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Distributed Optical Fiber Temperature Sensors

Rayleigh backscatter based fiber optic temperature
sensors provide quasi-continuous, high resolution 1D

temperature measurements

Specification for Luna’s ODiSI-B

(Optical Distributed Sensor Interrogator)

Optical Frequency Domain Reflectometry (OFDR)

Near infrared laser shines down single mode optical fiber

1.
2. Intrinsic defects in fiber core produce Rayleigh backscatter
3

The sum of these Rayleigh backscatter reflections produce

a distinct profile at reference temperature, which will shift at
high temperature in a predictable manner as scatter sites

migrate apart from one another

4. FFT taken of Rayleigh backscatter profile which is cross

correlated to reference. Amount of frequency shift can then

be converted to temperature shift

5. High spatial temperature measurements ~1500 discrete

Operation High- High- Extended
Standard .
Mode Speed  Resolution  Length
Maximum 10 2 10 20 [m]
Sensing Length
Acquisition 100 250 238 50  [Hz]
Rate
Sensor Spacing 2.56 2.56 0.64 2.56 [mm]
Gage Length 5.12 5.12 1.28 5.12 [mm]
Temperature 0.4 0.4 1.6 0.8 [C]
Repeatability

temperature measurements/meter along the length of a

125um silica fiber.
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Distributed Optical T-sensors

Area of Inquiry

Spatial Limit

Temporal Limit

Resolution Limit

Accuracy & Precision

Mechanical Failure

Thermal Failure

Chemical Failure

Radiation Failure

Updated Matrix showing current status of Fiber testing

Labview Limiting E
Sheathing Impact
[Currently ~5 Hz - -
= [100ms time delay]
displayed]

Check Luna Specs - -

Handling/Ben Limit Tension Limit -

Broadband H sites
[Initial T >900°C,
Con't T > 850°C]

Temp Gradient
[30°C/cm -
500°C/cm]

Coating Influence Gaseous Influence  Carbon Coating -

Fluence Limit
[No observed
impact on sensor
signal strength]

Gamma Excitement Neutronic Damage
[300-500 nm [Damage increases
absoption band]  300-500 nhm bands]

Gamma Site
Creation
[Minimal to null]

Green Red
Claim made before Work completed
IRP began work by IRP

Main concerns:

» [Insertion into test vehicle

« Calibration

« Temperature limits

« Temperature gradient limits

« Long term stability

« Temperature response time

« Robustness for measurements
« Effects of radiation on fibers



Optical Fiber in Capillary Setup

Fiber Inlet

<+ Kevlar Reinforced Tubing

7

» Optical fiber can be installed (free hanging) in
capillary tube to protect and eliminate
mechanical stress

Strain Reducing Boot
Optical Fiber

Epoxy Adhesive

1/8” @ 316SS Tube

« 1/32” OD — 0.020” ID SS316 capillary - Ontical Fiber
tube used works well {éeca\? Port
: Capillary Tube

Silver Solder Joint

« Can purge and seal with cover gas
» Protects fiber from moisture in
environment and allows for use of high
thermal diffusivity gas such as helium

Capillary Tube in System

* Fiber exits heated area and needs to be
terminated

« Small coll
 Coreless fiber _
 Need to reduce back reflection _ Smm Diameter

In Termination Tube

lin




Frequency Shift [GHz]

Calibration

« Calibration curves have been established for fibers and seem to be
consistent amongst different fibers.
« Calibration does change slightly after heating.

« Recommended to bring up to temperature above what is going to be
tested at and then “key” fiber back at room temperature.

Optical Fiber Frequency Shift vs Furnace Temperature
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Long Term Stability Tests

N
- —

Second Heat Cycle, Temperature vs Location vs Time emperature [C)

Location [m)]

0 a0 100 150 a0 250

Time [hrs)

200 Furnace Temperature vs Time

« 250 hour constant temperature stability
test at 650°C

K -Type Thermocouple
mm= Optical Fiber

» Fiber passed through tube furnace graph
shows temperature verses location along
fiber as a function of time.

