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B: ABSTRACT

In this program, Nuonics, Inc. has studied the &mentals of a new Silicon Carbide (SiC)
materials-based optical sensor technology suite@xXtreme environments of coal-fired engines
in power production. The program explored how Sdatild be used for sensing temperature,
pressure, and potential gas species in a gas éudmwironment. The program successfully
demonstrated the optical designs, signal procesaintexperimental data for enabling both
temperature and pressure sensing using SiC matefiaé program via its sub-contractors also
explored gas species sensing using SiC, in this, cas clear commercially deployable method
was proven. Extensive temperature and pressureumegasnt data using the proposed SiC
sensors was acquired to 1000 deg-C and 40 atnpeatesely. Importantly, a first time packaged

all-SiC probe design was successfully operated 8iemens industrial turbine rig facility with

the probe surviving the harsh chemical, pressun@ t@mperature environment during 28 days of
test operations. The probe also survived a 1600QGdégermal shock test using an industrial

flame.



C: TABLE OF CONTENTS

A: COVER PAGE

B: ABSTRACT

C: TABLE OF CONTENTS

D: LIST OF GRAPHICAL MATERIALS

E: INTRODUCTION

F: EXECUTIVE SUMMARY

G: EXPERIMENTAL RESULTS

H: RESULTS AND DISCUSSION

I: CONCLUSION

J: REFERENCES

13

14

15

105

111

114



D: LIST OF GRAPHICAL MATERIALS

Figures

Fig. 1 Proposed basic design of the extreme enwiestt minimally invasive optical sensor using
single crystal SiC. PIPD,:Freespace Coupled Photo-detector/Mb/Ms/M,4: Chip Selection
and Alignment Mirrors; M: Feedback Mirror; EOSCs: Etalon Optical Sensomp€he.g., Single
Crystal Silicon Carbide Chip; PC: Polarization GQofier; TL;: Tunable Laser ; I: Fiber Optic
Isolator; Fli:Fiber Lens of Self Imaging Type with Half Self igiag Distance gdwhere beam
waist w is located ; P Polarizer with a small angle along p-polarizatialirection;
PBS:Polarization Beam Splitter; SL1/SL2: Imaging Lesie¢ Focal Lengths#~, ; TM: Beam
Spoiling Correction Adaptive Mirror; QWPQuarter-wave Plate or 2Bower Faraday Rotator;
SMF: Single Mode Fiber.

Fig. 2. Experimental set-up of demonstrated SiGbdasinimally invasive optical sensor for
extreme temperature measurements. TL: Tunable, IB&S: Polarization Beam Splitter, QWP:
Quarter Wave Plate, SMF: Single Mode Fiber;:Flber Lens of Self Imaging Type with Half
Self imaging Distancesdvhere beam waistjg located ; S, Imaging Lenses of Focal Lengths
Fi/F..

Fig. 3. Sensor provided raw optical power measunesngt 1547 nm as the SiC chip temperature
is raised to 100T.

Fig. 4. Sensor provided raw optical power measunesngt 1530 nm as the SiC chip temperature
is raised to 100T.

Fig. 5. Sensor provided normalizedd ¢, (T)}and coq ¢(T)} measurements at 1547 nm and
1530 nm as the SiC chip temperature is raised 86’00

Fig. 6. Sensor Unwrapped Phase Shift DaggT) in Radians versus SiC Chip Temperatde) (

with data taken at 1547 nm. A weak quadratic ctitve achieved for this data.



Fig. 7. Sensor Unwrapped Phase Shift egg(T) in Radians versus SiC Chip Temperatde) (

with data taken at 1530 nm. A weak quadratic ctitve achieved for this data.

Fig. 8. Unwrapped Phase Shift Differenge = Ag,—Ag, data for the two wavelengths used for

the sensor operations.

Fig. 9. Three dimensional (3-D) representation bé tsensor calibration chart for the
unambiguous instantaneous temperature measurengetiiesrdemonstrated sensor from room
conditions to 100°C. This 3-D plot uses the instantaneous phaserdifte data\q(7),

instantaneous phase shlgf(T), and given temperature T.
Fig. 10: Proposed SiC-chip based wireless optieggure sensor.

Fig. 11: Shown are the two Key Mechanical Modedg, Clamped Edge model and (b) Simply
Supported model, used to analyze the SiC Chip nrmechladeformation behavior when seated in

the proposed high pressure capsule.

Fig. 12: Plot shows maximum SiC chip deflectiom,ad (at the center of the chip) under applied
pressure for the Clamped Edge and Supported Edgadboy condition models. The chip

boundary diameter was taken to be 5 mm.

Fig. 13: The expected stress produced in SiC sedsqr of 5 mm diameter and 280 pum

thickness.
Fig. 14: Plot shows the effective theoretical foemgth ‘f,; of the SiC chip acting as a convex
mirror due to applied pressure. The focal lengtlerelzses as the differential pressure is

increased.

Fig. 15: Experimental design used for seating tiecBip in the high pressure capsule.



Fig. 16: Snap shot of the experimental seating @amapts and their arrangements used for
seating the 6-H SiC chip in the high pressure dap&iomponents in photograph are labeled as:
A: Brass chip seat holder with sealant canal andgs; B: Steel seat; C: Aperture seat (washer)
and D: SiC chip.

Fig. 17: SIiC chip-based pressure systgmW) optical images produced for (a) O atm, (b)613
atm (200 psi), (c) 27.2 atm (400 psi), and (d) 44at& (600 psi) high differential pressure
conditions in the pressure capsule. Photo both dixesnsions in CCD pixel count.

Fig. 18: Plot shows demagnification of incident ibesize as it reflects from the SiC chip under

pressure acting as a weak convex mirror coupleditd image inversion system.

Fig. 19: Plot shows the experimental beam demamtifin along with the theoretical
demagnification for Clamped and Supported sensigr rodels. The behavior of the chip shifts

from clamped model towards supported model asté&spre increases.

Fig.G.3.1 Schematic diagram of the LAMP Lab. expemtal setup for the gas sensing

experiment.

Fig. G.3. 2 (Pd-P) Reflected power of Pd-P dopédosi carbide upon exposure to nitrogen gas
at Different pressure (a) 296 psi and (b) 300 p3$i392 psi (d) 400 psi as a function of

temperature for normal incidence angle.

Fig. G.3.2 (B) Reflected power of B doped silicamrlide upon exposure to nitrogen gas at
Different pressure (a) 296 psi and (b) 300 psB@3 psi (d) 400 psi as a function of temperature

for normal incidence angle.

Fig. G3. 3 Pd-P1 (I) Reflected power of Pd-P dopiidon carbide upon exposure to nitrogen
and Hydrogen partial gas pressure: Nitrogen 294 +psilydrogen 4 psi as a function of
temperature for normal incidence angle. (II) Cdnition of Hydrogen on the refractive index of

compressed layer at total pressure of 300 psifasciion of temperature.



Fig. G3.3 Pd-P2 (I) Reflected power of Pd-P dopédos carbide upon exposure to nitrogen
and Hydrogen partial gas pressure: Nitrogen 392 +psilydrogen 8 psi as a function of
temperature for normal incidence angle. (II) Cdnition of Hydrogen on the refractive index of

compressed layer at total pressure of 400 psifasciion of temperature.

Fig. G.3.3 B1 (I) Reflected power of B doped siticoarbide upon exposure to nitrogen and
Hydrogen partial gas pressure: Nitrogen 294 psiyéirbigen 4 psi as a function of temperature
for normal incidence angle. (lI) Contribution of ¢hpgen on the refractive index of compressed

layer at total pressure of 300 psi as a functioteofperature.

Fig.G.3.3B2 (I) Reflected power of B doped silicoarbide upon exposure to nitrogen and
Hydrogen partial gas pressure: Nitrogen 392 psiy@irbigen 8 psi as a function of temperature
for normal incidence angle. (II) Contribution of ¢hpgen on the refractive index of compressed

layer at total pressure of 400 psi as a functioteofperature.

Fig.G.3.4Pd-P1 (I) Reflected power of Pd-P dopédaosi carbide upon exposure to nitrogen and
Carbon Monoxide partial gas pressure: Nitrogen 284+ Carbon Monoxide 4 psi as a function
of temperature for normal incidence angle. (ll) @imution of Carbon Monoxide on the

refractive index of compressed layer at total pressf 300 psi as a function of temperature.

Fig.G3.4Pd-P2 (I) Reflected power of Pd-P dopedasil carbide upon exposure to nitrogen and
Carbon Monoxide partial gas pressure: Nitrogen 382+ Carbon Monoxide 8 psi as a function
of temperature for normal incidence angle. (ll) @iution of Carbon Monoxide on the

refractive index of compressed layer at total pressf 400 psi as a function of temperature.

Fig.G3.4B1 (I) Reflected power of B doped silicoarlide upon exposure to nitrogen and
Carbon Monoxide partial gas pressure: Nitrogen 284+ Carbon Monoxide 4 psi as a function
of temperature for normal incidence angle. (ll) @idution of Carbon Monoxide on the

refractive index of compressed layer at total pressf 300 psi as a function of temperature.

Fig.G3.4B2 (l) Reflected power of B doped silicoarlmde upon exposure to nitrogen and
Carbon Monoxide partial gas pressure: Nitrogen @82+ Carbon Monoxide 8 psi as a function



of temperature for normal incidence angle. (ll) @imution of Carbon Monoxide on the

refractive index of compressed layer at total pressf 400 psi as a function of temperature.

Fig.G3.5Pd1 (I) Reflected power of Pd doped siliaambide upon exposure to nitrogen and
Carbon Dioxide partial gas pressure: Nitrogen 28i6HpCarbon Dioxide 4 psi as a function of
temperature for normal incidence angle. (II) Cdnition of Carbon Dioxide on the refractive

index of compressed layer at total pressure off80@s a function of temperature.

Fig.G3.5Pd-P2 (I) Reflected power of Pd-P dopedasil carbide upon exposure to nitrogen and
Carbon Dioxide partial gas pressure: Nitrogen 382+pCarbon Dioxide 8 psi as a function of
temperature for normal incidence angle. (lI) Cdnition of Carbon Dioxide on the refractive

index of compressed layer at total pressure ofpfd@s a function of temperature.

Fig.G3.5B1 (I) Reflected power of B doped silicoarlide upon exposure to nitrogen and
Carbon Dioxide partial gas pressure: Nitrogen 28i6+pCarbon Dioxide 4 psi as a function of
temperature for normal incidence angle. (lI) Cdnition of Carbon Dioxide on the refractive

index of compressed layer at total pressure off@0@s a function of temperature.

Fig.G.3.5B2 (I) Reflected power of B doped silicoarbide upon exposure to nitrogen and
Carbon Dioxide partial gas pressure: Nitrogen 382+pCarbon Dioxide 8 psi as a function of
temperature for normal incidence angle. (II) Cdnition of Carbon Dioxide on the refractive

index of compressed layer at total pressure ofp¥d@s a function of temperature.

Fig.G.3.6Pd-P1 (I) Reflected power of Pd-P dopédaosi carbide upon exposure to nitrogen and
Methane partial gas pressure: Nitrogen 296 psi thifee 4 psi as a function of temperature for
normal incidence angle. (1) Contribution of Metleaon the refractive index of compressed layer

at total pressure of 300 psi as a function of tawaupiee.

Fig.G3.6Pd-P2 (I) Reflected power of Pd-P dopedasil carbide upon exposure to nitrogen and
Methane partial gas pressure: Nitrogen 392 psi thifee 8 psi as a function of temperature for
normal incidence angle. (1) Contribution of Metleaon the refractive index of compressed layer
at total pressure of 400 psi as a function of tarupee.



Fig.G.3.6B1 (I) Reflected power of B doped silicoarbide upon exposure to nitrogen and
Methane partial gas pressure: Nitrogen 296 psi thitee 4 psi as a function of temperature for
normal incidence angle. (1) Contribution of Metleaon the refractive index of compressed layer
at total pressure of 300 psi as a function of tawrupee.

Fig.G3.6B2 (l) Reflected power of B doped silicoarlmde upon exposure to nitrogen and
Methane partial gas pressure: Nitrogen 392 psi thitee 8 psi as a function of temperature for
normal incidence angle. (1) Contribution of Metleaon the refractive index of compressed layer

at total pressure of 400 psi as a function of tarupee.

Fig.G3. 7a (l) Reflected power of undoped silicaarbtde upon exposure to nitrogen and
Methane partial gas pressure: Nitrogen 296 psi thifee 4 psi as a function of temperature for
normal incidence angle. (Il) Contribution of Metleaon the refractive index of compressed

layer at total pressure of 300 psi as a functioteofperature.

Fig.G3. 7b (I) Reflected power of undoped silicaarbide upon exposure to nitrogen and
Methane partial gas pressure: Nitrogen 392 psi thifee 8 psi as a function of temperature for
normal incidence angle. (Il) Contribution of Metleaon the refractive index of compressed
layer at total pressure of 400 psi as a functioteofperature.

FigG3.8.Digital photographs of palladium-phospotsoand boron laser doped 4H-SiC chips.

Figure G3. 9. Project activities for SiC chip demhent, chip fabrication and optical response

studies.

Fig. G3. 10. Laser-doped Palladium-Phosphorus lprofi 4H-SiC substrate. The parent wafer
was an undoped 4H-SiC substrate. A standard rteduas procured and analyzed to accurately

convert counts per second to concentration.
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Fig. G3. 11. Laser-doped Boron profile in 4H-Sibswate. The parent wafer was an undoped
4H-SiC substrate. The sample has exceeded the slibility limit of 2.5x16° cm® for B in
SiC at the surface.

Fig. G3. 12. Parent wafer type: undoped 4H-SiQutical profilometric data for laser-untreated
wafer surface. The average surface roughness $Ranm and the peak to valley roughness is

163.76 nm. This is the opposite surface of thd>Ritbped surface.

Fig. G3. 13. Parent wafer type: undoped 4H-Si(otical profilometric data for laser-treated
(laser-doped) wafer surface. The average surfagghreess (Ra) is 12.49 nm and the peak to

valley roughness is 1.3#m. This is the Pd-P-doped surface.

Fig. G3. 14. Parent wafer type: undoped 4H-SiQutical profilometric data for laser-untreated
wafer surface. The average surface roughness $Ra38 nm and the peak to valley roughness is
56.98 nm. This is the opposite surface of the Bediosurface.

Fig. G3. 15. Parent wafer type: undoped 4H-Si(otical profilometric data for laser-treated
(laser-doped) wafer surface. The average surfagcghress (Ra) is 3.14 nm and the peak to

valley roughness is 64.17 nm. This is the B-dopathce.

Fig.G4.1. All-SiC frontend probe-based optical sensystem for extreme gas temperature

measurements in combustion engines.

Fig.G.4.2. SiC temperature frontend probe showrann(a) unassembled and (b) assembled

fashion.

Fig.G4.3. All-SiC temperature sensor deployed férsh test at Siemens rig facility.

Fig.G4.4 The assembled sensor optical transceieeiuta top view.
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Fig.G4.5. IR CCD camera (8.8 mm x 6.6 mm activeaarew) received laser beam snap shots
during thermal shock stage indicating on/off ostdly Fabry-Perot etalon behavior of SiC

optical chip due to the rapid thermal gradient.ti®dioto: Power Max; Right Photo: Power Min.

Fig.G4.6 After first rig test of probe, expectedtdeontend discoloration is seen due to chemical

exposure in combustor refractory section.

Fig.G4.7. Raw optical data recorded by the probeiiirating the rig thermal ramp zone and
the relative high temperature stabilization zonerti¢al axis is measured optical power in Watts;
Horizontal axis is a time counter.

