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Abstract

Single-crystal sapphire-fiber optic sensors based on surface plasmon resonance (SPR) for refractive index (RI) measurements of aquec
and hydrothermal water solutions are described. Accurate measurement of Rls is essential to efficient operation and control of broad rang
of engineering processes. Some of these processes are carried out with harsh environments, such as high-temperature, high pressure,
chemical corrosion. These extreme physical conditions are proving a limiting factor in application of the conventional silica-based optical
sensors. Single-crystal sapphire is an ideal material for sensor applications, where reliable performance is required in the extreme environme
conditions. With regard to the liquid species detection, most applications of SPR sensors are designed to function near the refractive inde
of water (1.3330 RI). The RI changes of aqueous solution can be easily monitored by silica-fiber (RI, 1.4601 at 550 nm) based SPR senso
However, the sapphire waveguide has a prohibitively high RI (1.7708 at 546 nm) for unmodified monitoring of the RI changes of aqueous
solutions. For that purpose, a practical SPR probe geometry has been applied to the ability to tune the SPR coupling wavelength/angle pa
with sapphire-fiber based SPR probe.
© 2005 Published by Elsevier B.V.

Keywords: Fiber optic sensor; Surface plasmon resonance; Sapphire-fiber; Rapid thermal annealing

1. Introduction Two main types of the SPR sensors have commonly
been employed: constant-angle SPR (i.e., spectral SPR) and
The optical phenomenon of surface plasmon resonanceconstant-wavelength SPR (i.e., angular SPR). In the prism-
(SPR) has many applications ranging from the analysis of based SPR sensor, the surface plasmon wave (SPW) on the
biomaterials to environmental inspection. The technique of prism can be excited by light with a modulated angle of inci-
SPRis based on an electromagnetic phenomenon thatis capadence. Otherwise, the reflected intensity can be measured
ble of monitoring refractive index (RI]1,2] and thickness by wavelength modulation while the incident angle is kept
of the dielectric mediunj3,4] that come into near contact fixed and the wavelength of the incident light is changed.
with sensing surface. SPR sensing platforms are traditionally Therefore the prism-based SPR sensor system can be used
based on the Kretschmann configurafie®], consistingofa  either as a spectral or angular SPR sensor. The prism-based
prism with thin layer of highly conductive metal (most often SPR sensors are not, however, optimal for in situ industrial or
gold or silver) deposited onto one face to form the sensing environmental process monitoring. The sensing region is by
surface. The reflection characteristics of a medium adjacentnecessity more bulky that single fiber optics probe because
to the metal film are highly sensitive to RI variations in the of the rigid geometry of the sensor head. Thus, even the mini-
sample medium. Spreeta by Texas Instruments requires fluid handling systems
to bring the sample to the sensor head instead of immersion
of the sensor in the sample.
* Corresponding author. Tel.: +1 480 965 3058; fax: +1 480 965 2747. The use of optical fibers for the SPR sensing has recently
E-mail address: booksh@asu.edu (K.S. Booksh). attracted much attentiofi,7—18] because the optical fiber
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sensors have several distinct advantages over the prismactive areas of seafloor, at an average depth2#00 m and
based sensor. They are fundamentally simple in structure,in the both the Atlantic and Pacific oceans. In these regions,
less costly, require smaller sample volumes, and are amenablaseawater seeps into cracks in the sea floor. This seawater is
towards remote sensing applications. In the traditional fiber- heated by the magma that lies beneath the earth’s crust, and
based SPR sensor system, there is not a fixed incident angléeaches minerals from the magmatic basalts. After a com-
but a range of angles that are allowed to propagate in theplex circulation, the hydrothermal fluids are emitted into the
multimode fiber probe. The incident light consists of a wide cold deep-sea water. These hydrothermal fluids are acidic,
range of wavelengths launched into the fiber in order to excite reduced and enriched with chemicals including heavy met-
the SPW across a range of angles defined by the numericakls, methane and hydrogen sulphide. These near supercritical
aperature of the fiber optic waveguide. However, the SPR conditions of sulphide mineral-enriched water corrode most
coupling wavelength can be tuned selectively by modifying instrument platforms; sapphire, gold, diamond, and titanium
the geometry of the probe tjd,15-17]. The probe geome- are four of the few materials stable in these environments. To
try allows the sensor to be easily placed into the sample of date, sensors for temperature, ph, lnd sulphide concen-
interest, and the orientation of the sensing region requires atration have been the only successfully deployed instruments
minimal sample volume, making significant invasion of the in hydrothermal vent4§19-21]. The sapphire-fiber based
sample unnecessaf/7]. SPR probe after the RTA treatment is highly desirable in a