Temperature [C]
(&)}
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0 50 100 150 200 250
Time [hrs]



High temperature stability test

Temperature profile for single point on Fiber
1200 , , ,

Improvement in fabrication and ~—Fiber Optic Sensor
: = = —NIST Cert K-Type Thermocouple|

design has increased maximum

short term measurements

(minutes) to +900°C and long

term measurements to ~800°C

(days)
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Time Response Experiment

Drive current through the sheath 00:20
itself and measure the voltage
drop across it

$FLIR | 26

— Voltage is used
to calculate the
resistivity
change and from
that the
temperature

\ ‘ Thermal Imager Mount

ﬂ\"ﬂ
Z

Bl Electrodes/
Potentiometer Leads




Resistive Heating Data

Cyclic testing from 100C to 700 C for up to 100 hours shows good

reproducibility

Temperature profile for single point on Fiber

Temperature profile for single point on @
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Time response measurements

Temperature profile for single point on Fiber
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— Simulated Sheath Temperature
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Compare temperature
reading of fiber sensor
(Blue) with adiabatic
theoretical heat up
(Teal) and resistivity
voltage measurement

(Red)



Time Response

Temperature profile for single point on Fiber
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— Fiber data

—"Current On" Peak

— Sheath Measured Temp
Simulated Sheath Temperature

400.5 401

4015 402 4025 403
Time (Sec)

Data for .013” OD X
0.007” 1D

Time Lag: t~0.1-0.2 s
for this particular
sheath

Sodium work done at
the UW has shown
T~0.025 S



Robustness in sodium loop testing

Fibers installed in sodium loop to measure mixing of cold/hot streams of sodium

Loop Parameter

Value

Construction Material

316 Stainless Steel

Temperature Range
Sodium in Loop
Maximum Flow Rate
Oxide Control
Oxide Level Reading

100-700 [°C]
7 [L] from MSSA (France)
150 [L/min]
0.82 [L] Cold Trap
RDT Spec. Plugging Meter

Pump Type
Heater Types
Data Acquisition

Sodium Flowmeters

Moving 24x SmCo Magnets
4 [kW] AC Cartridge
1 [kW] AC Tape Heaters
DC Nichrome Heaters
National Instruments (NI)
CompactRIO 9024
3x Permanent Magnet Type
Voltage Read w/ N19219

Temperature Acquisition

K Type TCs, N1 9212

OM&:ﬁamo Loop Piping
o 1 SS Sch40

Main Loop
Flow

Moving

Expansion ﬂ.H@F

I

Reservoir s £

Diagnostic

Flow to
Diagnostic

Striping
Section

N

) Cold TC
S K
‘ <—Striping
Valves Cooler
o] H

Flow from
Main




Fiber tests in mixing sodium

T-junction geometry facilitates mixing of two non-isothermal streams of sodium

to create transient temperature oscillations. Transient fiber temperature

measurements are shown below

Na
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Fiber
Outlet
e
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Other ancillary uses of the fibers

Fluid velocity measurements

1.  Choose a reference gauge and acquire
temperature data at reference gauge and
at gauges downstream

2.  Calculate cross correlation at .
downstream temperature gauges with
respect to reference gauge

3.  Find gauge location with maximum
correlation at particular time lag values

4.  Calculate velocity with known gauge
distance and calculated time lag value

. Normalized Temperature vs Time

b Reference Gauge
- # = Ref Gauge +6.53 mm

Normalized Temperature [C]

0 0.2 0.4 0.6
Time [s]
M o w . L- °
1 P-71 _h\.,_.cmm Correlation of Gauges vs Lag D
C12(7) = 61,620y N Distance (] V= —
P—1 nYen+t — 081N A\ T
n=1 s 0.6 N /BN K v
£ 0 327
C1, = Cross correlation of gauge 1 to 2 £ 04 __ N\ 6.53 V. = Calculated Velocity
P = Measurement time period 0.2 _, / 9.80 D = Distance b/t gauges
T = Lag % 0.05 " ol - 13.1 Tccy = Calculated lag b/t gauges
Gl G2 = Hmaﬁmﬂmgﬂo at gauge 1and 2 Lag with respect to Reference [s]