Fig.G4.8 Rig TC provided temperature reading durihg Fig.G4.7 optical data acquisition

period. This TC data is used for optical probebralion. Vertical axis is measured temperature;

Horizontal axis is a time counter.

Fig.G4.9. 15 min snap shot of optical power reaslifrgm probe during the stable ~ 1107 °C

region of the rig operation.

Fig.G4.10 TC data during the Fig.G4.9 data 15 rtinme period.

Fig.G4.11. TC calibrated optical probe temperatgasing curve that can be used to deduce

temperature readings.

Fig.G4.12. All-SiC probe and Type-R High Temperattihermo-Couple under oxy-acetylene

flame thermal and localized thermal ramp joint tesh temperatures reaching 1600 °C.

Fig.G4.13. Condition of Viton seal used in the gra@onnector before and after 28 days in rig.

Fig.G4.14 Probe condition showing copper sulphafeodits after 28 continuous days in the rig.



12

Tables

Table 1: Theoretical Central Deflections and Fdoahgths of the SiC Chip Convex Mirror

versus Pressure.

Table 2: Experimental Optical Image Size vs. Cap8fifferential Pressure P.

Table G.3.1. Typical combustion gas compositions.

Table G3.2.1: Contribution on compressed layeartive index by pure nitrogen

Table G3.2.2: Contribution on compressed layeantive index by different doping elements.

Table G3. 3. Palladium-Phosphorus Laser DopingrReters.

Table G3. 4. Boron Laser Doping Parameters.

Table G4.1: Summary of all-SiC probe test at Siesyren
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E: INTRODUCTION

The energy production community is looking for rebisensor solutions for the extreme
conditions of next generation clean air coal-figgdver plants. It has been known for some time
that operating gas turbines with higher (e.g., 80L8eg-C) can lead to higher efficiency and
cleaner energy production [1] that is good for #msironment and also good for business.
Nevertheless, the dominant precious metals higlpéeature Thermo-Couple (TC) technology
[2-3] that is deployed in these higher temperatest engines show unreliable performance, both
from a temperature measurement and mechanical trasspoint-of-view. The problem arises

when different materials are combined to make thHegh temperature measurement probes,
whether prior-art commercial electrical designseligackaged TCs or research community
optical designs [4-9], e.g., sapphire fiber wittatgrgs and external fiber packaging. Because
fundamentally different materials have different e@wient of Thermal Expansion (CTE)

coefficients, CTE mismatch in the present probeigissleads to mechanical stresses and

eventual probe failure.

To reach this goal of a new sensor technology &over plants, the DOE sponsored the present
research program at Nuonics. Specifically, the dbje of this program was to lay the solid
technical foundations of a novel optical sensomhmetogy based on high robustness SiC
materials that would enable the robust and reliselesing of temperature, pressure, and gas
species in the gas turbine of a power plant. Inteag another objective of the program was to
show if the proposed sensor technology when packagean industrial test probe can survive

the harsh industrial environment of a commercist terbine test.
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F: EXECUTIVE SUMMARY

The program started with the theme that singlstahthick (e.g., 300 microns) SiC is a
robust front-end optical sensor chip that could/isnerthe harsh environment of a gas turbine and
the chip optical property of refractive index isceded with the gas temperature, pressure, and
species information that can be recovered usingapnhterferometry.

Indeed on two fronts of temperature and pressarsisg, the program conclusively
showed the novel optical designs, signal processamgl experimental data that forms the
foundation of novel probe designs for future getienagas turbine deployment. Specifically,
both optical and mechanical properties of the tH&&€ chip in combination with wired and
wireless optics were intelligently engaged with d@nségnal processing methods to realize the
much needed extreme environment temperature sefifinte] as well as pressure sensing [17-
19].

In addition, for the first time, all-SiC probe @aging was implemented to realize a
temperature sensor that underwent successful cocraheombustor test rig testing at a Siemens
facility. Although the program was subjected to lbdérge and small sub-contractor based
delays, the program accomplished its major techme#estones within budget and DOE
allocated time-lines. The Nuonics Small Businesg@m has now laid an exciting platform for
a novel sensor technology for temperature and pressensing for future energy production
systems.

The temperature and pressure sensor work and Ssesitentemperature probe rig tests
work reported in this document has been condugiddriRiza’s team at Nuonics and PIPS Lab.,
CREOL-UCF. The gas species sensor work reportatlisndocument has been conducted by

Prof. Kar’s team including Applicote Associates dne LAMP Lab., CREOL-UCF.
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G: EXPERIMENTAL RESULTS

G.1 Temperature Sensing Fundamentals

Proposed Sensor Optical Design

™ Reference Power Signal PD, % Ms Optical Switch
A
A SMF s |_| PBStQ\I/-IVPl [\ T
TL1/ PC 25 | FL1 > X Ma
7/ |_| T |_| U IS Remote Location
A SH A —
n: Wavelength number YN EOSG
e.g., n=1,2 SL, N
M st ]
Signal Power SO PD1 Beam Spoiling {2! Lo
Lp{ Meter and = <+— Alignment M N "]
processor n" Output Signal Correction Sensor 3 \
i Selection Nl
; ; ™ Mirror ) %5» ]
| Mirror Adaptive (Eontrol Mirrors l\{: EOSG

Fig. 1 Proposed basic design of the extreme enwiesrt minimally invasive optical sensor using
single crystal SiC. PIPD.,:Freespace Coupled Photo-detector/N¥b/M3/M4: Chip Selection
and Alignment Mirrors; M: Feedback Mirror; EOSCs: Etalon Optical Sensomp€he.g., Single
Crystal Silicon Carbide Chip; PC: Polarization GQofier; TL;: Tunable Laser ; I: Fiber Optic
Isolator; Fli:Fiber Lens of Self Imaging Type with Half Self igiag Distance gdwhere beam
waist w is located ; P Polarizer with a small angle along p-polarizatialirection;
PBS:Polarization Beam Splitter; SL1/SL2: Imaging Lesie¢ Focal Lengths#~, ; TM: Beam
Spoiling Correction Adaptive Mirror; QWPQuarter-wave Plate or 2Bower Faraday Rotator;

SMF: Single Mode Fiber.

Fig.1 shows the proposed basic design of the lagipérature minimally invasive optical sensor.
The sample front-end is composed for example ofethweak Etalon Optical Sensor Chips

(EOSCs) using single crystal SiC. Light from a tolealaser passes via fiber-optics such as a
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polarization controller (PC) and isolator (I) toitexia a fiber lens (FL) to produce a freespace
beam. This light then passes via a polarizer(® a slight angle to the horizontal or p-
polarization direction) and a polarizing beam $ptiPBS to produce a s or vertically polarized
reflected beam that via mirrorJvénters photodetector Rvhose output is used to access sensor
efficiency. The straight linearly (or horizontallgblarized beam from PB$®asses via a quarter-
wave plate QWP(or 45 power Faraday rotator) and a bulk spherical ldns She use of QWP
gives polarization insensitivity to the SiC sensopgrations as circularly polarized light strikes
the SiC crystal that can possess some birefringefbe lenses are used to reduce beam
spreading loss. The mirrors;MM,, M3, and M, are 2-axis mirrors that are adjusted to select the
desired EOSC and implement normal incidence alignivth the etalon chip. All mirror optics
can also be made of high temperature capability f88n material such as used for space
telescope applications. Because of its high rafraaghdex (e.g., 2.57), single crystal SiC chip
acts as a natural weak etalon in air with about 2fj8tecal reflectivities at the two air-SiC
interfaces. Light reflected from the chosen etatbip traces the path back via the mirrors and
SL; to reflect via PBS as vertically polarized light towards sphericaldeSL,.. The returning
light via SL, then passes via the beamforming mirror TM to strik freespace coupled
photodetector PD TM is a beam spoiling correction mirror such aseéormable mirror that as
needed corrects wavefront distortions and keepsettuegning beam aligned on PBb produce
the optimal sensing signal based on optical patlgtke changes in the front-end etalon chip.
Because the EOSCs can be mounted on various phetfdrat may have vibrations or other
beam perturbing environmental effects such asuasrents, pressure gradients, thermal gradients,
the returning freespace beam from the sensing zanesuffer unwanted beam motions and
wavefront distortions. Hence, for proper sensorraip@n, the returning beam must strike the

active detection zone of the free-space large &eeq, a few millimeter diameter) point
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photodetector. Note that as the SiC crystal etalmtical path length changes due to change in
sensing zone temperature, the etalon reflectedalkigower varies and can undergo several
power variation cycles. To maintain proper senguaration and calibration as explained next,
the instantaneous RDproduced power level signal is normalized befaigna processing
required to compute the sensed temperature. Thimalization is done in a no-moving parts
electronic fashion by sweeping the laser wavelengtBynthesize optical path length changes
and then measure the nearest power maximum andnommiand using these max/min data for
the instantaneous reading normalization, hencegirebustness to the sensor operations.

The proposed non-invasive sensor utilizes the $yStal Fabry-Perot cavity interference
to extract sensing information. Specifically, classxpression for the reflectance from a Fabry-
Perot type interference due to multiple reflectidoetween two parallel dielectric plates with

front surface power reflection of,RRnd back surface power reflectangadgiven by:

_R+R+2/RR, cosp
1+RR, +2/RR,cosp

(1)

FP

Note that the SIiC chip also acts as a natural alptiendow that can be placed as a
sealing window separating an extreme temperaturartbaus zone from a safe lower hazard
zone. In this case for the single crystal SiC cRipis the reflectivity provided by the air-SiC
interface facing the light beam present in theguadily friendlier zone while Rs the reflectivity
provided by the SiC-air interface present in thedndous extreme temperature zone. It is also
possible to place the SiC chip as a mounted chyjp®ed to the entire extreme temperature zone

with both crystal interfaces engaging the lightrhesqually exposed to high temperature.
An optical path length (OPL) parameter in raditorghe proposed sensor is defined as:

OPL:¢:—4m/(]A)d, ®)
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whereg@ s the round-trip propagation phase in the SiGtedyof thicknessl and refractive index

n at a tunable laser wavelengthat normal incidence. It can be shown that for Egthe

maximum value of the reflectivityRpp, . occurs whercogg) =1 and the minimum value of

reflectivity Rep .. occurs whercoq¢) =-1 where:

_RHR 2 JRIR (1 +rp)?

RI:F’max - - 2
1+ R1R2 +2 R]_Rz (1+ rlrz) (3)
R _Ri*+R-2JRRy _ (r;-1p)?
FPin

1+ R]_RZ -2 R]_Rz (1+ r1r2)2

Note that the Eq. 3 expressions are simplifiecing the relation&,=r.*> and R=r’
wherer; andr, are the Fresnel amplitude reflection coefficiefus the chip front and back
interfaces, respectively. Given the input lighvvels through air with refractive index=1, SiC
chip with indexn, and external hazardous zone with indgx the Fresnel power reflection

coefficients for the SiC chip front and hazard zorterfaces can be written as:

1?2 = (ﬂ_no)2
Rl _|r1| - (n+n0)2 (4)
R2 :|r2|2 :M.
(n, +n)

Traditionally, a high quality Fabry-Perot cavity tiwvideep highly narrow notches (or
peaks) is designed by making highly reflective & % reflectivity) internal surfaces of the
Etalon. For 6H-SIC in the near infrared region watreragen = 2.57 and the SiC chip placed in
air, using Eq. 4 giveB;= R,= R=0.193. Although single crystal SiC acts as amtetalon, it is
also a very weak etalon in air due to its near 1@flectivity at the crystal interfaces. In fadiget
classic Fabry-Perot effect is so weak that theaateon of laser light with the natural SiC crystal

in air can be well approximated by classic two beaterferometry. This can be verified by the
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fact that the first light beam reflected off thestiair-SiC interface has 19.3% @@s0.193) of the
input beam laser power while the beam reflectedhleysecond SiC-Air interface and returning
to the sensor detector as a second optically délbgam has a 12.5% of input laser power [as
R(1-R)? = 0.125]. The third beam returning to the sensdeder after three reflections and
double delay due to the SiC-Air interfaces and twaly a 0.47 % power of the original input
laser beam. Hence for the proposed SiC crystaledbasasor, one can use the first two beams
from the SiC chip as the dominant terms for optiotdrference leading to the classic two-beam
interferometry situation. Furthermore, if the Si@pcis placed in a hazard zone where the hazard
zone contains materials other than &f,and R, will further decrease making the two-beam
interference approximation even stronger. Using 8iC specific two-beam approximation, the

instantaneous detected optical power can be rewrds:

Py =K Ry, =K[R +-RFR, +20-R)/RRcosd  (5)
where Rgp is the instantaneous optical reflectivity of thasie front-end SiC Fabry-Perot

element whileK is a constant that depends upon the experimeptadittons such as input
power, power meter response gain curve, beam aéigtsnand losses due to other optics. In
addition, optical noise in the system with time @s$o change the amount of light received for
processing, thus varying the constint

The overall goal of the proposed optical sensdo isse a minimally invasive technique
to measure a single crystal SiC chip-based optpmbmeter that can then provide the
temperature at the remoted SiC chip position. Andeom Eg. 5, the optical phagef the SiC
chip is an appropriate sensor parameter for meamureand sensor processing. Eq. 5 also shows

that the SiC sensor measuRgglpower values will approximate a sinusoidal funatibbehavior.
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This behavior is favorable for further data proaggshat will utilize phase difference values of
these measured sinusoidal optical power data sigi note that exact expressions for the

Pra @nd Pm,,,, values can be given as in these cassgp) = 1 (for a maximum) andog@) = -

1 (for a minimum). These instantanedgs, . and Py, are given by:

R+R, +2/RR,
P. =KR, =K
e ™ 1+RR,+2/RR,
R +R,-2/RR,
P. =KR, =K .
i " 1+RR,-2RR,

Measurement of these localized maximum and minimtical power values is

(6)

important for normalizing the measured r&y data to generate the measuced(@) function

that cannot exceed * 1 values. Given any measuttdPpghat follows a sinusoidal measurement

behavior with a giverPy . maximum value andr,_,, minimum value as achieved for a weak
SiC etalon, this sinusoidal function rides on asBievel given by Bias= 0.5fy . + Pm,. }

with a max-to-min power swing given by By . - Pn... }. To normalize this sinusoidal

function so its maximum and minimum values are md a 1, respectively, one must substract

the bias from the power valug,Rnd then divide the whole function by 0.5 of theng value,

i.e.., implement the calculation P, — Bias}/ {0.5[Pn... — Pm,,1}, which gives the

normalized value of the cosine function or Eg.7isTmeasuredcog@) function using the

normalization of the rawPdata is given as:

P -05x(P, +P
cos@) =2— P m‘“"‘).
Pmmax - Pmmin

(7)
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Where Py and Py . are the sensor measured localized optical powerimmex and

minimum values, respectively. The measured opfpibake and phase difference values will then
be used to compute the temperature measured Isetisor. Do note the equivalence of Eqg. 5
representing the sensor theory and Eq. 7 thatad ts implement the sensor data processing.
Specifically, Eg. 5 can be rewritten to show ttregt Cosine of the OPL is equal to the measured
optical powerP,, minus a bias term and the resulting value dividgdanother bias term. In
effect, Eq. 7 and Eqg. 5 have the same format andeh&q. 7 is used for real-time sensor data
processing.
Note that based on the dynamic range of the siaglstal SiC defined OPL parameter

@change due to temperature, tlkeq@) sinusoidal behavior can be over many cycles.
Furthermore, based on the specific experimentadiitions, the values di, . and Py can
change for each specific cycle. Hence for calcogpthe OPLvia an instantaneouB, for a

given sensing parameter conditiothe Py and Py . values within the respective OPL

change single cycle should be used. Thus, for prgeesor operation of determining an
instantaneousogOPL) and hence the instantaneous measurement gt@raof temperature, the

numerical operation of Eq. 7 needs to be implentenibis operation is done by measuring PD1
provided three power levels; namely, optical powgr at the chosen wavelength and then

measuring the closest (i.e., within one optical powin/max cycle), the values OPmmax and