Development of fiber optic SPR sensors for Rl moni- wide range of the engineering applications with harsh envi-
toring applications where the RI of the media is far from ronments such as the natural seafloor hydrothermal vents,
the RI of the waveguide is not trivial. Most SPR sensors high-temperature combustion, and industrial processes mon-
are designed with incident angles in the range o--8% itoring of corrosive reagents. Additionally, the system could
from normal to monitor samples within 0.1 refractive units be applied to the development of advanced high-temperature
of the waveguide. BK7, SF10, or silica substrates{R142) materials.
are employed for aqueous applications {R1.34). Straight
sapphire rod (RI~ 1.77) has been employed for SPR sen-
sors, but the application was the monitoring of epoxy curing 2. Experimental
processes (Rl > 1.48)8]. Such arange of applications trans-
late well to fiber optic sensors, the angle of incidence is 2.1. Probe designs
within the numerical aperature of the optical fiber and the
distribution of angles propagated by the fiber do not result  The fiber optic SPR system has been previously described
in an overly broad SPR spectral feature. However, to real- [1]. The sensor system associated with the fiber optic SPR
ize the sensitivity to refractive index changes greater than probe is shown ifrig. 1-1. A bifurcated 0.2 0.02 numer-

0.1 refractive units less than the waveguide, the angle of ical aperture optical fiber jumper was used to guide the light
incidence must approach 43ere two problems mutually  from the source, to the probe, and back to the detector. Poly-
compound to prohibit direct use of optical fibers. First, from imide clad fibers (Polymicro Technologies) having 208,

the Fresnel equations, the angular sensitivity (change in SPR220+ 5 and 2406+ 5um core, cladding and buffer diame-
feature location with respect to change in angle) is greater theters, respectively, were employed to manufacture the jumper
closer to normal the angle of incident becomes; thus to getin house. A white light LED that can be operated over 100 h
a sharp spectral feature, strict control of incident light colli- on acommercial 9 V household battery was employed for the
mation must be realized. Second, to realize the acute anglesource. Light from the LED was focused on the optical fiber
of incidence in optical fibers, high numerical aperature fibers with a SMA fiber optic coupling lens (Thor Labs). For the
must be employed. However, the larger the numerical aper-initial tests and the analyses with silica SPR probes, returned
ature results in a broader distribution of angle in the fibers. light from 502 to 950 nm was dispersed by a Kaiser Hollospec
Even moderate numerical aperature fibers (0.22 or 0.39 NA) spectrograph (Kaiser Optical Systems Inc.) and collected on
tapered, in the manner of Obando and Bodkghto present a Princeton Instruments CCD camera (Roper Scientific). For
the appropriate angle of incidence yield SPR features so broadhe analyses with sapphire SPR probes, a Jobin-SPEX 270 M
as to be useless when the RI of the media is far from the RI of spectrometer with 1800 gr/mm grating was used to narrow
the waveguide without redesign of the fiber optic SPR sensorthe spectral range to 42.8 nm. The spectra were collected with
platform. 1024x 256 pixels Andor CCD camera.

