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Sapphire vs. traditional fused silica glass fibers

Singe-crystal sapphire (a-Al,0,)

* Maximum temperature : 1700-1800°C
demonstrated, close to ~2000°C melting point

o Cost: ~$1k per meter

%

Diameter: 75-500 um
Cladding: None (active R&D)
Maximum continuous length: ~meters

Typical infrinsic aftenuation: ~dB/m

- Dominated by scattering losses due to lack of cladding

Must be single-crystalline to avoid scattering
losses at grain boundaries

High loss and short lengths generally require
non-trivial splicing to a-SiO, leads
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Fused silica glass (a-SiO,)

Maximum temperature: 1000°C (long-
term devitrification)

Cost: As low as ~$0.20 per meter
Core diameter: ~8-10 um (singlemode)

Cladding: Routinely accomplished via
chemical dopants in a-SiO,

Maximum continuous length: >kilometers

Typical intrinsic attenuation: ~dB/km



Possible nuclear applications Fabry Pero
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High-temperature operation

e Large increases in attenuation in air at ~1400°C
Formation of surface bubbles, likely aluminum hydroxide
Al(OH),

Attenuation and bubbles not observed in an inert
environment

Promising for nuclear applications that can locate sapphire
sensors in a metal sheath or fuel cladding backfilled with an
inert gas
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Radiation effects

e |n general, sapphire would be expected to have lower radiation tolerance compared to
silica because it is an ordered single crystalline structure with no grain boundaries to
serve as sinks for point defects vs. the amorphous nature of fused silica

- Point defects create trapping states within the band gap, causing increased optical absorption at energies
corresponding to band fransitions

- Aggregation of point defects can result in microstructural and dimensional changes that cause drift of
Bragg gratings or other sensors that rely on changes in refractive index or thermal expansion

- All opftical fibers see increased noise due to radiation-induced emissions

Ordered crystal structure of a-Al,0O, Amorphous structure of a-SiO,
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DlmenSIOnCI| Stq bllliy Fused silica compacts ~2% under neutron

Sapphire swells >4% under neutron irradiation [2]
irradiation [1] « Saturates after ~102° n/cm?

* No evidence of saturation up to ~2.3x10%* n/cm? Equilibrium compaction lower at higher temperatures
» Swelling higher at higher temperatures
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High neuiron fluence
(2.4%x102' n;,,/cm?)

measurements - :
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Comparison to previous low neuiron fluence in situ measurements

* High neutron fluence testing [1]
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Current theory: Rayleigh scattering losses from radiation-
mduced v0|ds that occur at high dose and temperature

« Observations of voids oriented along c-axis consistent with
previous literature

- Requires temperatures >500°C for fluence tested in HFIR
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Ongoing R&D efforis

e Efforts to reduce modal volume: cladding (Blue-OSU, Rountree—
LUNA, Buric-NETL) vs. reduced core diameter (Pickrell-VTU)

— Cladding must have ngjadding < Neore, SiMilar thermal expansion

coefficient, and be thermodynamically compatible at extreme
temperatures

— Efforts include coatings (MgAl,O,, ZrO,, polycrystalline Al,O,, metals,
etc.), chemical dopants, ion implantation, or other means of
INnfroducing porosity or micro-structured architectures

 MITR irradiations of FBGs inscribed in sapphire using OSU’s
cladding technique (Daw, McCary-INL)
— Will provide another data point regarding high tfemperature, high

neutron fluence effects on fiber transmission, grating reflectivity, and
potential drift

%OAK RIDGE
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Summary

Sapphire’s main benefit is a much higher operational temperature vs. fused silica
— Significant loss when heated beyond 1300°C in air but can be mitigated with an inert environment

- Potential nuclear applications primarily targeting ceramic fuel centerline temperatures or potentially very
high-temperature gas-cooled reactor structural materials

« Sapphire has several challenges, including high cost, limitations on fiber diameter and continuous
length, and the lack of a cladding that results in large intrinsic attenuation and a high modal
volume

- Focused R&D efforts to develop sapphire cladding are a priority (several ongoing)

 However, sapphire is a single crystal with no grain boundaries to serve as a sink for radiation-
induced defects, making it more susceptible to radiation damage than amorphous fused silica

* High neutron fluence testing shows prohibitively high attenuation after irradiation at the highest
temperature (688°C), very different from observations during low neutron fluence testing

— Theory is that the prohibitively large RIA results from increased Rayleigh scattering losses from voids that form at high
temperature and high fluence

- Consistent with spectral dependence of RIA, previous literature, and recent TEM images of iradiated samples

- Upcoming MITR irradiations will hopefully provide more insight into whether unfavorable results observed after high neutron
fluence testing of bulk materials are indeed a major concern

%OAK RIDGE
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Project Overview

« Goals and Objectives

Investigate the in-pile performance of sapphire optical fiber temperature sensors and to develop clad sapphire optical fibers for in-
pile instrumentation. Evaluate the distributed sensing performance of the sensors through optical backscatter reflectometry under

combined radiation and temperature effects, and high fluence.

Objective 1. Fabricate sapphire optical fiber sensors.

Objective 2: Evaluate the clad sapphire fiber to verify single-mode behavior
and determine and characterize light modes supported by optical fibers.
Objective 3: Characterize in-pile temperature sensing of sapphire optical fiber
and combined temperature and irradiation effects.