Pmmin . Key to these measurements is that the scalictgrf should be the same for all three

measurements. As mentioned befdfedepends on various experimental parameters such as

laser power and beam alignment that can be maedadluring a given measurement set. In
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addition, Py, , Pmmax , Pmmin depend on the instantaneous valueRqpf Rppmax, and RFpmm,

respectively. Note from Eg. 4 thd?mmx and Pmmin only depend on the SiC etalon interface

Fresnel power coefficient values Bf andR,. In-turn, R; andR, depend on the instantaneous
refractive index n of SiC and the refractive indiag the chip front (i.eno ) and back-face (i.e.,
n; ) materials. On the other hand as seen from BE},1not only depends on the instantaneous
values ofR; andR;, but also depends on tkhes (OPL) value where the OPL term contains not
only the instantaneous refractive index of SiC, &lsb the instantaneous SiC chip thicknéss

and the optical wavelengihset for the tunable laser. Here-in lies the metioocpidly measure

the instantaneous valud3, , B, for a given measured instantane&ysat the chosen

wavelength. Specifically, after recordifty,, the tunable laser is rapidly swept in wavelength

aboutA to makecoqOPL) = 1 and thus produce Iannax measurement. Similarly, the tunable
laser is swept in wavelength abontto make codOPL)= -1 and thus produceP',;-)‘min

measurement. As all three Ppower measurements are now available, Eq. 7 v&ddb get a
value for the instantaneouqOPL) that will undergo signal processing to deteemthe
sensing parameter of temperature. A key conditmntfie accuracy and robustness of this
normalization process is that the instantaneousr&fi@ctive index n over the wavelength sweep
range is essentially constant, thereby keefrogpnstant for all three PD1 power measurements

of Py, Pmmax , and Pmmin . Itis also important that all three measuremangstaken for the same

exact experimental conditions (apart from wavelehgb that andT are the same during this
measurement set. One can study the effect of amgngavelength on the SiC refractive index

by differentiating the OPkp ={41t/AK n diwith respect to the wavelength giving:
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do _ 4;11{__2 +1@} (8)
dA A AdA
The maximum wavelength change is required whereeRh = Pm“ax or P = Pmmin' In both

these cases, a maximudy = 1tis required to change the PPower reading from the maximum
to minimum or vice versa. Hence, using Eq. 8 wilk maximum tunable laser wavelength
change conditions given oy = 11, dA= Al and dn= an, where A, IS the needed
maximum wavelength change anal is the refractive index change caused by this Veangth
change. Using these conditions and rearrangingtehms of Eg. 8, one gets the needed

maximum wavelength change,,,,, to be:

An A2
AAmax =/]T_m 9)

Eq.9 thus provides a relationship for the maximurange in tunable laser wavelength required

to produce the desired local maxirkg _ and minimaF, _, given an instantaneougn value

of the sensor. Note that Eq. 9 requires knowledgheochange in refractive indédn of the SiC
material with respect to the wavelength. For 6H-Si@gle crystal material, this change in
refractive index in the infrared band (e.g., 15@0Q nm) is very small, e.g., < 0.01 % . For
example, assuming a 0.01% change in refractivexiride a 300um thick SiC chip with an
average refractive index of 2.57 at a wavelength550 nm, the resultanti,,,,is found to be
0.77887 nm. However, if one neglects the changeefiractive index term in Eq. 1Q,.=
0.77902 nm. Note that the 0.00015 nm differenceAil,axfor these two cases is extremely

small and practically out of the tuning step ofpi¢al commercial laser source. Hence, a small

< 1 nm range wavelength sweep of an eye safe 186bamd tunable laser will be sufficient to
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generate the requiredD,%ax and Pmmin values of light power required for normalizatioma( Eq.

7) of sensor instantaneoBg data.

For another set of neR, , Pmmax' Pmmin measurements for perhaps a differ€r{scaling

constant affected by for instance receiver beagnaient) andr (i.e., temperature in hazardous
zone) situation, a newogOPL) can be computed that is also correctly noedl for further

signal processing. Thus, each near instantaneaas ffower set reading &%, , Pmmax’ and

Pmmin is self-normalized to give the appropriaeOPL) data. Take the simple case of when the

SiC chip sits in an air surrounding implyifj)= R,=R. In this case using Eg. 6, the extreme

power readings can be written as:

4R
P =K
Mhax (1+ R)Z (10)
Pmnin =0

If the values oK andR (due to possible change in SiC front and backfate Fresnel
reflection coefficient parameters) fluctuate ovifedent instantaneous 3-reading power sets, the
peak modulation swingkR/(1+R)? of the PD1 power cycle (see Eq. 10) may changethmit
coqOPL) data due to the self-normalization procesmfthe sensor system is still accurate and
robust for further signal processing. This attrébaf the proposed sensor is particularly attractive
for fossil fuel applications where the proposedsserfront-end SiC chip will be exposed to
extreme mechanical and chemical effects that den l@ceive beam alignments and also change
refractive index of the medium surrounding the 8ifip that will cause a change/decrease in the
Fresnel power coefficients of the SiC chip. Becallseproposed sensor signal processing and

operations is robust to such changes, a powerfuksme can be realized for extreme
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environments. This attribute is all the more powewhen compared to standard Fabry-Perot-
based sensors using broadband light and powerrapecheasurements where the Fabry-Perot
etalon must maintain its given spectral shape tjinout sensor operations. Hence any changes
in Fresnel coefficients will drastically affect tlgeiality of the spectral filter function that will
make detection of the shifts of the spectral maxinm@ma all the more difficult. Recall that
shaped Fabry-Perot filter functions require higtdffective etalon interfaces, a key limitation in
extreme fossil fuel applications where these iaieefreflectivities can severely degrade with
extreme and cyclic temperature swings.

The proposed instrument can also be calibratealdantinuous mode as explained next.

In this case, wavelength tuning is not requireddoerate thePrTh1ax and Pmn-

) values required for
normalization. Instead, the sensing parameter sschemperature is swept over the desired
sensing zone that causes the SiC refractive indamdnchip thickness d to change that in-turn
causes the required max/mmgOPL) change to produce naturally inducli’,qmax and Pmmin
values at PD1. In this case, once all lagdata is recorded over the whole sensor calibration
temperature rangc—:F,’rrlmax and Pmmin values within a given one cycle zone are used tmabze all

the Py, values within this given one cycle power datathiis special case, it must be shown that

Prac@nd P remain constant over any one power variation cfai¢he proposed SiC chip.

Recall that the Fresnel power reflectiviRyfor the SiC chip in air can be written as:

R= (n_no)2

(n+n,)’ .

Taking the derivative of Eq. 11 on both sides wébpect to the refractive index
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d4r= 20N {(n+no)—(n—no)}dn

(n+ny) (n+n,)?
= ar=2=M) Ay (12)
(n+ny)

Now consider that the sensor chip ORL= undergoes at phase change to

introduce one optical power cycle variation detédig PO. This power variation can be due to
the combined effect of change in refractive inded thickness of SiC. However, as a worst case
scenario, it is assumed that the change in OPlnlg due to the SiC refractive index change.
Note that this condition imposes an extreme rdgiricon the OPL change while in practical
situations; the actual restriction being less sevire to the accompanied change in thickness.

Nevertheless, the corresponding change in refmdtidex of SiC associated with one optical

A
power cycle is given byn :E' Using this value of\n in Eq. 12, the corresponding change in

R, the coefficient of power reflectivity of the frbend sensor chip is given by:

R: nO(n_no)d
(n+ny)° d

(13)

Again the worst case fd change will be for SiC in air onp=1. As an example, using a value of
n=2.6 typical for single crystal 6H-SIiC, a thickness 0.5 mm, and\= 1550 nm, aAR of
0.000106 or 0.0106% is obtained. This minute chand®D, detected optical power reflectivity
is very small to influence the per power cycle dBfanormalization procedure. Hence the

assumption of constarf®; and R, for one power variation cycle proposed for the ssen

continuous-mode calibration is valid.
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Proposed Sensor Signal Processing for Unambiguougperature Sensing

Now consider the proposed sensor used for megssoime arbitrary temperatufe that
induces changes in both refractive index and tlgsknof the SiC chip. The variation of chip
refractive index thickness product oxd induces a change in the PDetected optical power

where:

P, —05x%(PR, P
co:{qa(T)}:co‘{élm(B)d(T)}:{z T = P * mm'”)}, (14)

max l::'mmin

(15)

P

P, - 05x%(R, +Pmn)}
Mmax _Pmmin

@T) = cos‘l{Z

HereA is the wavelength of operation. For a given instaeous temperatuie of the
SiC chip remotely placed in the sensing environnadrtemperaturdl , PD, records the three

optical power level$y,, Pmmax’ Pmmin (as mentioned earlier), and hence the instantangioase

@T) can be computed. To calibrate the sensor, thisegure is repeated for the desired
temperature range Ginin to Tmax The sensor provided instantaneq$) phase value change
from the minimum temperature to the maximum temipeeagiven byA@(T) can be expressed

as:

A(ﬂl — {4nn(Tmax )d (Tmax )} _ {4m(Tmin )d (Tmin )} - an + 0-1. (16)
/]l /11

Here, because of the rather large (e.g., @00 proposed thickness of the SiC chip,

A@y, the unwrapped phase obtained from Eqg. 15 by ad@lingfter each cycle, is expected to

have m number of 2t phase cycles plus a possible fixed phase valug;.0Because of the

presence of multiple power cycles, a phase amlyiguises in the sensor data obtained uging



28

data atA;. This phase ambiguity can be removed by measuhegnstantaneous sensor phase
@(T) at another carefully selected wavelenithThis wavelength\, is selected such that the

total unwrapped phase shift chadgg in going fromTy, to TmaxiS increased byt and given by:

A= {4m(ij)d(Tmax)} _{4m(Tmi/n‘)d (Tmin)} =271(m+ 05) + 0. (17)

Here, the unwrapped phase difference definegyas Ag;—A@, = 11 as the temperature
changes fromTqin t0 Tmax Note that the refractive index is assumed to be stwme for
wavelengthsA; and A,. Based on earlier reported experimental data f+S8C in the near
infrared band, this approximation is indeed vapdyticularly when the two wavelengths are
within 100 nm of each other as later shown in tkgeemental section of this report. Solving
Eg. 16 and Eq.17 gives:

+
A=A —2Mrg (18)
27(m+ 05) + 0,

Eq. 18 is used to select the second wavelengtiperfation for the proposed temperature sensor.
Note that the additional phase shift can be made zero by either selecting wavelehgguch
that the total phase shift is an integral multipie2rtor by selecting th& i, and Tiax Such that

01 vanishes In these cases withy = 0, Eq. 18 can be rewritten as:

m
'm+05°

2

(19)

Note that the process of unwrapping the instamasn@haseyT) is for design purposes to
verify proper unambiguous sensor processing canditivia dual wavelength selection. For a

given temperaturd, the proposed sensor must generate pidvided Py, Pmmax' Pmmin
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optical power data set values at Eq. 19 based texsgected optical design wavelengtha pf

| ds»¢—— F, —e——F —>]

SMFPC Pes [\ 2-axis Mirror
-axis Mi
L > ®|_|< > {<<\,<<
GRIN lens \ 4 |_| U
P S . SiC Chip
S © —>e— N v /v
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T C)Sz i High Temp. Chamber
F
r 4

Power Meter

Fig. 2. Experimental set-up of demonstrated SiGbdaminimally invasive optical sensor for
extreme temperature measurements. TL: Tunable, IB&S: Polarization Beam Splitter, QWP:
Quarter Wave Plate, SMF: Single Mode Fiber;:Flber Lens of Self Imaging Type with Half
Self imaging Distancesdvhere beam waist g located ; S, Imaging Lenses of Focal Lengths

Fi/F..

andA,. These power values are used to compute the tagieous sensor phase valuespdi)
and@(T) at the temperaturé This process is repeated for the entire tempexatinge ofl i, to
Tmax Theinstantaneous sensor phase differenggT) = ¢ (T) — ¢, (T)is calculated using the
measured power data. A unique set of valuedgf and @ (T) (or @(T) ) exists for each
temperature value eliminating the sensor power dathiguity problem. Note thah¢ changes
from —tto tand completes many cycles as the temperature ebavgr the designatdg,, and

Tmax range.During the sensor calibration process, the, T, @(T) (or @x(T) ) values are stored.
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During sensor real-time temperature sensing opesatA¢ and @(T)  (or @(T) ) are

measured and matched to the uniquen the computer table that gives the same valoes f

Agand@(T) (or ¢(T). Because today’s commercial tunable lasers caed®t quickly (e.g., 1

ms) and accurately (e.g., within 0.01 nm), the psgal sensor can quickly provide the desired
sensing parameter, i.e., temperature value wher8ith chip is remotely placed.

The Fig. 2 proof-of-principle sensor system isigetin the laboratory to demonstrate the
feasibility of the Fig. 1 design. A single SiC chyith no coatings present is placed and sealed in
the experimental high temperature chamber basddduttion heating. SiC used is 6H single
crystal type with an average refractive index &72.Using Eq. 8, the SiC chip front surface
power reflection coefficient is calculated to Re= 0.193 implying that 19.3% of the input strike
light on the chip take a first bounce off the chapreturn to the photo-detector. On the other-
hand, the light reflected first bounce back frora bigh temperature exposed rear surface of the
SiC chip has a power reflection coefficient givgnR§1-R)?>= 0.125 or 12.5 % of the input laser
light. Light returning to the photo-detector aftarsecond bounce from the SiC chip high
temperature interface is a much smaR&L-R)*>= 0.0047 or 0.47 % fraction of the original input
laser light power. These first order calculatiomstly imply that about 0.193+0.125=0.318 or
approximately 32 % of the input light power willtwen from the SiC chip to strike the receive
photo-detector. Second, the natural reflection erigs for the SiC chip in air produces strong
two beam interferometry that is expected to giwtaasic sinusoidal interference function.

Given the proposed sensor system’s high effici€rc30%), a typical lower power 1.5 mW
tunable laser source is used to launch light ihe fteespace optics coupled to the SiC chip.
Specifically, the tunable laser has a wide 150001&® tuning range with a 0.01 nm tuning step
and 0.0005 nm laser line-width. As seen in FiglZe, tunable IR laser is collimated by a fiber

Graded Index Rod (GRIN) lens with a6 cm half self-imaging distance and a 0.44 mni 1/e
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beam waist diameter or approximately 0.88 mm rasitill beam size. The half-self imaging
distance for the GRIN lens is where the Gaussiamblas a minimum beam waist and hence
perfect collimation. A mechanical fiber-based pation controller (PC) is used to produce the
desired horizontal (or p) polarization light thaite the GRIN lens. This collimated light from
the GRIN-lens passes through a PBS and only lepolarization light to pass through towards
the SiC chip. Hence, the PBS works as a polaoratoise filter to prevent any unwanted s or
vertical polarization input light from reaching ti®C chip. A lens §is placed between the
GRIN lens and SiC chip to prevent large beam expandhe distance between the fiber lens
and imaging lens ;Sis 36 cm, where £30 cm is the focal length of,&nd 6 cm is from the
GRIN half self-imaging distance. The distance betw& and SiC chip is 30 cm. The PBS is
placed 15 cm before;SA QWP plate oriented at 4%0 the horizontal or p-axis is placed
between the PBS and S. The QWP converts the inpetrl p-polarization to circular
polarization. As the SiC chip is a slightly birefgent material, using circularly polarized input
light makes the sensing system polarization inddgetto the SiC chip rotational orientation. A
F,=10 cm focal length sphere & placed 25 cm from the PBS deflected port, atatge area
Newport photo-detector with a 3 mm diameter is @ht0 cm away from lens.SAll optics are
anti-reflection (AR) coated for the near IR 1550 bamd.