Presented here are SPR monitoring applications wherethe Three different types of optical fibers for SPR probes
RI of the media being monitored is significantly less than the were employed in these experiments. All three optical fibers
RI of the waveguide. Single-crystal sapphire (R1.77) SPR were selected to be approximately 40 in core diame-
probes are employed to monitor the density of aqueous solu-ter to maximize the coupling between the probe tip and the
tions (RI~ 1.33). Here the ultimate application is the design bifurcated fiber jumper. Single-crystal sapphire optical fibers
of a fiber optic sensor to monitor fluid density in and around (Photran, LLC) were 42hm in diameter and did not have
deep-seahydrothermal vents. Seafloor hydrothermal vents, oia cladding or buffer. Silica core optical fibers with 0.39 NA
“black smokers”, have been discovered in many tectonically were employed. The 0.39 NA multimode fibers (Thor labs)



910 Y.-C. Kim et al. / Talanta 67 (2005) 908-917

Fig. 1. Schematic diagram of experimental set-up and probe designs: (1-2a) fiber based straight SPR probe; (1-2b) fiber based tapered SPR probe. (
spectrometer; (2) white light source; (3) SPR probe; (4) sensing surface; (5) mirror.

had 400t 8, 425+ 1 and 730t 3pm core, cladding and pump (Eldex Laboratories), connected to a sample reser-
buffer diameters, respectively. voir. Pressure was read from an analogue gauge incremented
Two probe designs were selected for presentation in this at 50 psi. Heating was accomplished using flexible electric
paper (Fig. 1-2). In traditional straight SPR probe (Fig. 1-2a), heating tape (Barnstead/Thermolyne) with variable-voltage
there is not a fixed angle of incidence, but rather a range of controller. The temperature was read from an internal K-type
incident angles that are allowed to propagate in the straightthermocouple attached to a digital thermometer (Omega),
SPR probe. The dual-tapered SPR probe (Fig. 1-2b) has sensaccurate ta0.5°C. For mounting the SPR probe into SMA,
ing surface and the front mirror polished at orthogonal angles epoxy (Tra-Con, TRA-BOND F202) was generously placed
between the two surfaces. The white light from the illumi- on the SPR probe and SMA. This epoxy was also used to
nating fiber/mirror reflects off of the tapered surfaces of the mount two fibers (illuminating and collecting optical fibers)
probe and is incident onto the sensing surface at the designednto one steel jacket for manufacturing a bifurcated fiber optic
angle,0inc. The preparation of the sensors has been exten-coupler that was terminated with SMA connector. The SPR
sively describedl]. In summary the buffer and cladding probes were linked to the coupler that was kept in alignment
are removed from the silica-fibers; the sapphire-fibers had with the optic of the system.
no buffer or cladding. The fiber optic tip was polished to a For the analysis, an air reflectance spectrum was employed
desired angle with a fiber polisher (Ultra Tec). The surface for the reflectance reference. Each collected spectrum was
was polished with 6, 3, 1 and Ou3n lapping films. Inamod-  normalized to fraction reflectance across all wavelengths rel-
ified Cressington 204 h sputter coater (Cressington), 1 nm of ative to the reference spectrum. A unique reference spectrum
Crfollowed by 50 nm of Au were deposited on the SPR active was collected for every sensor studied.
regions. For the rapid thermal annealing (RTA), the sapphire
SPR probe was placed in a fused silica tube. After the fused2.3. Data analysis
silica tube was evacuated and flame-sealed, it was heated at

1200+ 50°C for 30s. Reflectivity references were collected before each set of
samples with the fiber optic sensors. References were col-
2.2. Experimental design lected in media where the SPR response would be far outside

of the spectral window. Normalizing each spectrum by the
Sixteen KCI (Fisher Scientific) solutions from 0to 20% by appropriate reference yields the familiar SPR dip.
mass were prepared by dilutions from a stock KCl solution. ~ Observed SPR spectral features were compared to the the-
Rls of the samples were verified by an automatic digital- oretical SPR features from the model proposed by Ishimaru
refractometer accurate to 0.00001RI (A.liss Optronic [22]. A Matlab (Mathworks) program was written in house