10/18/2017 UNIVERSITY OF WISCONSIN



Optical Fiber Cross Correlation Velocimetry

Cross correlation velocimetry (CCV) performed for a System Parameters:
constant momentum ratio of 0.7 at a temperature gradient

of 80C and 50C between the two flow streams for flow = =
Hmﬁmmvoﬁémmszo.mm-@mh\BE. Tyt [°Cl | Tea[°Cl | Mg

A reference gauge at the crossing point was chosen and the AT=80° 500 420 0.7
cross correlation was performed with a fiber gauge 5

gauges down stream from reference. AT=50°

500 450 0.7

The momentum ratio of 0.7 was experimentally found to

give steady and consistent oscillations at the center of the
mixing tube.

Data acquisition period of 60 [sec] for each flow rate Cross Correlation Velo QHS@Q.% VS

Good correlation found between CCV and calibrated .
Electromagnetic Flowmeter

electromagnetic flowmeters

6 A AT=80°C e
5 e AT=50°C Pl
ﬁ._m f o . = y =X <
A : Reference Omcwc +5 Owc\mom . m 4 R2=096] \\\\\ >0 A
....V\ W W | ’\\\’\ ‘
...... w &\\\.
O 2 A7
»
1 e
o -
\k\
O ’
0 1 2 3 4 5
Electromagnetic Flowmeter [L/min]

10/18/2017



Continuous precision level sensing

Continuous level sensing or thermal
conductivity in high temperature fluid/solid
use of optical fiber level sensor

Optical fiber temperature sensor running
tangential to heating wire may diagnose

convection coefficient at level sensor surface.

Free convection coefficient may be
theoretically determined by calculating
Rayleigh number and using correlations
provided in literature to find Nusselt number?

.Qhwmﬁﬂm = ﬂoov \Iwh
= Nu=—

R
@ V-a k

Using heater power and calculated free
convection coefficient a theoretical
temperature profile may be determined
numerically and fit to actual fiber data to
determine level position

Temperature vs Position

550
— Fiber Temperature
s 1heoretical Curve
500 | Actual Level
— == == Calculated Level
O,
2 450
=
=
[0}
Q
m 400
T
Below Fluid Above Fluid
<—|—>
350 . . L ;
0 10 20 30 40

Position Along Level Probe [cm]

Optical Fiber Inlet
Electrically Insulated

Copper Standoff Wire

Cover Gas Fill Port ——__

Optical Fiber in Capillary —

Electrically Insulated

Nickel Heating Wire N

Sheath w/ MgO Potting —

Temperature

hy>h,

Position

— - Heater off
— Heater on

Under the Paperwork Reduction Act of 1995 no persons are reguired to resporn

Heated

Gas: vm
Fluid: h,

=

PTO/AIA/1S (03-13)
Approved for use through 01/31/2014. OMB 0651-0032

UTILITY

Attorney Docket No

PATENT APPLICATION

First Nomed Inventor | Mark Harlan Anderson

TRANSMITTAL

Title

Optical Fiber Thermal Property Probe

{Only for new nonprovisional applications under 37 CFR 1.53(b})

Express Mail Label No. | EFS-WEB -

worked with WARF to file patent

1. Nellis, Klein, Heat Transfer, 2009



Optical Fiber Level Sensor, Results

Linear Transducer

Optical Fiber In

Heater Power In

Level Sensor Mount
Translated w/ Worm Gear

Molten Salt Vessel

Calculated Fluid Level [cm]
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HTIR-TC

« HTIR-TC uses Nb-1%Zr and Mo Y Lact¥i0 Fpuption
thermocouple elements for stability at .. w‘
high temperature in radiation @
environment L 204 trermostoment wire Nb-1%2r sheath o

KW-Mo thermoelement wire

« Temperature range 800-1800C

Materials interaction evaluations

* Nb-1%Zr sheath for high temperature
service \

/ Fumace (Reference) termperalure

« More stable than commercially l/
available Tungsten, Rhenium,
Platinum and Rhodium elements
that can decalibrate due to
transmutation. The elements used in

Temperature, *C
»
>

the HTIR-TC are more stable 1140 |
B
« HfO2 insulation for high thermal 1120 F %
resistance at temperature. 3
1100 . : _ g
0 1000 2000 3000 4000 500C

Elapsed time, hrs.



