer exchange time between the DI and
SW liquids; the rise and fall periods also need more time to switch completely. The phase curves of the
large cell are rough and include more phase tails during the exchange of liquids.
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Figure 7. Measurements of phase response for different incident angles in the large flow cell: (a) 45°
and (b) 50°.

To solve these issues, the smaller flow cell (Figure 6b) was adopted for comparing the phase
response curves between the two flow cells. At the same flow rate of 30 sccm (mL/min) and the
incident angle of 45°, the phase curve of the small cell during the liquid exchanged is shown in Figure 8.
The phase difference Ap between DI and SW is around 24.5 (degrees), which approaches the results of
the large cell (Figure 7a). The phase curve is smoother with a near step change. In principle, the phase
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variations are possibly increased by increasing the incident angles over 45°. However, the connection
ports in the small cell will limit the higher incident angles. To maintain the measurement repeatability,
the incident angle of 45° is used for the following experiments.
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Figure 8. Phase response curve for the small flow cell.

In the optical fluidic instrument, the probe light passes through the liquids in the flow cell. Since
the diameters of the inlet and outlet ports are smaller than the cover area of the flow cell. The flow
speeds suddenly change between the connection pipe lines and the flow cell will cause turbulent
flow [26]. The turbulent flow makes the injection liquids spend more time in the dead volume of flow
cell. It will cause the incomplete exchange between two different concentrations of injection liquids.
According to the phase curves shown in Figures 7 and 8, the dead-volume effects of the large cell
(Figure 7) are obvious in comparison with the small cell (Figure 8).

To calculate the mean values and RMSEs for the different concentrations, the measured phase
variations in the central measurement period of 25 s (50 data points) are taken for the SW and HCL
solutions. Figure 9a shows the list of the five concentrations of SW: e.g., 0 wt. %, 0.625 wt. %, 1.25 wt. %,
2.5 wt. %, and 5 wt. %. The mean phase change versus the concentration is a quasi-linear curve,
as shown in Figure 9b. The summarized table of the mean values and RMSEs is shown in the inset.
The phase variation is 135 (degrees) for the 5 wt. % change of concentration. The sensitivity of the
concentration measurement is represented by the ratio of the phase difference versus the concentration
change. Therefore, the sensitivity is around 2.7 x 103 (deg./wt. %). According to Figure 9c, the liquid
switching time is around 15 s to achieve a stable phase change. By considering the stable phase period
as shown in Figure 9d, the best phase stability of 0.25 (degrees) is achievable. The corresponding
measurement resolution is defined by the ratio of the measurement phase stability versus sensitivity.
Thus, the measurement resolution of 0.0092 wt. % is achievable according to the experimental data.

After the optimizations of cell size, focal position and incident angle in the SW concentration
measurements, the liquid solution was further replaced by the HCL. Therein, a quasi-linear relationship
between the RI and concentration within 40 wt. % was available, as provided in [20]. Figure 10 gives
the phase response for different HCLs’ concentrations. The periodic modulations of the concentration
between the HCL and DI liquids were adopted to test measurement repeatability, as shown in
Figure 10a. The mean phase variation versus concentration is shown in Figure 10b. It shows a
good linear relation between them. The summarized table of the mean values and RMSEs is shown
in the inset. The phase difference is 223 (degrees) in the concentration change range of 2.5 wt. %.
Therefore, the sensitivity is around 9 x 10% (deg./wt. %). According to Figure 10c, the liquid switching
time is around 9 s to achieve a stable phase change. By considering the stable phase period as shown in
Figure 10d, the best phase stability of 0.8 (degree) is achievable in the fluidic HCL solution. Finally, the
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measurement resolution of the concentration is 0.0088 wt. %. The chemical stability of the KTP material
has been mentioned in [27]. Typically, the chemical solutions used for domain inversion observations
of the KTP plate are the mixture of KNO3 and KOH [28]. The difference of the etching rate between
the +c and —c surface of the KTP plate can be used to observe a contrast of the surface morphology.
It means that the etching rate is higher on the —c surface (electrical poling) in comparison with the +c
surface (without poling). By the way, the chemical etching methods have been widely used to check
the defect density after crystal growth. The crystals were put for 60 min into a boiling 37 wt. % HCL
solution in order to obtain suitable etch pits [29]. According to the reported etch results [28,29], only
the poling regions and defects are easily etched due to the structure changes. Therefore, the idea
surface of the KTP plate could be used in harsh environments.
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Figure 9. Phase response for different concentrations of SW solution: (a) step-increased concentrations
of SW; (b) phase versus concentration; (c) liquid change time; and (d) phase stability.
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Figure 10. Phase response for different concentrations of HCL solution: (a) step exchanged between DI
and HCL solutions; (b) phase versus concentration; (c) liquid change time; and (d) phase stability.

4. Conclusions

In summary, the proposed KTP-based FBSs have been successfully demonstrated for the
measurements of liquid concentration. The FBSs’ designs were systematically evaluated to discuss
the measurement performance and optimize the incident angle of the probe light. The repeatable and
stable phase measurements were obtained with the simple sensors. The achievable resolutions of
concentration were 0.0092 wt. % and 0.0088 wt. % for the SW and HCL solutions, respectively. The RI
is around 1.425 RIU for the HCL concentration of 40 wt. % [20]. Although the only low concentration
of 2.5 wt. % of HCl solution was used for the first trial experiments, the simulations in Figure 4 offer
the possibility that the wide RI (1.30~1.50 RIU) can also be measured in the proposed FBS. Finally, the
experimental evidence suggests that with the chemical resistance property, the KTP sensor has the
potential for dynamic concentration monitoring of chemical solutions in harsh environments.
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