GmbH). to calculate the theoretical SPR response. This is the same
A stainless steel chamber for the high-temperature and/ormodel as was employed by Johnston ef28]. Note that the
pressure conditions was constructed using Swa§etakn- theoretical SPR model assumed TM polarized light while the

ponents. The chamber was designed to allow the simula-optical fiber probes use un-polarized light. Thus, where the

tion of liquid sample in the seafloor hydrothermal vents. theoretical spectral profiles approach complete attenuation
The total volume of chamber was approximately 10 mL, at the spectral feature, the observed spectral features would
and pressure was attained using an HPLC sapphire pistorapproach 50% attenuation. The non-negative least squares
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fitting algorithm in Matlab was employed to fit theoretical not fall within the spectral range covered by the system used.
SPR spectra to the observed SPR spectra. The fact that SPIRig. 2b illustrates the normalized SPR spectrum of 10% KCI
spectra are actually attenuation from unity, not additive from solution in straight sapphire-fiber based SPR probe. The theo-
a zero baseline like absorbance spectra, was accounted for imetical (Fig. 2a) and experimental (Fig. 2b) spectra are in good
the assumed linear additive spectral mixing model. agreement with one another. As a result, the SPW could not

be produced on the range of internal incident angles; 8%

in sapphire-fiber SPR probe. The attenuation observed below
3. Results and discussion 600 nm is non-SP based attenuation predicted by the Fresnel

equations.

3.1. Limits of straight fiber optic SPR probes
3.2. Sapphire tapered fiber optic SPR probes for

SPR spectral features are readily observed in aqueousuqueous phase RI monitoring
solutions using a straight silica-fiber with the cladding and
buffer removed[1]. In this most recent work, 0.39 NA The incident angle of tapered sapphire-fiber optic probe
TECS™M clad multimode silica-fibers were used for man- is optimized in design for exciting SPR. The light reflects off
ufacturing the straight SPR probes. The SPW is excited atthe tapered side at the designed angle and is directed back in
many angles simultaneously and the SPR spectrum is accuparallelto the incidentlight through the mirror. The light from
mulated spectra of the entire range of the propagating anglesthe mirror is also reflected off the tapered side with the same
from 70° to 89°. Thus the observed SPR spectral feature is incident angle. The sensing surface was prepared by succes-
broader than commonly seen with single angle prism-basedsive vacuum deposition of chromium (thickness, 1 nm) and
SPR systems. gold (thickness, 50 nm) after thoroughly cleaning the fiber.

The SPR dip is not observed with the straight core-only The mirror was fabricated with reflective metals, chromium
sapphire probes. The sapphire core has a refractive indexand gold deposited onto the region with such thickness greater
~1.76; thus the theoretical NA of the fiber in aqueous solu- than 200 nm so as not to excite SPR.
tion is approximately 1.45. Therefore, thiswould suggestthat  Fig. 3b illustrates the measured SPR spectral features of
any angle on the input face of sapphire-fiber would be trans- three dual-tapered probes with*833°, 59°/31°, and 61/29°
mitted. However the theoretical NA of a sapphire-fiber is (i.e.,finc @ sensing surfacgfg @ mirror) in a 5wt.% KCI
significantly larger than the functional NA because of light solution. The light is incident upon the mirrors as well,
scattering from defects on large acceptant anfflés As a but SPR on the mirrors is not activated because of their
result an effective numerical aperture, ihas been applied  thick thickness. The distribution of angles propagating in
in this case. The N4 is defined as the sine of the launch a sapphire-fiber has a mean too far from normal to make
angle at which the transmission drops to 50% of the trans- an effective fiber optic SPR sensor for monitoring the RI of
mission with a 0 of launch angle. In this study, the Nfof aqueous solutions without tapering the fiber tip to bring the
multimode sapphire-fiber used for SPR probe manufacture isangle of incidence at the SPR sensing region nearer to nor-
0.12. Therefore, the sapphire-fiber supports internal propa-mal. The Fresnel equations predict that 8-l angle of
gating angles of light from 83to 90°. Within this incident incidence is required to observe the SPR attenuation with the
angular region, wavelength required to excite the SPW doesmaterials employed to construct the sapphire based probes