HTIR-TCs Designed for Experiments at UW-Madison

~«—— Soft extension (314 L)

_l’ Tygon tubing

+ HfO, insulation required in high
temperature region — Al,O, elsewhere

custom potting cup

— 50 °C

- Transition to soft extension protected by
Tygon tubing

——
———
—Co—
——=—
S

r—— e - Transition to soft extension in pool via

—||-==— Nb1Zr sheath
(0.062 @)

AlO,
insulation
| |
e I
| HfO, 24

Increasing ; 2
Hw t0 1500 °C = insulation _
h ~ -— 1500 °C peak

All dimensions in inches lemperature
(not to scale)




Thermal Conductivity Sensor

TCNP Overcomes Obstacles Associated with In-
pile Thermal Conductivity Measurement

-

Core

21

HTIR-TC

A

Sense ware |

Heater extension wire
Weld
B

Heater

Sheath
c

High temperature
insulation

x
P

irl

Dual diameter heater

Smaller diameter heater wire in specimen

Heater wire / lead materials and diameters
selected to minimize heating in leads

Transition to 4 wires for power detection located
in cool location

Dual diameter probe

Smaller diameter minimizes probe influence on
specimen being measured

Larger diameter accommodates larger diameter
heater leads

Irradiation resistant high temperature fabrication

TC-like construction with high temperature
materials that resist interactions and
transmutation

Specialized welding techniques join small
diameter heater to larger diameter leads

Can include INL-developed HTIR-TCs for detection
in high temperature irradiation conditions

Specialized swaging techniques provide a dual
diameter leak-tight sheath



Current issues with thermal conductivity sensor

- The Thermal Conductivity sensor requires a thermal contact with
the medium it is measuring such that the thermal resistance is low
enough so as not to be the limiting factor in observing the
temperature decay inside the probe.

« Currently, finely machined ceramics are being tested in the hopes
that a tight fit will produce a low resistance junction between the
sensor sheath and the medium under test

- This is proving troublesome and results are indicate that a new
method pot the sensor into the medium maybe necessary.

22



Ultrasonic ﬁmgwmwmﬁcwm Sensor

N
UT Development Allows Gradient Measurement

« Multiple sensor segments allow temperature profiling along probe length.

+ Sensor material selected for optimum performance in various environments and temperature
ranges.

+ Temperature resolution dependent on reflector spacing and sensor material.
+ Reflector spacing of 1 cm or greater.

-‘—- ldaho National Laboratory

150 mm sensor with 15 segments

03 T T T T T T T T T

Lead-in cable Transducer housing ,—~Waveguide sheath

Waveguide

CRES

e T e f ,.__\{

01}

(=]

Sensor section, 1-5 segments
Spacing 1 ¢cm or greater

2 1 or greater
Up to 6000 T 50- 150 T 100 - 10,000

nensions in mm

i

Amplitude, AU
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Sensors tested

Sensor Configuration Max. Temperature
Molybdenum Single sensor 1500 °C
Inconel 606-1 Single sensor 900 °C
Inconel 606-2 Four sensors 900 °C

Transducer housing
Coil

Waveguide sheath
Waveguide

Lead-in cable
\¢

— 3C

@1 Sensor section, 1-5 segments

Spacing 1 cm or greater
26.5 @ 1 or greater
Up to 6000 50- 150 > 100 - 10,000

Dimensions in mm

1IWHTO1 61

Ultrasonic Temperature Sensor
700

B
[=]
=]

w
(=
(=]