With the given optical design in Fig.2, the Gaaasbeam waist is formed on the SiC
chip and the photo-detector. The light beam wansth@ SiC chip is 0.88 mm null-to-null beam
size while on the detector it undergoes a factd céduction in size to 0.29 mm due to ratio of
focal lengths FF, = 30 cm/10 cm. This demagnification of the beame snakes the sensor
received beam easily located within the 3 mm diamattive area of the Newport free-space
coupled detector. Unlike Fig.1, no active alignmemtrors are used because of the large area of

the photo-detector size and the static and coattadinvironment of the SiC chip placed in the
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high temperature test chamber. The chamber corsisissmall (~7.9 mm diameter) hole in a
stainless steel disk. The hole is covered withnaliction heating coil powered by a 2.5 kW,
200 KHz, 240/380/480 V, 3-Phase alternating curm@miver supply. The hole is sealed by
placing the SiC chip on the opening with cerammsuiator rings that clamp the chip into
position. The chip boundary is free to expand ass ihot restricted in the sealing ceramic
package. A steel disk is used to clamp the ensiserably from the top. The chip sits mid-way
between the coil positioning to provide a unifoemperature to both sides of the chip. A salient
feature of the chamber design is the reduced dizkeosteel cavity and hence small SiC chip
exposure area which reduces stress variations sathhesexposed chip surfaces. There are no
measurable optical reflections from the backgroahthe chip as the steel cavity is terminated
with a non-optical quality plate. The chip actselie sealed optical window in the induction
heating-based high temperature chamber. The chaasksembly has coarse translation stages to
adjust the position of the laser beam with-respe@t¢he SiC chip designated targeting zone. An
external fixed mirror with fine x-y tilt controlsiused to make sure that the laser beam strikes the
SiC chip at normal incidence. The 6-H SiC singlgstal chip used has a 3pn thickness and a
0.5 cm x 0.25 cm rectangular size. Reference tesiyreT of the SiC chip is monitored by a K-
type thermocouple that is in contact with the Sipzone that is external to the test chamber
but close (within 1 mm) to the probe optical bedie thermocouple wire is inserted from the
top steel plate through the ceramic rings and plageontact with the top side of the SiC chip
So it measures the heated chip temperature.

The freespace laser beam only interacts with dl<h& mm diameter central targeted
region on the SiC chip. Hence, high quality (eX50) optical flatness requirements are only
subjected to a very small region of the chip frantl back surfaces. Note that for proper in-line

interferometry, the front and back surfaces of $h€ chip over the active laser region must be
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parallel to enable high spatial coherence optietéction. In case, the surfaces are slightly non-
parallel, a fringe pattern will appear on the ditesurface. One can practically alleviate this
issue by using a pin-hole placed in front of thetpkdetector with the pinhole size much smaller
that a single fringe cycle. In this way, high sphtioherence interferometric data can be taken as
needed for proper sensor operations. Single cr$gs@lis known as an excellent optical quality
material and hence it is optically suited for thegmsed minimally invasive sensor design. In
our case, the used SiC chip surfaces were theedegurality and no pinhole use was required

where the large area Newport point photo-deteattadaas a natural pin-hole.
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Fig. 3. Sensor provided raw optical power measunesnat 1547 nm as the SiC chip temperature

is raised to 100tT.

To demonstrate proof-of-concept sensor operatiansexperiment is performed where
the optical power by the sensor photo-detectororsticuously recorded with the temperature
chamber-based SiC chip heating from room temperamurl000°C. Here the chosen tunable
laser wavelengthA; = 1547.0 nm, givingn = 37 optical power detectionmixycles over the

designed room temperature to 1 sensor range (see Fig.3). Using the wavelengsigd
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Eq. 20 withm = 37 and\; = 1547.0 nm, one geds = 1526.4 nm that should provide 37.5 optical
power detection 2 cycles. To stay within experimental margin of er slightly higher value

of A, = 1530 nm is used such that one does not exceeghtmabiguous range of phase shift.
The sensor photo-detector optical power and tenyreralata are recorded using a computer
where 750 data sets are recorded as the SiC tetmeisiincreased from near room temperature
to 1000°C using current heating of the test chamber. Aebesensor resolution can be achieved
over the same near 1080 range using more data samples per optical poyee.dn effect, the
proposed sensor can zoom into a specific temperatume and take extensive power data using
accurate low noise optical power meters and fastpag data analog-to-digital converters.
Hence, accurate calibration of the sensor can Ipdemmented using the proposed robust signal

processing methods.
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Fig. 4. Sensor provided raw optical power measuresnat 1530 nm as the SiC chip temperature

is raised to 104tT.
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Fig. 3 and 4 show the raw sensor optical powea daimWs obtained for two different
wavelengths using the computer automated powert@mgerature measurement set-up. Note
that over the 1000 °C temperature measurement ggpes expected, the power maximum and
minimum values per cycle change depending on the tiarying experimental conditions such
as mechanical vibrations, thermal gradients, amdccairents that affect the optical returning
beam to the photo-detector. Because the preserdrimynt is characterizing the proposed
optical sensor, one can store the optical powea daer the entire temperature band and then
process optical power data per cycle to producedfaired normalized plot of the cosine of the

chip optical phase versus temperature.

Data at 1547 nm
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Fig. 5. Sensor provided normalizedd ¢.(T)}and coq @(T)} measurements at 1547 nm and

1530 nm as the SiC chip temperature is raised @6°00
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Fig. 5 shows this normalizezbq ¢(T)} plot obtained for the two wavelengths of 1530 and
1547 nm. Fig. 3 and 4 show the sensor’s data antpigpsue as the same valuescoq @(T)}
occur for many different values of temperature.check the elimination of the data ambiguity in
the gathered data set, one simply takes into ceratidn the number of cycles recorded and adds
2m after each cycle to get an unwrapped phase vahis.mathematical operation can be done in
software and these unwrappgd) phase value results in radians for the Fig. 3 expntal data

are shown in Fig. 6 and Fig. 7.

Data at 1547 nm Data 1
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Fig. 6. Sensor Unwrapped Phase Shift DapgT) in Radians versus SiC Chip Temperatd) (

with data taken at 1547 nm. A weak quadratic ctitve achieved for this data.
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Data at 1530 nm Data 2
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Fig. 7. Sensor Unwrapped Phase Shift Degg(T) in Radians versus SiC Chip Temperatde) (

with data taken at 1530 nm. A weak quadratic ctitve achieved for this data.

Note in Fig. 5 for the room temperature to 18G0range, the optical power for 1547 nm sweeps
37 cycles while for 1530 nm sweeps the expectedostin37.5 cycles. Hence experiments
conducted at wavelengths ®f= 1547 nm and,= 1530 nm give the desired unwrapped phase
valuesA@(T) andAgy(T), respectively. Next, the curve fits to the, andAg, data are used to
calculate@;, = A@(T) - A@(T) and@: is plotted in Fig. 8. Note that this unwrapped ghas
differenceqy(T) is slightly less thamt radians for the temperature range froMiG% 1000°C,

as needed for the implemented sensor design. Heusldta in Fig. 8 does show how the 37
ambiguous cycles of phase data versus temperaave heen converted to almost a single

unambiguoust cycle making the gathered sensor data approgdafgocessing.
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For real time temperature measurement via theosettse two wavelength calibration
data is used, hence eliminating the need to unwihapphase data from the sensor. The

instantaneous phase difference unlike unwrappesdeptiéerence takes values fromte Tt

®,, (Tt Radian)

SiC Chip Temperature ( °C)

Fig. 8. Unwrapped Phase Shift Differenge = Ag,—Ag, data for the two wavelengths used for
the sensor operations.

This instantaneous phase differerld@ 7) and the corresponding instantaneous phase
@(T) (or @(T) ) produces a unique data pair and when compardaget stored calibration data
set provides a uniqgue unambiguous temperature vatugisually illustrate this novel ability of
the sensor signal processing, a three dimensi@B)) (plot with axes ofA@(T), ¢ , and T is

generated using measurements for the two wavelenattthe room temperature to 160

temperature range.
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This curve shown in Fig. 9 shows a helical sprikg behavior where for every set of values of
A and @, there is only one value of the temperature cpoeding to that data set. Note that
the extended sensor experimental calibration ctoviED00°C is again a spiral curve (like Fig.
9) with changing pitch according to the changingqukof the chip OPL parameter variations.
Here again there is no ambiguity in the temperatneasurements provided by the proposed
sensorThe real-time sensor temperature resolution depbatts upon the quality of the stored
calibration optical power data and the real-timeticgh noise in the sensor system.
Fundamentally, the proposed sensor determinesetiidime temperature value by taking real-
time optical power measurements and processingfiisal power information to compare with
previous calibration data. To insure high fideltglibration data, the measured near sinusoidal
optical power variation with temperature change tnmessampled at a very high frequency (e.g.,

50 X) compared to the fundamental frequency.

o N BN

A @ (T) (Radian)
N

A
I

100

SiC Chip temperature (°C) ¢,(T) (Radian)

Fig. 9. Three dimensional (3-D) representation bé tsensor calibration chart for the

unambiguous instantaneous temperature measurenzetitiesr demonstrated sensor from room
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conditions to 100°C. This 3-D plot uses the instantaneous phaserdifte data\q(7),

instantaneous phase shgf(T), and given temperature T.

In addition, the optical detector and power meteisa floor should enable low quantization
errors to enable high dynamic range, e.g., > 40odB> 10,000:1 optical power gray-scale
measurements. Recall that this calibration andtmeed power data is used to compute both the
instantaneous phase and instantaneous phase wmiifferealues that then determine the
temperature value. Hence, the resolution of theamaneous phase difference value indeed will
impose a limit on the sensor temperature resolutidren the proposed phase shift-based
processing is used to determine the temperaturer tlte present sensor proof-of-concept
calibration, 750 data values are taken from roomperature to 100C. In theory and to a first
approximation, the average sensor resolution basethe given data sampling range can be
estimated to be approximately 9%0 / 750 ~ 1.3C. It is interesting to note that the measured
temperature period of the optical power cycle desee with increasing temperature, beginning
near the 3%C and approaching 20 near the 1008C level. This implies that higher optical
power measurement sampling rates are requiredjagéhtemperatures of the calibration process
if the same temperature sensing resolution hag tméintained. Today, commercially available
power meters can easily measure optical power atdyrfrom milli-watts to nano-Watts (nWs)
or a 60 dB gray-scale range. Therefore, optical ggomeasurement instrumentation can help
reduce computational errors in the sensor procgsstarthermore, the laser power can be
increased to any desired higher value so that themmam power change per degree temperature
change is significantly higher than the detectas®o

Thus, the proposed minimally invasive single aly&iC chip-based optical sensor when

used with the proposed signal processing can peovidie unambiguous temperature
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measurements for extremely high temperatures lieasingle crystal SiC can naturally withstand
in environmentally unfriendly settings. Quantitaliy, the effect of temperature on the proposed
single crystal SiC-based optical sensor has beessiigated and results for the used 300
thick SiC chip showed arPOPL change (oq(T) phase shift change) for an average temperature
change range of 30 to 2. More specifically around room temperature, 2B8&hange causes

a 2moptical power cycle. Later at the extreme 180Gemperature, the SiC refractive index and
thickness are at a higher value causingtagtical power cycle for a smaller D change in
temperature. These results also point out thaptbposed SiC sensor requires calibrated data
for proper operations over a wide sensing paranrargge. Another point to note is that the
sensor performance can be considered coded in tatope period, i.e., a given temperature
value is always within a specific sensor tempegapgriod for a & optical power cycle. This
particular effect can also be used to extend tlamimguous temperature detection range of the
proposed sensor. Starting with the defined sen&dr garameter expression ah awavelength

and temperature T :
oT) = {—4’“(?‘1(”} e

Taking the derivative of both sides of Eq.20gives:
d 4 0 0
— 1A T)p=—|d(T)—n(T) +n(T)—d(T) |. 21
rralaD) A[”m (T)+n(T) = ()} (21)

The rate of change of phase @(B)/dT governs the variation of the temperature changsiog
a full power cycle. If this rate remains constdhgere is no variation in temperature change that

produces a full optical power cycle.
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G.2. Pressure Sensing Fundamentals

High Pressure
Capsule (HPC)

Gas

High Pressure

Fig.10 shows the proposed wireless pressure samsmept that uses a remotely placed all-
passive optical sensor capsule made of a singktatrSiC chip acting as the capsule window
and a pressure sealed capsule assembly made afallesthigh pressure high temperature
material such as a ceramic (including SiC formg,, esintered SiC) or high pressure stainless
steel. The capsule has a high pressure conne@bmtierfaces to the high pressure hot gas (or
fluid) flow system that is linked to the high temateire high pressure hot gas flow system such
as a fossil fuel plant under test. The SiC optiwwaldow sits in a specially designed sealed
pressure seat that creates the desired high peebsundary conditions for the deployed SiC
chip. The Fig.10 sensor operates as follows. Tipaititaser beam from a laser L1 is passed
through an expansion-filter system of microscopgdive lens MO and pin-hole PH. The

cleaned and expanded beam is vertically polarizatgua polarizer P1 and then collimated using
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a biconvex lens S1. The portion of the light bediat transmits through the Beam Splitter BS1
hits the SiC chip seated in the high pressure d¢apsith a sealed circular boundary. The size of
the beam hitting the SiC chip is controlled by &r I1 that is placed between S1 and BS1.
Under ambient atmospheric pressure conditions (gpimeric pressure or 1 atm), the reflection
from the front and back surfaces of the SiC chieg phase map that represents the relative
optical path length (OPL) differences between the surfaces. This phase information is seen
on a 2-D CCD detector CCD1 in the form of fring€ke initial fringe pattern can be written as
li(x, y) as the initial phase map of a given SiC ckigr a perfect flathess parallel faces chip, one
would not observe any fringes; just a gray-scaléoum optical power level. Imaging lenses S2
and S3 are used to form a 1:1 imaging system betteeSiC chip and the CCD. For laboratory
experiments discussed later, a compressed airdeylis connected to the pressure capsule via a
manual regulator to control the pressure inside dapsule relative to the external ambient
atmospheric pressure.

Key principle of operations of the proposed sensothe global sensing of the chip
deformation due to pressure. As the pressure icdbsule increases with respect to the external
ambient pressure, the SiC chip undergoes a mediadeformation and assumes a convex
mirror position for the striking incident collimaty beam. In effect, the SiC convex mirror acts
as a diverging refractive weak lens that producégam expansion for the reflected incident
beam. Hence, one should expect a magnificationheflieam received at the remote CCD.
However, given the Fig. 10 design uses a 1:1 intagystem between the chip and the CCD, the
chip convex mirror-like deformation combined withetinverting imaging system produces a
reduction in the beam size at the CCD with incrgggressure. Hence by monitoring the optical
beam image size on the CCD, a pressure measurezsagnbe remotely achieved. Because

CCD’s are highly light sensitive devices and singtgstal SiC is sufficiently (e.g., > 10 %)



44

reflective (e.g., > 10 % reflectivity) for visiblaser wavelengths, only a low power (e.g., < 10
mW) laser is required for the proposed sensor de$d® note that for highly remote distance
operations when transceiver and capsule distanxoese for example 1 m, lenses S2 and S3 can
be removed. In this case, the received beam exgaisimonitored to access pressure. For the
present paper, the basic Fig.10 design is invdstigas appropriate for short distance remoting
as in a controlled laboratory environment. The 8 undergoes a mechanical deformation as
the pressure in the capsule is increased. In awlezvaluate the nature and extent of this
deformation, a theoretical analysis of the meclaniesponse of the SiC chip within the
pressure capsule becomes essential. The naturexsgamd of this mechanical response is in turn

responsible for the optical response of the sesygsiem.