Fig. 2. SPR spectra from straight sapphire-fiber SPR probe. Medium, 10% KCl solution in water (RI, 1.35148 at room temperéaiire B§L)(2) Oinc = 87°;
(3) Oinc = 88; (4) Binc = 89; Kaiser Hollospec spectrograph with 449.61 nm of spectral coverage; the atmosphere and room temperature.
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Fig. 3. SPR spectra from tapered sapphire-fiber SPR probe (three angles and one RI). Medium, 5% KCI solution in water (RI, 1.34570 at room temperature)
(1) 6inc=57°; (2) 6inc =59; (3) binc = 61°; Kaiser Hollospec spectrograph with 449.61 nm of spectral coverage; the atmosphere and room temperature.

(Fig. 3a). Tapering the sapphire-fibers such that the angle ofsame theoretical and observed sensitivity (wavelength shift
incidence on the tip is between $@nd 6T does return a  perchange in Rl) over this range, but the standard deviation of
useful SPR spectral feature in qualitative agreement with the 50 replicate measurements for thé 88° bare sapphire sen-
theoretical SPR spectrum. However, the observed spectralsor (0.06—0.19 nm for the six samples) is significantly greater
feature is much broader than the theoretical spectrum due tathan the standard deviation for the°5®1° (0.02—0.08 nm)

the fact that the wavelength of maximum attenuation is very and the 61/29° (0.01-0.03 nm) configurations. The differ-
sensitive to imperfections in collimating the light when such ence in precision of estimating the wavelength position of the
steep angles of incidence are employed. SPR can largely be explained by the relative widths of the SPR

Three bases set of 1024 theoretical SPR spectra fromfeatures from the three sensors. Thé/83 configuration
angles of incidence between%énd 58, 58> and 60, and has much broader dips due to the angular sensitivity on the
60° and 62 were employed to model the specrum for a sam- incident photons; thus any movement in the fibers that effect
ple RI of 1.34570 (5% KCI solution). In the model a four change in the distribution of light at the fiber jumper—sensor
layer sapphire/chromium (1 nm)/gold (50 nm)/media (infi- interface is more likely to slightly change the observed SPR
nite) system was assumed. The complex permittivities of feature.
gold, chromium, and sapphire were employed from literature ~ The magnitude of difference between data points of SPR
valueq25] and interpolated based on a fifth order polynomial coupling wavelength and their first-order polynomial fittings
[1]. The non-negative-least squares optimization algorithm is illustrated inFig. 6. The residuals of theoretical model
converged to each basis set of spectra to fit the observed curvevere significantly less than that of the experiment, and the
(Fig. 4). The distribution of the least squares fitting spectra residuals from experimental data weretith nm. In the prac-
(smoothing lines) is close to the measured spectral feature tical experiment, the reflection occurring at interfaces such
The models show significant contribution in the observed as the coupler|air|]SPR probe will increase the background
SPR spectra from propagating modes as far away &sth light intensity of the measured light, thus decreasing the SPR
the main SPR active mode. This effect is a direct result of coupling efficiency. Also, it is possible for the angular and
the narrow distribution of modes propagating down the 0.12 linear offset to mismatch between coupler and SPR probe,
effective NA fiber and the inability to accurately and precisely thus the SPR probes will not introduce parallel rays of light,
polish the sensing surface. For example, the fiber targeted towhich will not properly be coupled back into the coupler.
polish at 62 has its main contribution from a mode contact-
ing the SPR active surface at 62.@cident from the fiber 3.3. Fiber optic SPR probes in the hydrothermal fluids
walls.