Temperature [°C]

ra
Q
(=]

—a— UT Sensor

—
Q
(=]

(=]

0 50 100 150 200 250 300 350
Time [Min]

—&— Furnace Temperaure
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Prototype Diamond Thermistor

3mm

o.wai % Diamond

Mo/Pt Pad

Mo=50nm
Pt=150nm
Ni = 50um

o -~

L R 2 I I <

Crushable Insulator iy
Diamond Insulator

T
L O )




Properties of the Diamond

;—cau
E level 3 3
nergy leve 10" _
4 11 3 .
Conduction Band Conduction Band e r
@ & 10 r
— 10°4 ;
Nitrogen 1.7eV m ._Om.m q
e 6 O e o 8 1074 r
5.5eV § 10°7 ]
® 10 1 Large Bandgap r
Borong O @ O O % ‘_ca.w ..
||||| P T "037ev & 10°; ;
000000000 000000000 1074 Slitaninn Large Bandgap-Dopad ¢
Valence Band Valence Band ,_o“.m 3
Ac ] L2 1 2 ’ 1 L} L ] X ] 2 I .. ) = 1 -
0 200 400 600 800 1000 1200 1400 1600
Temperature (°C)
/  As dopants are added we can change
the band gap and change the resistance
CVD Diamond HPHT Diamond as a function of temperature curve
Boron: <0.05 ppm Boron: <0.1 ppm
Nitrogen: <1 ppm Nitrogen: <200 ppm

« Allows optimization on sensor
temperature sensitivity



Stability Test of CVD diamond

Resistance (Q)

2 3 4 5 6 7 8 9 10
Time (hr)

- Deviation
Temp | Min(%)| Max(%)
500°C -4.9 6.7
600°C -5.3 4.4
700°C -1 1.4
800°C -0.8 0.8
Drift
Temp | % per Hr
700°C -0.29
800°C -0.45




Cycling Test (CVD, 880 °C)

Resistance (Q)

Time (s)

Diamond .,w. TC =
. L "
7 . 3 —_
3 w O
P 3 600 =
1 I ®
— = S
| 1 400 <
[ _ 5
_ D
i : =
: -200
T 1 T | T 1 ' | s 1 . i s c
300 600 900 1200 1500 1800



Resistance as function of temperature

10"

1 O\_ 2 1§ Measurement Limit Region Alumina Diamond
11 CVD Diamond Limit c
. >1500°
‘_ C i O HPHT Diamond 2

_ 10°
10°

Resistance (Q
2

2 3
10 =

10" 4 Thermistor Operation Region Bt EE

0 200 400 600 800 1000 1200 1400 1600 1800
Temperature (°C)



Fiber Radiation Testing

30

Irradiated fibers in UW-Madison reactor facility

Even after 9o min in core (Total fluence of 4.58 E16 Thermal/1.91E16 Fast) No
appreciable change in backscatter signal was detected via the Luna system

Signal Strength [dB]

110

108

106

104

102

100

Fiber 4 "key" signal

I I _j_

Original Fiber

Fiber After 15 min Irradiation
Fiber After 30 min Irradiation
Fiber After 45 min Irradiation ||
Fiber After 60 min Irradiation
Fiber After 75 min Irradiation
Fiber After 90 min Irradiation ||




Attenuation Testing Results

Fluences:

1 hour - 1.27E16 n/cm? fast Wavelength used

2 hours - 2.54E16 n/cm? fast for temperature

3 hours - 3.81E16 n/cm? fast measurement
—~ TREAT Pulse — 5E15 n/cm? — (1550 nm)
= 2 Hr Irradiation
hnu A. | >mm_ﬂ Irradiation
= 1.75hrs [1.75] @ 800C
® 1 hrs [24] @ 880C
= 24 hrs [47.75] @ 890C
nnu 2r 19 hrs [68.5] @ 992C ||
—— 1 20 hrs [91.75] @ 22C
M W _ _ _ _ _ _ _
51250 1300 1350 1400 1450 1500 1550 1600 165(

i SN .!?(i(l»)i-\i)wrﬁ&&&»