Applied Uniform Differential Pressure P

Vi

_II I |
L L
(@)

Applied Uniform Differential Pressure P

Vi

«2 »
| $h |

L] L]
(b)

Fig. 11:Shown are the two Key Mechanical Models, (a) Clasdnpdge model and (b) Simply
Supported model, used to analyze the SiC Chip nméchladeformation behavior when seated in

the proposed high pressure capsule.
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Hence, for optimal pressure sensor design a matieahaelationship between the
mechanical and optical responses within the sesgstem needs to be established. The
mechanical response of the deployed 6H-SIC chgegendant on its mounting in the given test
pressure capsule. Specifically, the mounting metteithes the boundary condition necessary
for solving the equations that give the amount eflattion of the SiC chip which it turn
determines the power of the pressure sensitiveecomirror behavior of the chip.

Considering the design of the given pressure capSi@@ chip seat , two major methods,
namely, a circular chip with ‘Clamped Edges’ andt@iar chip with ‘Simply Supported Edges’
are analyzed for the test capsule (see Fig. 1kjn),(n effect, the SiC chip experimental
mounting method, shown later for the test capsulis study, results in a hybrid-solution of the
mentioned methods. Furthermore, the deflectionyaisls sub-divided under two regimes of
small and large deflection analysis. The smallet#ibn regime is defined by the condition that
the maximum deflection should be less than halfttinekness of the chip [20Epecifically, the
region in the middle plane of the sensor chip, vgaesmall displacements perpendicular to the
direction of the plane thus forming the middle aad of the chip. When these displacements are
small in comparison with the thickness of the chine, strain of the middle plate can be neglected
and analysis is in the small deflection regime. Wttas is not true, the analysis is extended to
include the effect of strain of the middle planettod chip. This large deflection regime analysis
gives deflection and stress results that deviate fthe small deflection regime. As shown later
via the experiments, the proposed pressure sermates well within the small deflection
regime of the utilized 6H-SIC chip. Also note tHatlure stress analysis of the SiC chip is
essential for a robust sensor design. Hence, thxénman stress values generated for all pressure
cases have to be evaluated. Proper design reqwiogksing with pressures that generate

maximum stress values that are less than the éaylietd stress value for 6H-SIiC. This pressure-
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limited operation ensures the reliable and repéataérformance of the SiC chip and hence the
proposed wireless optical pressure sensor.
Under uniformly distributed applied pressure, @war sensor chip with clamped edges

(see Figure 11(a) exhibits deflection accordinthefollowing classic expression [20]:

P(aZ _ r2)2

wr) = 64D

(1)

wherew(r) is the bend in chip at a certain radiu® is applied differential pressure between the
two isolated sides of the chi@ is the radius of the chipy*is the chip material Poisson’s ratio

andD is its rigidity constantD is defined as:

_ ER®
D= 12(1-v?)’ @

where'E’ is the chip material modulus of elasticity ahdi$ the thickness of the chip. The

maximum deflection is at the center of the chip engiven by:

_Pa’

w ) 3
max 64D ( )

The maximum stress caused by pressure is at thedbopof the chip given by the equation:

3Pa’

T @

CANS

For a circular sensor chip with supported edges (sger&ill(b)), the deflection under

uniformly distributed applied pressure is giventbg following expression [20]:

_P@*-r?)(5+v _, ,
W =—"ap [1+va rj' ®)

The maximum deflection is at the center of the @ng is given by:

4
W= Pa’ (5+v . (6)
64D\ 1+v
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The maximum stress in the supported chip causegardssure is at the center of the chip given

by the equation:

( ) — 3Pa’ B+v)
r /max 8h2 '

(7)

Now consider the proposed case of a 6H-SIC chip thicknessh’ of 280 um, radius

‘a’ of 2.5 mm, Poisson’s ratie’ of 0.16 and Young’'s Modulug’ of 415 GPa [21-22].

Max. SiC Chip Deflection (um)
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Fig. 12:Plot shows maximum SiC chip deflectionyy (at the center of the chip) under applied

pressure for the Clamped Edge and Supported Edgadboy condition models. The chip

boundary diameter was taken to be 5 mm.

Fig. 12 shows the expected deflection produce®kSiC sensor chip with the applied

differential pressure in the pressurized capsube maximum deflection of the sensor chip, with

a 5 mm diameter pressure boundary and thickneg8®fum, is expected to be well within the

small deflection range (i.e., < Thickness/2= 140 jatil00 atmospheres.
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The expected stress produced for 6H-SIC sensor wiitip the applied differential
pressure in the pressurized capsule is shown in1BigUsing a 1 GPa vyield stress [23] (approx.)
for the 6H SiC chip, the demonstrated wirelessqanessensor is expected to work safely up to a

pressure of 100 atm.
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Fig. 13: The expected stress produced in SiC sensor cliproh diameter and 280 pum
thickness.

Comparing the two Fig. 2 SiC chip seating setupshan small deflection regime, the
supported edge chip seating case gives approxiynatér5 times larger deflection than the
clamped chip case (see Fig. 12) but then it alsesgil.5~1.75 times higher maximum stress
value (see Fig. 13). Since the experimental sabugeat the SiC chip in the high pressure cell
utilized in the present study is a hybrid of th@ twases, the maximum stress value is expected to
be in a range whose limits are defined by the stwadues given by the mentioned two cases.
Same discussion holds true for the maximum detlactif the SiC chip. Note that in the large
deflection regime, exact analytical solutions ao¢ awvailable and only approximate analytical

solutions can be utilized. However, numerical mdthand simulation tools (like Finite Element
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Method Software) can provide more exact solutiomsthe plate/chip deflections and stress
values. After deflection according to equations ¢t)(5) under small deflection regime, the
surface of the SiC chip and hence the optical nespof the SiC chip can be approximated by a
weak lens. Geometrical analysis for weak lensinganioptics (i.e., when lensing mirror radius
of curvature R << Lensing mirror Central Thicknegs,) can be carried out to show that the

SiC weak convex mirror focal length fm in cm is@ivby [24]:

=S 2o ®)

where Whax is the SIC chip central position maximum displaeamwith applied differential
pressure P and a is the radius in microns of tkecBip pressure boundary. Using Equations
(3), (6), and (8), and a pressure boundary of &nitn, Table 1 gives the theoretically expected
maximum chip central deflection and equivalent wkatdal length values for the SiC chip under
specific varying pressure values. These pressutaevawere implemented later in the
experiment. In addition, Fig.14 shows the theomdpsted focal length change for the SiC weak

mirror for a broad range of pressures.

Table 1:Theoretical Central Deflections and Focal Lengthihe SiC Chip Convex Mirror

versus Pressure.

Model 1 Model 2
Differential Supported Sensor Chip Clamped Sensor Chip
Pressure P Chip Central Convex Mirror Chip Central Convex Mirror
Deflection Focal Length Deflection Focal Length
(pS|) (atm) Wmax ( l—lm) fm (Cm) Wmax ( um) fm (Cm)
0 0 0.000 00 0.000 o0
200 13.61 4.804 32.53 1.080 144.68
300 2041 7.206 21.68 1.620 96.45
400 27.21 9.608 16.26 2.160 72.34
500 34.01 12.010 13.01 2.699 57.87
600 40.82 14.412 10.84 3.240 48.23
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Fig. 14: Plot shows the effective theoretical foemgth ‘f,; of the SiC chip acting as a convex
mirror due to applied pressure. The focal lengtlerel@zses as the differential pressure is
increased.

Recall that the SiC chip acts as a weak convexomfequivalently, a weak concave lens)
within the proposed Fig.10 wireless optical sersgiup containing S2/S3 1:1 imaging system.
The S2 and S3 lenses have focal lengthanié F, respectively (k= F; = F). When the SiC chip
experiences no differential pressure (P=0), it dkesa flat mirror and S3/S4 lenses form a 1:1
imaging system with magnification M=1. As P incressthe SiC chip starts acting like a convex
mirror (or concave lens) with a long negative vafoeal length. It is well known that the
equivalent focal length. for two lenses (convex lens focal lengthahad mirror focal length.{)

placed L apart is given by:

F\L—f
o = 2( m) . (12)
L- (FZ + fm)
Hence, the SiC chip weak concave lens in combinatibh the first imaging lens S2 forms an
equivalent imaging lens with a newfbcal length. With B=F and L=F, and considering weak

lensing conditions which are true for the propo&i@ pressure sensor, the new pressure



51

dependent optical linear demagnification M {$ a negative value) for the imaging system can
be approximately written as:

M:EZEZ fm = 1 .
f. f, (f,-F) 1-F/f,

(13)

As M can be measured by computer-based image pmiagesf the CCD acquired images in
Fig.10 and F is knownfcan be calculated. Furthermore, assfrelated to wax of the SiC chip
(See Eqgn.8) and w is related to the differential pressure P in tapsule (see Egns. 3 & 6), the
measured pressure P can be calculated. As actpatierental conditions for the SiC chip
seating can be a combination of the clamped angostgal chip deformation models, each
proposed wireless sensor should be calibrated assigte-of-the-art pressure gauge. In effect, a
sensor calibration table should be deployed tt@estprecision taken pressure values and their
corresponding M values provided by the wirelesscappressure sensor. In this way, any non-
linear effects within the pressure versus M funttioan be calibrated into the sensor

measurements leading to reliable and accurateyeesseasurements.
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Fig. 15: Experimental design used for seating ticBip in the high pressure capsule.

Pressure Capsule
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Fig. 16: Snap shot of the experimental seating asmapts and their arrangements used for
seating the 6-H SiC chip in the high pressure dapsiomponents in photograph are labeled as:
A: Brass chip seat holder with sealant canal andwgs; B: Steel seat; C: Aperture seat (washer)

and D: SiC chip.

In order to study the pressure measurement aspédise proposed Fig.10 wireless
sensor, a high pressure stainless steel capsiabrisated as shown in Fig. 15. Fig.16 shows the
manner in which a square 1 cm x 1 cm SiC chip &eskin the pressure capsule. The variable
aperture seat (washer) used has a 5 mm diametesreatts the circular pressure boundary on
the chip. The washer is attached to the steel lsea GE RTV 102 silicone rubber adhesive
sealant with operational temperature range of 2@ 204 °C. The SiC chip is attached to the
washer using a layer of the same sealant. Thergaalélled in the canal of the brass seat so it
strongly holds on to the steel seat. A layer ofgbalant was also applied at the edges of the two
seats to avoid any leaks. Do note that for highpenature or temperature independent pressure
sensor operations, a modified SiC seating desigldhbe utilized to match seat and chip

material Thermal Coefficient of Expansion (CTE)ued to avoid temperature dependent global
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chip deformation. This aspect will be pursued itufea advanced stage work. To enable the
present Fig. 10 sensor design, a 10 mW 633 nmweaelength) linear polarization He-Ne laser
is used as the source L1. The expansion-filteresysitilizes a 10X MO lens and pon PH. The

collimating lens has a focal length of 15 cm.

(@) (b)

(c) (d)
Fig. 17:SiC chip-based pressure syste(®r,y) optical images produced for (a) O atm, (b)613

atm (200 psi), (c) 27.2 atm (400 psi), and (d) 4at® (600 psi) high differential pressure
conditions in the pressure capsule. Photo both dixesnsions in CCD pixel count.

The sealed circular boundary of the SiC chip f& éxperiment is of ~ 5 mm diameter.
Imaging lenses S2 and S3 have 10 cm focal lengiimsifig a 40 cm path 1:1 imaging system
between the SiC chip and CCD. The temperature tondiuring the experiment is the ambient

26 °C room temperature. The manual regulator caaddo the compressed air cylinder is used
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to control the pressure inside the capsule relatvéhe external ambient 1 atm pressure. As

shown in Fig. 17, as the pressure in the capscleases above 1 atm, the differential pressure P

on the SIiC chip produces an increasing convex mihop deformation of the initial pattern

li(x,y) thus producing a pattern reduction in sizagy. A7 shows the set of images from the

wireless pressure sensor where the initial fringtepn size decreases with increasing capsule

differential pressures up-to 40.8 atm (1 psi = 8.@6n). A quantization of the image reduction

versus applied differential pressure P in the clapluw P taken up-to 40.8 atm is shown in Table

2 giving the experimentally measured values forévsus P.

Table 2:Experimental Optical Image Size vs. Capsule Diffiéet Pressure P.

Differential Pressure P Image Size Measured Magnitation

(psi) (atm) (CCD pixels) (M=Image Size/147)

0 0 147 1.00
200 13.61 135 0.92
300 20.41 130 0.88
400 27.21 125 0.85
500 34.01 117 0.80
600 40.82 112 0.76
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Fig. 18: Plot shows demagnification of incident inesize as it reflects from the SiC chip under

pressure acting as a weak convex mirror coupledltd image inversion system.
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Fig. 18 connects the discrete experimental daghtav a plot of differential pressure P on SiC
chip versus image size given by pixel count. Theselts show a linear behavior of the applied
differential pressure P versus the measured oppiaedmeter of image size. Sensor pressure
resolution is given by the inverse of the slopéhef plot in Fig. 18. This plot indicates a current
experimental resolution of 1.17 atm calculated @882 atm/ [(147-112) pixels]. Resolution
measurement is restricted by the pixel size indéy@@oyed CCD. Here 147 pixels of the CCD =

5 mm real size using the 1:1 imaging approach.
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Fig. 19: Plot shows the experimental beam demagnificatioonglwith the theoretical
demagnification for Clamped and Supported sensiqr odels. The behavior of the chip shifts

from clamped model towards supported model as fix&spre increases.

For comparison and sensor design accuracy, Fidid@ss plots for the experimentally detected
image magnification M versus pressure P for theistlwireless sensor versus the theoretical

design plots.



G.3. Gas Species Sensing Fundamentals
(Kar LAMP Lab. Provided Data and Information)
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Fig.G.3.1 Schematic diagram of the LAMP Lab. expemntal setup for the gas sensing

experiment.

In the Kar LAMP Lab., a continuous wave helium-ngbte-Ne) laser of wavelength

632.8 nm was used to understand the changes mefifaetive index (g§) of a compressed layer

(see Fig.G.3.1) at the chip-gas interface in thes@mnce of a combustion gas such asCO,

CO,, and CH for both Pd-P and B doped samples. The combugfas®s are present in the
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combustor in trace amounts as presented in Tatl8el G.The SiC chip is inherently a Fabry-
Pérot interferometer enabling optical measurempaitining to interference patterns that were
analyzed to calculate the compressed layer reveaatdex, B.

“In 1995, ISE (Iniziative Sviluppo Energia) stafteonstruction of a new ‘clean’ power
plant, called CET3, at ILVA Taranto, Italy. The ptaconsisted of three identical combined cycle
units capable of producing 530 MW of electrical powTlhe plant was designed to utilize Blast
Furnace Gas (BFG) and Linz Durer Gas (LDG). Dej@uagen was contracted to design and
provide the supplementary firing system to prodsteam at 54C. The burners were to utilize
BFG and LDG gas supported by natural gas” [25].e §as composition of the gas mixture for

our case has been determined by the following Bia@dsard [25] as shown in Table G3.1.

Table G.3.1. Typical combustion gas compositions.