Based on the theoretical spectra predicted by the Fresnel Rapid thermal annealing (RTA) was found to improve the
equations, three bare sapphire SPR probes were constructegharpness of the SPR spectral featuFég. 7 shows typi-
with tapered tips of 5733°, 59°/31°, and 62/29°, such cal observed SPR features for thé 84° configuration for a
that the sensors would be responsive to RI changes betweet$apphire SPR sensor before and after RTA. For SPR analysis,
distilled water and sea water (3.5% salinity). The observed narrow and deep features are considered preferable to broad,
SPR features agree qualitatively with the predicted spectrashallow spectral features. Thus, the aspect ratio of feature
(Fig. 5). The probes were tested with six KCI solutions (0, depth divided by feature width at half depth can be used to
1, 5, 10, 15, 20wt.% KCI in distilled water) ranging from compare multiple methods of sensor preparation. Before RTA
1.33315to0 1.35756 RI. All three probes have essentially the the sapphire-fiber returned spectra with an aspect of 0.000742
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Fig. 4. Least squares fitting SPR spectra due to incidence angle. Medium, 5% KCI solution in water (RI, 1.34570 at room temperature); Sapphire-fiber based
tapered probes: (Binc =57; (2) Oinc =59°; (3) Oinc = 61°; the atmosphere and room temperature.

Fig. 5. SPR spectra from tapered sapphire-fiber SPR probe (three angles and six RIs). Mediums, water (RI, 1.33315), 1% (RI, 1.33458), 5% (RI, 1.33956),
10% (RI, 1.34571), 15% (RI, 1.35148), and 20% KCI (RI, 1.35756) solutions in water; Sapphire-fiber based tapered prebges: §1)) (2) (6inc =59°);
(3) (6inc=57); Kaiser Hollospec spectrograph with 449.61 nm of spectral coverage; the atmosphere and tempef&ure, 20
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Fig. 6. Residuals of SPR coupling wavelength responses as a function of Rl of mediums. Mediums, water (RI, 1.33315), 1% (RI, 1.33458), 5% (RI, 1.33956),
10% (RI, 1.34571), 15% (RI, 1.35148), and 20% KCI (RI, 1.35756) solutions in water; Sapphire-fiber based tapered prebgs; §1)) (2) (6inc =59°);
(3) (6inc =57); the atmosphere and temperature; 20

(dip/full width at half minimum) while after RTA the aspect ferent hydrothermal conditions, the gold flakes off and the
improved to 0.00106 (dip/full width at half minimum). This core becomes pitted and opaque. Consequently the reflected
is an improvement of 29%. The improvement in SPR fea- light decreases as the fiber degrades (Fig. 8c). A plot of SPR
ture characteristics might be caused by the relatively smoothcoupling wavelengths versus pressure/temperature for the
surface of gold and forming of shallow junction 85| Cr). selected experiments is linear (Fig. 8a and b). As the temper-

The sapphire sensors followed by RTA are capable of ature of samples is increased, the density decreases, leading
monitoring the RI of hydrothermal (high-temperature and to a subsequent increase in the velocity of radiation and a
pressure) fluids where silica-fibers fail. It is well know that decrease in the measured refractive index (i.e., SPR coupling
silica is dissolved by hydrothermal water. Even coating the wavelength). Also, the SPR coupling wavelength has red shift
sensor with gold (inert to hydrothermal water) will not pre- as pressure increases, due to the resulting increase in density.
vent the fiber degradatioRig. 8d shows the silica-fiberbased The relation between refractive index (n) and densityigp
SPR spectral feature from hydrothermal fluid at 3000 psi as most accurately given by the Lorentz—Lorenz expression:
the temperature is increased from 220 to 260 As the
silica-fiber degrades as a function of exposure time to dif- RD _ n?—1