_ _ _ _ _
1400 1450 1500 1550 1600 165(
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- _
AWmo 1300 1350

< Wavelength [nanometers]
Q 3 Hr Irradiation
| S | h- I
m | After Irradiation
S 1.75hrs [1.75] @ 800C
® 1 hrs [24] @ 880C
> 24 hrs [47.75] @ 890C
% 2r 19 hrs [68.5] @ 992C ||
= 20 hrs [91.75] @ 22C
<
©
()
©
©
<



Comparison with Non-Irradiated

0 2 Hr Irradiation

= h. [ [ I

- — iation

5 U
w — 1 hrs [24] @ 880C

2 ot i gu|

+ - 20 hrs [91.75] @ 22C

=

w | | | | | |

”mémmo 1300 1350 1400 1450 1500 1550 1600 1650

< Wavelength [nanometers]

) Added Attenuation [Room Temp 20-50 mtorrf] NON-IRRADIATED
_m_ \_m [ [ [ [ [ I

.m — 24 hrs @ 800°C

..nna. \_ i Hw@ hrs [60] @ %mwo
S 26 hrs [86] @ 900°C
cC 23 hrs [109] @ 945°C
205 =

<

M _ _ _ _ _ 7/\1/2«&\&}

3 Ammo 1300 1350 1400 1450 1500 1550 1600
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Test vehicle for in-pile testing of sensors (radiation testing)

Wire feedthrough Custom Zirconia
assembly Cylindrical Core

Alumina 5-bore rod 0.5000

5x 4" segments
A

U &

0.1300
0.0700

o

@5/8" OD spacerring

Areoel Fiber, HTIR-TC,
" OD gland follower C_ﬂ.mmOD_O
Temperature
D gland sensor tested in
UWNR reactor
%.W%TOO gland seat UOO_ under a
series of
WW.%O:QX welded to 1/2" Swage ﬁmg_umﬂmﬁc_‘.m and
radiation pulses

20.000




Reactor test vehicle

Test Section with Reservoir in background

: '\
Current Top Cap Bottom Cap w/ Heater Leads

d
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Reactor testing

Heat from 400 — 1200°C following the general schedule as
shown below to allow for steady state in temperature and
power as well as transients of both

1200C
900C

600C
300C

~30-60 min _ ~30-60 min _ ~30-60 min
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Out-of-Pile vs In-Pile Fiber Performance

High temp testing both inside and outside a radiation
environment — =

Temperature profile for Length of Fiber

= = T T Ay | T . e

Temperature profile for Length of Fiber (Cleaned)
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e e
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300¢ 1
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HTIR-TC Radiation Impact

High temp testing both inside and outside a radiation

o

HTIR and K-Type vs Time
——K-Type Thermocouple _ _ A~ _
1000 INL Thermocouple N , ,,\J,. i
— Difference ,,, ,. ,,, \
__ 950F | A
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o 900f = | It
.w | ,, [ {
© 850f n \ | |
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= | 1 ( k
75011 -
Noo 1 1 1 1 1 1 1 1
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Path forward

Distributed Optical Temperatures sensors have high potential for use in TREAT

. Ooom wnmﬂmzo: up to 900C for short durations (hours) 800C for long durations (days-
weeks

. Need high temperature annealing

. Fibers are fragile when coating removed.

. Potential for temperature limit improvement with sapphire (long development path)
. Good radiation stability

HTIR-TC works well

. Some concerns about oxidation, need to run in ultra pure oxygen free environment
. Good radiation stability

Thermal conductivity sensor
. Issues with calibration and coupling to material
. Needs additional work

Ultrasonic temperature sensor
. Needs further development

Diamond Thermistor
. Works up to 800C — further development to push to higher temperatures
. Needs work on probe fabrication and bonding to diamond pad
. Potential for temperatures up to 1500C and small dimensions
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