Gas Type BFG LDG
(Blast Furnace Gas) (Linz Durer Gas)
[mole %)] [mole %]
H, 4.53 0.96
CH, <0.003
(6{0) 22.38 69.15
CO, 23.19 23.19
N, 48.60 14.89
0, 0.25

A single crystal 4H-SiC wafer of thickness 399 praswised as an optical chip in this
experiment. The experimental setup for studyingdpecal properties of the chip is shown in
Fig. G.3.1. The chip was heated using a steelgtaldas shown in Fig. G.3.1 and the bottom
surface of the chip was exposed to the gas mixatrekfferent pressures. Due to high thermal
conductivity of SiC, the thermal energy is transfdrto the gas mixture at the chip-gas interface,

creating a thermal boundary layer containing het gacture at the interface. This enables us to
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test the sensing capability of SiC at high tempees, pressures and gas species. The effects of
the pressure, temperature, and gas compositiond,,0fCO, CQ, and CH on the optical
response of the chip have been studied by examthmgeflectivity of the chip. The SiC chip
serves as an amplitude-splitting device, so thatreflected lights may be considered as arising
from two coherent virtual sources lying behind silecon carbide wafer. This optical property

of SIC makes it an interferometric sensor inheygmhabling highly sensitive remote sensing. A
compressed layer (Fig. G.3.1), which consists offp@ssed SiC atomic layers and hot gases at
the chip-gas interface, is formed at the interfdae to high pressures and temperatures of the
gas mixture. The interface of SiC experiences cgesgive stresses under high gas pressures and
this produces a denser atomic layer of SiC neabatsom surface than the rest of the upper
region of the chip.

The measured reflected power exhibits interfergpatttern with alternating maximum
and minimum powers generated by constructive asttutgive interference of light respectively
for different gas compositions as shown in Fig. .%5.80 Fig.G.3.6. The patterns of the
oscillations are unique to the type of gases. Tipesterns can be attributed to the characteristic
identity of the individual gases in chemical segsapplications. The chip response is selective
to the gas species. The refractive index of thepmsite layer changes depending on the gas

species as shown in Fig. G.3.2 to Fig.G.3.6.
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The refractive index can be extracted from therfatence pattern using the following
expression [26-28]:

A+, 2= 2 (0P) - (u7)
n =

m+l

do[z —Z(AP) ta,, (AT)}

HereAT =T, ,, - T,, AP=PR

Final

—-PR,. Various symbols in Eq. (1) are defined in the
nomenclature section.From the refractive indices data, it is clearlyselved that at high
temperature and pressure the compressed layectrefrandex decreases.

Next described is the contributioAr(; x) to the compressed layer refractive index due to
different combustion gases. ‘X’ refers to differammbustion gases such ag, IO, CQ and
CH,. The refractive index data can be used to sehsieeatlifferent combustion gases. Let us say

that the refractive index of the compressed lager, iy, for 296 psi of nitrogen. When 4 psi of

hydrogen added to 296 psi of pure nitrogen, theacsifze index of the compressed layer due to
this 300 psi gas mixture k3 296n2+ a2 . The value of3296n2+4n2 is less the value of

N, .een2 . INdicating that 4 psi of hydrogen has reduced dbmpressed layer refractive index

compare to the compressed layer refractive indgxr@sence of 296 psi of pure nitrogen. This

reduction in the compressed layer refractive indegiven by,

AnS,HZ = n3,296N2 - n3,296N 2+4H2 (2)

In this section, the Kar LAMP Lab. discusses thangfe in compressed layer refractive
index due to different combustion gas species mesticompare to the same pressure of pure

nitrogen. According to the earlier stated figurgss clear that the compressed layer refractive
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indices of pure nitrogen pressure of 300 psi amdpértial pressure of combustion gases with
nitrogen of same pressure have distinct differetier which indicates that the difference is due
to the combustion gas species. It has been obsénmaedor hydrogen partial pressure of 4 psi
and 8 psi, the compressed layer refractive indacedess compare to the pure nitrogen pressure
of 300 psi and 400 psi respectively. But for otlsembustion gases, the compressed layer
refractive indices are larger than the pure nitroggo, the refractive indices data can be used to
detect different combustion gas species. The darntan of different combustion gases to the
compressed layer refractive index have been tadmilat Table G3.2.1 for pure nitrogen and
Table G3.2.2 for hydrogen, methane, carbon monoxedebon dioxide. Figs. G3.7 are the

graphical representation of the contributions.

Table G3.2.1:Contribution on compressed layer refractive indgybre nitrogen

Contribution (An&X )of combustion gases to theompressed layer

Doping Gas Partial

. Ans,x =N3yn2 ~ Ny anzebx
Species | pressure

20°C 100°C 200°C 300°C 400°C
296 psi 0.01 0.05 0.12 0.20 0.30
B N> 392 psi 0.02 0.12 0.15 0.22 0.33
296 psi 0.01 0.05 0.12 0.20 0.30
Pd-P N> 392 psi 0.02 0.12 0.15 0.22 0.33
296 psi 0.01 0.05 0.12 0.20 0.30
Undoped N> 392 psi 0.02 0.12 0.15 0.22 0.33
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Table G3.2.2:Contribution on compressed layer refractive indgxifferent doping elements.

_ _ Contribution (An3 X )of combustion gases to theompressed layer
Doping Gas Partial ’
elements Species | Pressure An&x =N3yn2 ~ N3 anzebx
20°C 100°C 200°C 300°C 400°C
4 psi 0.03 0.04 0.10 0.18 0.21
B H, 8 psi 0.04 0.10 0.10 0.14 0.14
4 psi 0.03 0.04 0.10 0.18 0.21
Pd-P H, 8 psi 0.04 0.10 0.10 0.14 0.14
4 psi 0.03 0.04 0.10 0.18 0.21
Undoped H, 8 psi 0.04 0.10 0.10 0.14 0.14
4 psi 0.01 0.03 0.05 0.10 0.10
B CH,
8 psi 0.02 0.04 0.05 0.11 0.12
4 psi 0.01 0.02 0.04 0.10 0.10
Pd-P CH,
8 psi 0.02 0.02 0.05 0.11 0.12
4 psi 0.01 0.02 0.04 0.10 0.10
Undoped CH,4
8 psi 0.02 0.02 0.05 0.11 0.12
4 psi 0.01 0.01 0.04 0.10 0.10
B Cco -
8 psi 0.02 0.02 0.03 0.05 0.07
4 psi 0.01 0.01 0.04 0.10 0.10
Pd-P co
8 psi 0.02 0.02 0.03 0.05 0.07
4 psi 0.01 0.01 0.04 0.10 0.10
Undoped co
ndope 8 psi 0.02 0.02 0.03 0.05 0.07
4 psi 0.01 0.02 0.03 0.05 0.08
B CO,
8 psi 0.02 0.04 0.05 0.10 0.12
4 psi 0.01 0.02 0.03 0.05 0.08
Pd-P CO,
8 psi 0.02 0.04 0.05 0.10 0.12
4 psi 0.01 0.02 0.03 0.05 0.08
Undoped CO,
8 psi 0.02 0.04 0.05 0.10 0.12
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The chip response behavior of the Pd/3C-SiC (epilay Si substrate) Schottky junctions has
been studied at 400°C in the presence of hydrogesnaith varying concentrations from 500 to
10,000 ppm [29]. The sensitivity, response time tedreversibility were investigated from the
transient response characteristics of the dopedcBiis. The sensitivity was found to be a
function of applied bias across the junction. A gassing mechanism has been proposed for
these Schottky sensors [29-30]. Also boron has ladrerady successfully used for detection of
methane [31].

In Table G3.2.2, ‘a’ refers to the pressure gfitNthe gas mixture, ‘b’ refers to the pressur&of
(X=Ha, CO, CQ, or CHy) in the gas mixture, Y refers to the pressurewsep\, where Y= a,
Y=296 psi when b=4 psi and Y= 392 psi when b =i8 ps
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Fig.G3. 7a (l) Reflected power of undoped silicaarbtde upon exposure to nitrogen and
Methane partial gas pressure: Nitrogen 296 psi thitee 4 psi as a function of temperature for
normal incidence angle. (Il) Contribution of Metieaon the refractive index of compressed
layer at total pressure of 300 psi as a functioteofperature.
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SiC Chip Doping Studies (Kar LAMP Lab. and Appli€&ssociates Data):
Digital pictures of the 1 crm 1 cm SiC wafers are presented in Figs. G3. 8aGdb. Three

(3) doped chips were created by laser doping ehtteovafers with a particular or combination
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of dopants; e.g., Pd-P, Pd and B. Discoloratiambserved in the dual simultaneously Pd-P laser
doped substrate (Fig G3. 8a). A laser doping tecien[32-35] that was developed at UCF for
compound semiconductors, such as SiC, was useabtacdte doped chips. The parameters

used for the laser doping experiments are presemf€able G3. 3 and Table G3. 4.

lcn lcm

1cm 1cm

A
—v
Y Y
—v

a. Palladium-Phosphorus laser doped b. Boron laser doped

FigG3. 8. Digital photographs of palladium-phospaiscand boron laser doped 4H-SiC chips.

AppliCote Associates (AA), LLC has completed mazhfion of a scanning electron microscope
coupled with energy dispersive spectra chemicalyaisa(SEM/EDS) sample stage, increasing
its sample capacity. This approach was takercom@nize materials characterization analysis
and to allow “same time” evaluation of a group afmples to better understand inconsistencies

and trends in processing, Figure G3. 9.
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(Kar at UCF) (AppliCote A - ) « uchH
Laser_embedded P pp 1ICote Assoclates ar at
microstructuring h Supply SiC chips Laser-doping
A
A
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(Kar at UCF) R (AppliCote Associates) B (Kar at UCF)
Study optical response "|SEM/EDS studies = |Study optical response

\ 4

(AppliCote Associates)
Provide feedback

Figure G3. 9. Project activities for SiC chip deyhent, chip fabrication and
optical response studies.

SEM/EDS analysis of the samples showed no surfacgade or defect generation or
concentration variations. To better analyze serfdamage an optical profilometer (OP) was
used. Energy dispersive spectra chemical ana((4ixS) is generally sensitive to chemical
compositions 4% atomic concentration or greaterdetdcts chemistry at a depth 1 micron and
deeper; EDS is not a surface or near surface acalypol. Consequently Secondary lon Mass
Spectroscopy (SIMS) was used to validate that dispamere incorporated to measure
concentration profiles. In summary the SEM/EDSt@rol was replaced by the OP/SIMS
protocol. Figures G3. 10 and G3. 11, representaBidS data, validate that dopant was
incorporated into the 4H-SIiC substrate. Figure G3 shows palladium-phosphorus, laser
doped by the drive-in process. A standard is regluior conversion to concentration which was
not available at AMPAC the time of this experimen€Complete standardization is required
before detailed SIMS analysis of the Pd-P laseedaggample. Figure G3. 11 shows the SIMS

concentration profile for Boron which has exceed®el solubility limit at the surface. Laser
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doping is the only known doping technique that cacorporate concentrations beyond the
solubility limit; consequently higher dopant contrations can be obtained compared to
conventional processes.

The optical profilometer studies referenced toremted 4H-SiC surfaces shows no
damage after boron laser doping but some surfacege after Pd-P doping (Figures G3. 5 and
G3. 6, G3. 7and G3. 8). The damage on the Radd? doped 4H-SiC surface plausibly results
from laser ablation during doping indicating thia¢ taser intensity needs to be decreased below

this ablation threshold.
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Fig. G3. 10. Laser-doped Palladium-Phosphoruslprofi4H-SiC substrate. The parent wafer
was an undoped 4H-SiC substrate. A standard riedmsprocured and analyzed to accurately
convert counts per second to concentration.
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Table G3. 3. Palladium-Phosphorus Laser Doping Parameters

Sample  Dopant Power Pulse Focal  Spot #of  Scanning Dopant medium
(W) repetition Length size passes speed
rate (mm)  (um) (mm/sec)
(KHz)
4H-SiC Pd-P 8 Cw 150 100 1 2 Tetrakis (Triphenyl
(undoped) phosphine) Palladium
Powder, argon 30 psi
Pd-P 12.5 5 150 80 1 0.8 Drive in, Argon 30 psi
1021 E T T T T T T T T
S > 107 -
=
(&)
N 19
S 10 -
c
o ]
O 10%, 1
(- 3
o ] |
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100 120 140 160
Depth (nm)

Fig. G3. 11. Laser-doped Boron profile in 4H-Si®swate. The parent wafer was an undoped
4H-SiC substrate. The sample has exceeded thessmlibility limit of 2.5x16° cmi® for B in
SiC at the surface.

Table G3.4. Boron Laser Doping Parameters

Sample Dopant Power Pulse Focal Spot #of Scanning Dopant medium
(W) repetition Length size passes speed
rate (mm)  (um) (mm/sec)
(KHz)
4H-SiC B 11.9 5 150 100 1 0.7 Triethyl boron heated in
(undoped) a bubbler to 8TC +

argon (30 psi)



87

Surface Stats:
Ea: 5.00 nm
Eq: 646 nm

Et: 16376 nm

Measurement Info:
Magnification: 2079
Measurement Mode: VEI

Sampling: 404.01 nm

Array Size: 736 X 480

3262 um

Fig. G3. 12. Parent wafer type: undoped 4H-SiQitical profilometric data for laser-untreated
wafer surface. The average surface roughness $Ranm and the peak to valley roughness is
163.76 nm. This is the opposite surface of thd>Ritbped surface.

- 536

Surface Stats:
Ra: 12.42 nm
Eq: 2356 nm

Rt: 1.22 um

Measurement Info:
Magnification: 20,79
Measurement Mode: VI
Sampling: 404.01 nm
Array Bize: 736 X 480

226 2 um _ 500
: - -583

Fig. G3. 13. Parent wafer type: undoped 4H-SiQotical profilometric data for laser-treated
(laser-doped) wafer surface. The average surfagghreess (Ra) is 12.49 nm and the peak to
valley roughness is 1.3#n. This is the Pd-P-doped surface.
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Surface Stats:
Ea 448 nmm
Eq: 564 nm

Et: 56.98nm

Measurement Info:
Magrufication: 20.79
Ifeasurermnent Mode: VEL
Barnpling: 404.01 nm

Array Size: 736 30480

2262 um

Fig. G3. 14. Parent wafer type: undoped 4H-SiQutical profilometric data for laser-untreated
wafer surface. The average surface roughness $Ra38 nm and the peak to valley roughness is
56.98 nm. This is the opposite surface of the Bediosurface.

Surface Stats:
Ea 214 nm
Eq: 3.97 nm

Et: e4.17 nm

Measurement Info:
Magnification: 20,79
IMeasurement hMode: VI
Bampling: 404.01 nm
Array Bize: 736 480

2262um

Fig. G3. 15. Parent wafer type: undoped 4H-SiQotical profilometric data for laser-treated
(laser-doped) wafer surface. The average surfasghress (Ra) is 3.14 nm and the peak to
valley roughness is 64.17 nm. This is the B-dopathce.
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G.4. Temperature Sensor Probe Commercial Test Rigést at Siemens

Combustor
Optical
Hot Refractory . Probe Steel Wp d
Gas Layer Steel Pipe mdow
. Connector .
Connection & OE/tlcal Bench
J: r/ Fiber Motion
Seal BS Lens Jotages
% : \\ " E a SMF
____________ — o rahal 8 N e
- Lens
AN ==
| BS E *— ‘{ Camera - 3
Single Crystal  gintered SiC Probe
SiC Optical .
Chip Vacuum PD = Motion
Inlet/Outlet v | Stage
To Pump

-« Motion
- Power Meter *4—< ol Stage
USB Cable Controller

[ * - /Remoting -
Video Distance

Sensor Control

\ Light Flow
o @@ s o

Fig.G4.1. All-SiC frontend probe-based optical sensystem for extreme gas temperature

measurements in combustion engines.