M T ey @)

where RD is the molar refraction and is the molecular
weight. The RD is nearly constant with changes in tem-
perature and pressure by virtue of the density factor, which
is a function of pressure and temperature. Therefore, the
refractive index is affected by changes in temperature, pres-
sure, and sample’s concentration. From the Lorentz—Lorenz
formular, the refractive index has linearity to the density.
The linearity of the data (Fig. 8a and b) is consistent with
the Lorentz—Lorenz formular.
The sapphire-fiber based SPR probe, after the RTA,
was exposed to hydrothermal watdiobin-SPEX 270 M
spectrometer with 42.80 nm of spectral coverage has been
employed for these experiments. The plot of SPR coupling
wavelengths versus pressure/temperature using the sapphire-
fiber based tapered SPR probe is also linear, as can be seen
in Fig. 9a and b. Additionally, this data can be used to predict
the changes of Rl at some other pressure and temperature
conditions. The RMSE of pressure calibration in hydrother-
Fig. 7. Effects of rapid thermal annealing (RTA) on SPR spectra. Medium, mal water, 5 and 10% KCI solutions is 255.90, 170.07, and
water; (1) before RTA treatment; (2) after RTA treatment; S_apphire—fiber 120.37 psi, respectively. In the temperature calibrations, the
based tapered probe (Cr, 3nm+Au, 43nm afigt €59)); Kaiser Hol- ! ) e
lospec spectrograph with 449.61 nm of spectral coverage: the atmosphereRMSE of hydrothermal water, 5 and 10% KCI solutions is
and room temperature. 3.17,4.89, and 8.34C, respectively. When the sapphire-fiber
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Fig. 8. Silica-fiber based SPR spectra due to pressure and temperature. Silica-fiber based straight probe without RTA treatment. Medium, 5% KCI solutions in
water: (a) pressure effect at room temperature; (b) temperature effect at 3000 psi; (¢) unprocessed reflection spectra as a function of tempera@ire: (1) 220
(2) 230°C; (3) 240°C; (4) 250°C; (5) 260°C; (d) normalized SPR spectra as a function of temperature: (19@2@) 230°C; (3) 240°C; (4) 250°C; (5)

260°C; Kaiser Hollospec spectrograph with 449.61 nm of spectral coverage.

Fig. 9. Sapphire-fiber based SPR spectra due to pressure and temperature. Sapphire-fiber based tap@rgd probevth RTA treatment. Mediums, water,

5%, and 10% KCl solutions in water: (a) pressure effect at room temperature; (b) temperature effect at 3000 psi; (c) unprocessed reflection spectra as a function
of temperature: (1) 220C; (2) 230°C; (3) 240°C; (4) 250°C; (5) 260°C; (d) normalized SPR spectra as a function of temperature: (1)@2R) 230°C; (3)

240°C; (4) 250°C; (5) 260°C; Jobin-SPEX 270 M spectrometer with 42.80 nm of spectral coverage.
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4. Concluding remarks

A simple and rapid method for the evaluation of Ris in
harsh environment was developed. This method is based on
the sapphire-fiber with SPR spectroscopy. The sapphire-fiber
based SPR sensor has advantages, such as short analysis time
and simplicity of use. Additionally, the applied sapphire-fiber
based SPR sensor could detect changes of SPR coupling
wavelength at high pressure and temperature. In view of these
facts, the sapphire-fiber based SPR sensors can be considered
a valuable approach for in situ, real time Rls monitoring in
the harsh environment conditions.

Our currentwork is focusing on applying the rapid thermal
annealing to sapphire-fiber SPR probes for the evaluation of
stability and sensitivity. This study is currently in progress
and will be reported at a later date.

Fig. 10. Calibration curve at high pressure and temperature. Sapphire-fiber

based tapered probej{¢=57) after RTA treatment; thicker line, second-

order polynomial fitting; mediums, 8%, 9%, 10%, 11%, 12%, 13%, and 14% Acknowledgments
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