Fig.G4.1 shows the basic research design and methtiie proposed all-SiC frontend probe
sensor system used for extreme gas temperaturauregagnt within the combustor section of a
gas turbine. The system is sub-divided into thtesrmally isolated sub-systems forming a
hybrid optical design engaging both wired and wessl optics. The first sub-system represents
the sensor controls and processing station thaensotely located at a safe site for human
interface. This sub-system includes the sensorraombmputer, optical power meter, and
tunable laser. The remoting distance dependingheretectrical signal drive requirements and
can range from tens of meters to near a hundredrmeékhe second sub-system consists of the

optical transceiver module containing targetinghtigoeam and detection optics, active
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mechanics, and electronics. This transceiver modulecated in close proximity (e.g., a few
cm) from the frontend probe that forms the third-system that is uniquely passive, i.e.,
contains no lasers, detectors, electronics, or @leetrically controlled device. The physical link
between the controls sub-system and the transcsueisystem is via one Single Mode Fiber
(SMF) optical cable and three electrical (USB stglables, providing significant environmental
isolation between the two sites. More importantlge hot frontend probe sub-system is
thermally decoupled from the transceiver sub-systeith the only physical connection
established via a single wireless optical link ifgeing the hot SiC optical chip with the laser
beam emerging from the SMF-coupled Fiber Lens (Hle transceiver module is preferably
enclosed in an environmentally protected chambenitomize moisture, dust, and air currents.
The transceiver module is designed for under 7@@€ration that is ideally compatible with
turbine manufacturer external safety and technic@erational environment requirements.
Furthermore, this friendly < 70 °C temperature eiggalso compatible with temperature limits
for standard fiber-optics, mechanics, and electaniThe transceiver module is mechanically
interfaced to a thermally isolated cooler part lodé turbine housing. The frontend probe sub-
system consists of a steel connector that formseasprized fitting at the inlet to the engine
combustor section where gas temperature sensidgssed. This steel connector via a high
temperature pressure seal connects to a long@lp&ibe that extends slightly into the hot gas
section of the combustor. At the tip of this prabembedded a thick single crystal SiC optical
chip packaged within the sintered SiC material tharsning the much desired CTE-matched
frontend. As shown, a steel pipe is used as anface assembly between the probe steel
connector and the hot gas section within the thibymsolating refractory layer. The probe steel
connector has a high temperature window throughchviine laser beam travels but equally

importantly, the connector has a vacuum inlet/outi@at connects to a on-demand vacuum
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pump. Maintaining a partial vacuum within the fremd probe structure is a critical innovation

as it essentially eliminates laser beam turbulexloeg the long thermal ramp influenced probe
path that due to air currents within probe can tam alignment between chip and the FL.
Furthermore, the partial vacuum prevents the unedhrbnvection-based cooling of the SiC

optical chip from within the probe cavity. Althoudfig.G4.1 shows a single refractory layer

between the hot gas section and the inlet to th&aostor where the probe connector is attached
(the scenario for our experiment), a typical deptbgommercial combustor has several (e.g.,
>5) thick refractory layers such that there is adglal temperature gradient between the
extremely hot (say 1500 °C) gas section and thbepmsertion point where temperatures are
under 200 °C. Keeping the overall system desigtheee independent sub-systems improves
system maintenance efficiencies as repairs candoke oy independent removal of sub-systems,
in particular, the frontend probe that will suffee most from the harsh environment of the gas

turbine.

The sensor system operates as follows. The compgotarols the required wavelength and
power of the laser as well as providing controlnaig for the remote motion controller. The
computer also stores the received optical poweatinga for the given wavelength as well as the
received Infrared (IR) beam video images from thignanent camera. To measure the gas
temperature, the computer instructs the laser twvige optical power of a given infrared
wavelength (e.g., 1550 nm) and amount (e.g., 10 )d@nthe SMF that in-turn feeds the FL
operated in the low freespace-SMF coupling loskiseging condition between SiC chip plane
and FL [36]. This light is launched towards the Si@p sitting at the tip of the probe. The IR
beam position at the SiC chip plane is electrohjicalanipulated using piezo-actuators that

control the FL translational and tip/tilt condit®rsuch that the IR beam strikes after passing
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through the first Beam Splitter (BS) and opticahdow strikes the SiC chip for optimal retro-
reflection. Using the first BS coupled with anotlsgcond BS, the SiC chip reflected light is
routed towards two separate optical detection sp#iclens is used to produce focused beam
spots on both the Two Dimensional (2-D) camera, €garge-Coupled Device (CCD) and the
large area point Photo-Detector (PD). The PD is #&danslated in unison with the FL controls
such that the spot stays aligned on the PD acte@ &he computer processes the optical power
and CCD image data and provides feedback contgolats to the motion stage controller to
adjust the optics for optimal interrogation of tB&C chip. The infrared band filter F (e.qg.,
Bandwidth of 1530-1560 nm) blocks the Black-BodjBadiation produced by the SiC optical
chip that is captured by the lens optics, thuswatlg only the laser beam to pass through to the
CCD and hence preventing camera saturation. Int,sti@ sensor system operates to actively
target the SiC optical chip and then to properlyoxer the received retro-reflected temperature
coded beam to deduce the SiC chip and hence theny@®nment temperature. The SiC chip
acts as a temperature sensitive Fabry-Perot cawitly previously described multi-wavelength
signal processing techniques implemented via tmgrabcomputer can be used to deduce the
optical chip temperature [11,37]. Do note the Sipds of a thick (e.g., 400 microns) single
crystal SIC material that is optically flat and rhanically robust for handling high (e.g., 160
atmospheres) pressures [11] and high temperatergs {500 °C). The SiC material that makes
the chip and frontend probe is also robust to chahattack with excellent thermal properties for

handling extreme temperatures [37].
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(b)

Fig.G.4.2. SiC temperature frontend probe showrann(a) unassembled and (b) assembled

fashion.

Fig.G4.2 shows the Nuonics, Inc. provided all-Si@nfend probe displayed in its unassembled
and assembled fashions. The point to note is thghhenvironment frontend probe assembly
consists of three parts, namely, (a) the all-in-&i€ probe consisting of sintered SiC tube

assembly with an embedded single crystal SIiC dptitép, (b) the pressure sealed steel

connector housing that the probe is inserted intéotm an interface with pressurized turbine
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chamber, and (c) the connector flange with an eptdndow and vacuum connection housing
that can connect to the vacuum pump. The probeaid@® micron thick single crystal SiC chip
of 1 cm x 1 cm size embedded with a non-porougmdt SiC tube of 41.5 cm length and 2.1 cm
and 3.3 cm inner and outer diameters, respectividig. pressure seal between the sintered SiC
tube and the steel connector is of Viton materi#th\@ maximum sealing temperature of 205 °C.
The window (with 3° wedge angle) is made of a 2dd diameter and 6.35 mm thick
Magnesium Fluoride (Mglf material with a specified high temperature hargllof 500 °C and
800 °C in moist and dry conditions, respectiveljnleTwedge design eliminates interference
effects from the window acting as a wavelength terdperature sensitive cavity. A Mityvac
model EW-79301-20 hand operated vacuum pump isemted to the probe vacuum valve and a
25 inch-Hg (~ 85 kpa) partial vacuum is establisiagtthin the probe. A cold test of the probe
indicates a vacuum drops to 19 inch-Hg and 2 inghafler 62.5 hours and 240 hours (10 days),
respectively. The probe is thermally treated @@thermal treatment cycles using an oven with
a room temperature (~ 20 °C) to 1100 °C thermdkoyansisting of a ramp up time of 4.5 hours

and cool time of 12 hours.

Fig.G4.3. All-SiC temperature sensor deployed férst test at Siemens rig facility.
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Next, the described all-SiC frontend probe alonghwis Fig.1l transceiver is deployed in a
Siemens combustion test rig facility (see Fig.G4®¥orm an industrial scenario gas turbine
temperature sensing system. This test combustmngaged with six reference type B Platinum-
Rhodium TCs with ceramic and platinum sheath smgkland a = 0.25% uncertainty and 1
second response and data recording time. In additive all-SiC probe is located in the
combustor exhaust section in close proximity (witkil4 cm) to the TCs that are located at the
mid-section of the combustor. The 35.5 cm (lengtBpD cm (width) transceiver optical bench is
boxed in a water proofed 48 cm (length) x 30 cnd{ia) x 37.5 cm (height) aluminum housing
that includes a moisture absorbing desiccant bagptmter the rainy high humidity weather in

Florida. The housing is also earthed to countefigfitening strikes common in Florida.

Fig.G4.4 The assembled sensor optical transceioeiufa top view.

The bench optical layout (see top view in Fig.G4létances are as follows: Fiber lens to First
BS:5.25 cm; Fiber Lens to SiC optical chip: 60 ciirst BS to Probe Window8.25 cm;First
BS to Focusing Lens: 5 cm; Lens to PD: 11.25 cnmsLi® Camera: 15 cm. The focal length of

the lens is 10 cm. Beam diameter size of 0.8 maetected on CCD with <0.8 mm diameter
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beam on the PD. The PD is a Newport model 818-tBel88 mm diameter active area point
detector while the BB radiation reduction filteris=centered at550 nmwith a 30 nm (Full-
Width Half-Max) passband. The camera is a videe H&t2-D CCD while Standa piezoelectric
translation and tip/tilt motion stages are usedptimize beam alignment. A laser spot size of
550 micron 1/& beam size forms on the SiC chip. The test rig esmtrol room hardware are
connected via 15 meters of one SMF and three 1@ atrieal cables. The control room contains
other rig operational systems such as TC and presdata reading electronics as well as
combustor flame and fuel monitoring systems. Thaberpasses through a single 7.62 cm thick
combustor refractory layer that for a sample tedidcated an external refractory temperature of
426 °C when the combustion chamber maximum gasdeatype reached 1370 °C, indicating the

large (in this case, 944 °C) thermal insulation @owf the deployed refractory.

Fig.G4.5. IR CCD camera (8.8 mm x 6.6 mm activeaarew) received laser beam snap shots
during thermal shock stage indicating on/off ostdly Fabry-Perot etalon behavior of SiC

optical chip due to the rapid thermal gradient.tlR¥foto: Power Max; Right Photo: Power Min.

The rig operation begins with an initial warm uplasperational check period when the hot air
blowers are turned on and the combustor is pressiito a desired ~ 100 psi (or 7 atm). For the
performed hot rig tests, this warm-up time variedagly due to various changing on-ground rig

conditions and ranged from 20 minutes to 5 hoursceQthe rig has reached stable warm-up
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operational conditions with a fuel-air ratio ~0.@3% combustor flame is lit. At this stage, the rig
temperature drastically ramps up over a 1000 °€ &seconds. In effect, the entire combustor
and all its inserted temperature measuring instnisnsuffer a great thermal shock. In our case
of first rig flame lighting, one reference TC cormaly failed (no electrical signal out) while
another gave drastically wrong temperature readifige remaining 4 TCs continued to supply
appropriate temperature readings to the remoteatapaisition system. This unwanted behavior
of these high performance type-B TCs was expectetl lence 6 TCs were deployed for
redundancy. The all-SiC probe survived the theshakk as optical data readings from both the
PD and IR CCD continued to register. In fact, ti@DCcamera recording at the video rate of 30
frames/second produced a rapid sequence of anfdiiloking laser spot (see Fig.G4.4) that
spatially darted around a 1 mm diameter aroundtlggnal alignment point before settling to a
beam position within 0.25 mm diameter from its oréd spot on the camera. The darting around
is due to the shock wave the probe frontend sufferdlame ignition causing the SiC chip
surface to temporally deform causing the retroet#d beam to misalign from its original on-
axis position of the camera. In addition, the sheckve also slightly misaligns the probe
mechanical assembly causing the retroreflected bemarbe slightly off its cold alignment
position. Nevertheless, both dynamic and settlerbpositions stay within the 3 mm diameter
active area of the PD and furthermore are well withe CCD image zone to allow the piezo-
actuators to optimize beam alignment. The PD’s paneter coupled to the control computer is
set to take optical power readings after every 83 After the flame light-up, the rig after ~ 30
min settles into its expected high temperature atpmral range with measured TC maximum
temperatures reaching 1239 °C. Do note that far plairticular test rig, one could not set or
stabilize the combustor to a given high temperatilmes each time the rig is operated, one finds

the combustor temperature sitting in a range betwkEHEO0 °C and 1239 °C. Over a 28 day
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period, the probe was subjected to combustor apesbn 6 days, with each given day the
combustor tuned on and then off after test opearatid\fter the first rig test, the probe is
removed from the rig and inspected for optical amethanical failures. The probe showed no
damage apart from some expected discoloration Kgg&4.6) of part of the frontend due to
chemical treatment in the hot soup of the combusgtivactory zone. The probe is reinserted into

the system to continue rig test operations.

Fig.G4.6 After first rig test of probe, expectedtdeontend discoloration is seen due to chemical

exposure in combustor refractory section.
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Fig.G4.7. Raw optical data recorded by the probeimiirating the rig thermal ramp zone and
the relative high temperature stabilization zonerti¢al axis is measured optical power in Watts;

Horizontal axis is a time counter.
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Fig.G4.8 Rig TC provided temperature reading durihg Fig.G4.7 optical data acquisition
period. This TC data is used for optical probebralion. Vertical axis is measured temperature;

Horizontal axis is a time counter.

Fig.G4.7 shows the raw optical data provided byRBefor one of the test days. For the
same test, Fig.8 shows the equivalent temperataeings provided by one of the 4 working
TCs in the rig. Both TC and PD data acquisitiorntesys are synchronized via a computer clocks
locked time counter so one can have direct oneatfoapping of probe optical power to TC
measured temperature to enable probe calibratioe.d@n clearly see the expected Fabry-Perot
effect oscillatory behavior of the optical powerridg thermal ramping. In addition, the optical
power picks up an increasing bias level due toeasing BB radiation during ramping. In
addition, the optical power continues to oscilldépending on the rig temperature fluctuations at

the set higher temperature zone. This is so agtieal sensor is designed to be sensitive to high
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temperature zone changes in a 20 °C incrementatidicthat optical power goes from a peak to
a null if temperature changes by 10 °C. This feapgints to the fact that the optical sensor can

measure temperature to a very high accuracy ghwewptical power meter is highly sensitive.

Mean = 0.092 mW/, St. Dev = 0.011 m/
0115 T T

041

0105

IR

0.0%
)

er (m

Z
o op9

0.08s

008

0o7s - &

245 260 255 260

Fig.G4.9. 15 min snap shot of optical power reaslifrgm probe during the stable ~ 1107 °C

region of the rig operation.

Fig.G4.9 shows a 15 min snap shot of the probecalpbower data taken in the stable ~ 1107 °C
region of the rig operation. This data indicatest the probe temperature measurement Standard
Deviation (SD) is + 2 °C for time snap shots of 38, and 1 minute sections. Given the
deployed power meter accuracy of 1 microW, the migptical sensor has a calculated sensing
accuracy of 0.18 °C. Fig.G4.10 shows the Fig.G&t@ 15 min. time period TC data. This TC
data indicates temperature measurement SD of £@B.3 8.1 °C, and + 9.9 °C for time snap
shots of 30, 15, and 1 minute sections, respegtivgiven that the TC indicates an averaged

temperature of 1107 °C, the specified TC measureraecuracy for this data is + 2.8 °C
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indicating a possible limitation of TCs comparedth@ proposed optical probe that has the

potential to deliver much better measurement resoiu

Mean= 11066 °C, 5t. Dew=8.1°C
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Fig.G4.10 TC data during the Fig.G4.9 data 15 niine period.

Fig.G4.7 to 10 data, particularly, in the flamehligon region indicates that the optical probe
takes a considerable time (~ 30 min) to give stadl readings. This is so as the present
designed all-SiC probe has large thermal massaits targe highly conducting (thermal) heat

sink structure that requires considerable timesth thermal equilibrium with the rig structure.

But do note that once the rig has reached itsestaigh temperature, the optical probe is quick to
pick up small temperature changes. Neverthelesgnbbe thermal mass has a clipping effect on
the actual temperature readings where the showrl £@ TC readings are clipped to = 2 °C

probe temperature readings. The solution for redudhis probe limitation is to design a

frontend probe package that has much smaller tHamaas providing a slow thermal sinking

between the SiC optical chip and the sintered $obe package.
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Fig.G4.11. TC calibrated optical probe temperasgasing curve that can be used to deduce

temperature readings.

Table G4.1: Summary of all-SiC probe test at Siesren

COMBUSTION RIG FLAME ACTIVE OPERATION 6 DAYS
8
NO. OF TIMES PROBE EXPERIENCED FLAME LIGHT (1 DAY 3 FLAME LIGHTS,
AND THERMAL SHOCK 5DAYS 1 FLAME
(TEMPERATURE RAMFT OF 1000 DEG-C IV 3 SECONDS) LIGHT/DAY
OPERATION WITH FLAME OIN 26 HOURS
OPERATION WITH FLAME OFF AND BLOWER O 13.5 HOURS
NUMBER OF COMBUSTIOIN HEAT AND COOQL CYCLES 8
DAYS IN EXTERNAL RIG ENVIRONMENT 28 DAYS
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Fig.G4.12. All-SiC probe and Type-R High Temperatthermo-Couple under oxy-acetylene

flame thermal and localized thermal ramp joint tegh temperatures reaching 1600 °C.

Fig.G4.13. Condition of Viton seal used in the m@onnector before and after 28 days in rig.
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Fig.G4.14 Probe condition showing copper sulphafeodits after 28 continuous days in the rig.
H: RESULTS AND DISCUSSION

H.1 Basic Temperature Sensor

According to Eg. 21, the rate of change of phasgoserned by two rates, i.e%n(T), also

known as the thermo-optic coefficient (TOC) a%%d(T) called the coefficient of thermal

expansiorn. Both these factors increase with increasing teatpee, in particular, the TOC. In
fact, the TOC doubles for a change of ¥DGrom room temperature. The increase in TOC
increases the refractive index and therefore thecappath length (or the optical phase shift)
increases at a greater speed producing an incrieaske rate of change of phase with
temperature. Note that Eq. 2lalso contains refracindex and thickness in them and the
absolute increase in these factors further enhatheesalue of rate of phase change at higher
temperature. Hence, the temperature change thaesaa full power cycle decreases with
temperature increase because now the phase chérfyei® obtained for smaller change of
temperature. This explains why the full optical gowycle temperature change decreases from a

value of 38C at room temperature to a value of’@Cat 1008C. Finally, do note that the
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proposed sensor can also be operated in an aktesigital processing wideband wavelength
swept mode that simulates a broadband input sonitome. Because state-of-the-art commercial
tunable lasers in the 1550 nm band can sweep waytblet a fast millisecond regime, a wide
(e.g., 100 nm) spectral source can be quickly ssirled for the proposed sensor. In this case,
the proposed sensor can generate the Fabry-Pevelemgth response of the SiC etalon at the
instantaneous temperature without requiring a salecesolution limited optical spectrum
analyzer instrument. Nevertheless, the peak orhnatovement of the synthesized received
optical spectrum will have to be monitored to ascesnperature change, thereby running into
the temperature sensing resolution constraintddoimivith monitoring individual notch or peak
positions when the etalon spectral shape can dedéi with changing high hazard extreme
sensing conditions. In effect, if the deep notabr feak) shape changes to a spectrally broad
notch (or peak), the sensor temperature resolutdh degrade. Furthermore, this data
processing is based on a non-robust approach wdwerethe entire temperature range of the
sensor, one looks for one given optical power mumm(or maximum) value (here we are
assuming equal notch depths) and determines tempenaalue by measuring the wavelength
shift for this minima (or maxima). In the propossehsor signal processing, full cycle optical
power readings and not just a minima (or maximaygyoreading gives the sensor measured
temperature. Hence, the proposed sensor can useearobust approach to processing that takes
into account many optical power readings and nst gulocalized minima (or maxima) power
reading. Of course, both signal processing methaads be engaged in the proposed sensor
without any hardware changes, thus adding builtadundancy and fault-tolerance to the
temperature measurements via the proposed minimnathgive sensor.

Note that the proposed system does not requirersagrurate positioning on a micron or

< 0.0P scale as needed with near field SMF optics whewpling light from a freespace beam
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to a SMF requires extreme precision. This is bezdhe proposed sensor system is a hybrid
fiber-freespace design system where the SMF is teskdinch a high spatial quality small beam
spot size (e.g., < 0.5 mm diameter) laser bearharsénsing target region and the large aperture
freespace beam capture receive optics is usedhrréturn beam power-based detection.
Specifically, transverse alignment on both transanidl receive beams is done on a rather large
sub-millimeter scale (e.g., 1 mm) implying that th@nsmit beam hits within for example a 1
mm diameter zone of the SiC chip where the chipls® optically flat over the target zone.
Similarly, the receive beam hits within a 1 mm deden zone of the receive optics that can be a
large 3 mm diameter freespace optical detector asalsed for the demonstrated experiment or
a large diameter multi-mode fiber. Note that thg. Fishown alignment and beam control mirror
optics using today’'s state-of-the-art mirrors caansat fast kilo-Hertz (KHz) rates keeping
beams on the chip and receive detector targetstdesprironmental effects such as vibrations.
In addition, these mirrors are excellent for sugrde high resolution beam pointing allowing
the freespace transmit beam to be quickly and atelyr angularly adjusted for near normal

incidence targeting of the thick SiC chip.

H.2. Basic Pressure Sensor

An extreme environment wireless pressure sensogrdéas been proposed using a thick single
crystal 6H-SIC chip seated in a pressure capsalectdm be designed for extreme conditions. The
sensor operates on the principle of remote laseamb@rgeting, SiC chip optical weak lensing,
and received beam image measurement. The concepeka tested up-to 41 atm with an initial
1.17 atm pressure measurement resolution. Expetanesults also show a linear mechanical

and optical behavior of the SiC chip and sensoratgification parameter read-out indicating
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the expected robustness of the SiC chip technalogher high pressures. Mechanical deflection
analysis points to a clamped seating case for iecBip within the capsule while chip stress
analysis indicates a robust design reaching 140aamtthbeyond. One can greatly improve the
pressure measurement resolution by decreasingixie¢ gize and increasing the size of the
optical beam on the CCD plane. The Fig.19 plotscete that the SiC chip seating is closer to
the clamped case, an expected results because pfahsure washer (seal) used to maintain the
chip in a sealed arrangement. In addition, thelBigesults indicate a linear operation of the
demonstrated pressure sensor with the SiC chipmeaince well within the linear elastic small
deformation range, a need for long-life repeatableist sensor operations. Sensor resolution can
be improved with optimized SiC chip and capsuleigies These initial results attest to the
promise and strengths of SiC chip-based opticatless sensor technology for fossil fuel based

power generation system applications.

H.3. Gas Species Sensor

(Kar LAMP Lab. Provided Information & Assessment)

All 6H-SIC parent wafers were fabricated. Sam@e4 (Pd-P and B doped) were delivered by
Applicote Associates to LAMP Kar Lab. Note thdtvahfers were purchased in a bulk to reduce
expenses. These wafers have been diced to a ssjugpe with perfect dimension so that the
chip can fit into Kar's experimental setup with nmaym gas sealing for experiments at high
temperatures and high pressures using existingatidreaw technology. A very sharp diamond
saw blade was used to scribe a 1>rh cm grid in the wafer. A scribed corner or edfi¢he
wafer was placed on a rectangular metal substigjairey the scribe lines with the metal
substrate edges; light tapping on the scribe lireed the chips. This approach proved adequate

for the LAMP Lab limited sample requirements. A ionous wave wavelength of 632.8 nm
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was used to understand the changes in the refeaciilex (B) of a compressed layer at the chip-
gas interface in the presence of a combustion gets as H, CO, CQ, and CH for both Pd-P

and B doped samples. The combustion gases arenpiasie combustor in trace amounts as
presented in Table G3.1. The SiC chip is inheyeatlFabry-Pérot interferometer enabling
optical measurements pertaining to interferencéeps that were analyzed to calculate the
compressed layer refractive index, rBoth B and Pd-P doped silicon carbide chips Hasen

tested by the Kar LAMP Lab. to examine their sewvisitto different combustion gases. B doped
SiC have been found to affect the refractive indéSiC over a small temperature range 100-
150°C for methane gas. Further studies are negessdope various polytypes of SiC, e.g., 4H-
SiC, 6H-SIC and 3C-SiC, with a variety of dopardnas in different concentrations in order to

increase the gas selectivity of SiC chips.

H.4. Probe Industrial Testing at Siemens

Using the Fig.G4.7 BB radiation data (provided hg DC bias level of the recorded optical
power) and its equivalent temperature values frovd TC data, Fig.G4.11 shows the TC
calibrated optical probe temperature sensing cuima can be used to deduce temperature
readings. The Fig.G4.11 curve shows that the st@g®n average temperature of gas in rig is
1107 °C and the SD in the indicated 60 minutedestagion is £ 6.3 °C and £ 2 °C given by the
TC and probe, respectively. Ideally, the opticablqg must be calibrated using a temperature
measuring device that has far better measuremeuntany than today’s high temperature TCs as
the optical probe exhibits great sensitivity. Irdiidn, the probe calibration must be done at a
much slower temporal rate versus an uncontrollegtntl shock mechanism of the rig.
Nevertheless, the present rig test of the propadke&iC probe technology has proven its

operational robustness in the harsh conditionsaafimamercial test combustion rig.
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Specifically, Table G4.1 shows the conducted kegragonal parameters for the probe
rig test. For example, the probe survived 8 themnpatamps of 1000 °C, each ramp in less than 3
seconds. The probe also survived localized thershalck (see Fig.G4.12) and maintained
mechanical integrity when subjected to an oxy-deaty flame that produced temperatures near
1600 °C. In fact, the R type thermo-couple begamédt using the oxy-acetylene flame set-up
while the all-SiC probe stayed intact. It is im@ort to note that the on/off modulation depth of
the retroreflected signal off the SiC optical clagried from 20:1 to 2:1 during the 28 days of rig
tests as different parts of the external chip z2eeee optically spoiled to a different degree by
the hot chemical soup in the combustor. Using titeve beam alignment system in the probe,
one was highly effective in finding a high modutettidepth spot on the chip for effective optical
power data recording, again proving the versatiitythe smart beam targeting probe design
when operating under harsh conditions of a comrakgas turbine. As the optical power meter
is highly sensitive, even a 2:1 optical power rétetween a 10 °C temperature change provides
significant signal processing resolution to calteildlne measured temperature with high (e.g., 0.2

°C) accuracy.

The probe operated successfully for 28 days, eadiptdeveloping a vacuum seal breakage (see
Fig.G4.13) in the pressurized connector on the taemperature side of the probe. This led to
unwanted combustor cooling water entry into thebprat high temperatures (~ 1200 °C) and
stoppage of probe operations. A higher (> 200 é@)perature insulating pressure seal needs to
be deployed to prevent seal break-down. Do notedhang operations, the temperature of the
external part of the probe steel connector regidter 200 C reading, indicating that heat from
the combustor was efficiently traveling via thelpgcstructure to the external connector chamber.

This can indeed be prevented in a deployed combusiog many more thermally insulating
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refractory layers between probe frontend and caoneone. This would lead to a much lower
connector external temperature and also much loeveperature experienced by the Viton seal
in the connector. Fig.G4.14 shows the probe caydisifter 28 continuous days in the rig. One
can notice the blue copper sulphate deposits orptbbe frontend. This is indeed so as the

combustor chamber was made from copper and thengowhter had sulphur content in it.

I: CONCLUSION

Basic Temperature Sensor:

Proposed and demonstrated to 1@0s a novel extreme temperature optical sensangusi
tunable light, free-space beam targeted singletarnSiC chip front-ends, strong two-beam
single wavelength interferometry, and robust mwtivelength signal processing concepts to
simultaneously provide both high resolution andevithambiguous range sensing for dynamic
scenarios. Unlike previous wavelength sensitivessen (e.g., FBG & etalon), the proposed
sensor design is not dependent on optical specanatyzer hardware resolution. Because
temperature assessment is based upon monitorimgplbpbwer data over full min/max cycles
and not just locating and tracking minima or maxifaa in traditional FBG and etalon-based
sensors), a better sensor resolution can be achmamicularly when the etalon optical spectral
filter function peaks/nulls shape change as etaltarface optical reflectivities change based on
conditions in the dynamic sensing zone. The prapasnsor relies on instantaneous single
wavelength interferometry, thus eliminating inteawglength crosstalk issues. The sensor has an
operating potential temperature near Z&)the melting point for single crystal SiC. Becaus
single crystal SiC is a highly robust material franmechanical and chemical point of view, the

proposed sensor can also be adapted for extremeoement pressure and chemical species
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sensing. The proposed sensor can also producédredibroadband spectral power sensing data
using laser tuning. The tunable laser can als@imporally modulated to reduce system noise by
generating the desired optical power data on armediate frequency (IF) for low 1/frequency
noise signal processing including heterodyne pings The proposed sensor can also be used
to characterize materials under extreme conditi8tigctly speaking, the optical power max/min
data provided by the proposed sensor occur fo6t@echip conditiorcos(g) = + 1. From these
data points collected over a given sensing paranietg., temperature) range, sensor Oftan

be calculated that contains SiC material refracingex, thickness, and wavelength data. If the
two-beam interferometry condition valid for the St@ip is invoked, alP,, data points can be
used to compute SiC material parameters such ashtmege of index with temperature called

thermo-optic coefficient.

Pressure Sensor:

Proposed is the first extreme environment wirefgessure sensor design using a remoted single
crystal SiC chip within a pressurized capsule. fatied theoretical analysis of the sensor system
is performed including the SiC chip mechanical ogse within the pressure capsule and the
pressure measurement technique optical responsd lbasimage demagnification. The remote
sensor is experimentally tested at room temperdtreressures up-to 41 atm. and sensor
response is consistent with the theoretical amalyShe demonstrated sensor has a current
experimental resolution of 1.17 atm with a desigmeaximum pressure range of 140 atm.
Improved sensing resolution and range can be aettiawva optimal selection of SiC chip

dimensions and its seating in the pressure capsule.
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Gas Species Sensor:

Dual simultaneous laser doping of Palladium andsBhorus laser doping have been achieved in
4H-SIC substrates. These 1 cm x 1 cm chips ditiad to a new set of Boron laser doped 4H-

SIiC substrates and Pd-P substrates have beendsfodieombustion gas sensing applications.

The experiments have so far provided no robust am@sm of gas species sensing for the coal-

fired power plant scenario.

Commercial Test:

Reported is the world’s first commercial rig test &n all-SiC probe technology for temperature
sensing in fossil-fuel-based gas turbines. The hest successfully shown that the proposed
technology is robust and handles the extreme emviemts of power plant turbines. The probe
has survived many 1000 deg-C thermal ramp shockenva 3 seconds time frame. The probe
has operated successfully for 28 days in the rlge Pprobe has maintained mechanical and
optical robustness with sustained temperatureshieqcl 250 deg-C and local shocks reaching
1600 deg-C. The proposed smart sensor design hiaeced industrial setting requirements for
continuous sensor operations. In conclusion, tlopgsed all-SiC probe technology is ready for
sustained advanced engineering and developmeaaliae the optimized TC-like probe package

for next generation gas turbines.
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