Objective 4: Evaluate the lifetime and sensing performance of the sensor
under irradiation to high neutron fluence.

» Participants (2022)

« Idaho National Laboratory: Lead organization
. Dr. Joshua Daw, Kelly McCary
* The Ohio State University
Dr. Thomas Blue, Josh Jones, NRL
» The Massachusetts Institute of Technology
NRL
» National Energy Technology Laboratory
Dr. Michael Buric

« Oak Ridge National Laboratory

Dr. Christian Petrie

FY2020

Status

Scheduled

Actual

Notes

Task 1

Clad Sapphire Optical
fiber

Complete

January 2020

March 2021

Delayed due to procurement
of sapphire fibers

Task 2

Characterize Sapphire
Fiber

Complete

June 2020

April 2021

Delayed -covid travel
restrictions

Task 3

OSURR Irradiation

Complete

October 2020

April 2021

Delayed -covid travel
restrictions

Deliverable 1: Sapphire
Fibers

Complete

September 2020

March 2020

Deliverable 2: FY20
Annual Report

Complete

September 2020

September 2020

Characterize Sapphire
Fiber

Complete

June 2020

April 2021

Delayed -covid travel
restrictions

OSURR Irradiation

Complete

October 2020

April 2021

Delayed -covid travel
restrictions

Data Analysis: OSURR
Data

On-going

May 2022

MITR Irradiation

Delayed

July 2022

TBD

Deliverable 1:
Experimental Data

Complete

September 2021

April 2021

Delierable 2: FY21
Annual Report

Complete

September 2021

September 2021

Data Analysis: MITR

Planned

September 2022

MITR Irradiation

Delayed

July 2022

Deliverable 1: Journal
Paper

Planned

September 2022

SRLL

Advanced Sensors
and Instrumentation

Deliverable 2: Final
Report

Planned

September 2022
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Technology Impact

« This work is advancing nuclear technology by characterizing and demonstrating a new
sensor technology with the potential to make measurements with high spatial and
temperature resolution at higher temperatures than prior optical sensors. This technology
can also be applied to measurements other than temperature.

« This research will deliver modern optical fiber sensing technigues usable in multiple extreme
environment applications. In the area of nuclear fuel/material testing, these fibers will enable
access to operational data with excellent time and space resolution during irradiation testing.

Commercialization is underway by Luna Innovations. This research represents the
opportunity to close technology gaps and demonstrate the potential of sapphire optical fibers.

Advanced Sensors AL SADERARTMENT] < Office of

and Instrumentation ENERGY | NUCLEAR ENERGY
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Sapphire fiber preparation:
— Fiber procurement
FBG inscription
Fiber cladding irradiations
Annealing
Mode-stripping treatment

Out of pile furnace testing
Heated irradiation at OSURR
MIT lrradiation Ready for insertion

X

9.5-inch dry
tube

Accomplishments

TEemperature (C)
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—— Top of Furnace TC
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—— FBG #13
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Accomplishments: Sapphire Preparation

Sapphire fiber cladding: Challenges: Annealing, Splicing

« Four one-day irradiations were completed with the
purpose of cladding sapphire fiber
« Cladding Irradiation #1: Completed January 24, 2019
» 2 fibers, 100 um OD, with 2 FBGs inscribed by UPitt

« 1 fiber, 100 um OD, without FBGs
» 1 fiber, 75 um OD, with 13 FBGs inscribed by FemtoFiberTec

« Cladding Irradiation #2: Completed March 13, 2020
. 4 fibers, 100 um OD, each with 1 FBG inscribed by UPitt

« Cladding Irradiation #3: Completed March 12, 2021
» 2 fibers, 125 um OD, each with 4 FBGs inscribed by FemtoFiberTec

« Clad Irradiation #4: Completed March 19, 2021
» 4 fibers, 125 um OD, each with 4 FBGs inscribed by FemtoFiberTec

Post-Processing:
« Thermal annealing, polishing and splicing

oLt
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Accomplishments: MITR Ready for Insertion

« 8 Sensors prepared and provided to MITR in preparation
for irradiation

e 5 Sapphire Sensors +12” End of Silica Capillary tube
« 125,100, and 75 um diameter fibers with inscribed FBGS
 Clad, and annealed SS Capillary Tube

- : : L : Extends to juncti
* Placed in silica microcapillary tubes to prevent any material interaction xtends to junction

box, end welded
« 3 Silica Sensors /

» Pure silica core single mode fiber — baseline
* iXblue and Technica type-ll FBGs
» Active Compensation sensor

+2” Sapphire to Silica Splice

0 T top of fuel

Sapphire

S

End of Fiber -22 inches

End of Silica Capillary tube -23.5 inches
End of Probe (EOP) — -24 inches

Advanced Sensors L SIOERARTMENROR Office of

and Instrumentation ENERGY | NUCLEAR ENERGY
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Sapphire optical fiber sensors were tested
In a box furnace at up to 1500°C prior to
deployment in OSURR

« 8in. heated region

* Interrogated with a Luna Innovations
OBR 4600

« All the fibers were placed in alumina
tubes that were closed on the heated
end, then spliced to silica lead-out
fibers

« When the furnace was heated past
1100°C, the sensing mechanism failed
« Attenuation and exceeded range of OBR
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Results: Heated Irradiation

Sensor 1. 75 um diameter — 13 FBGs inscribed by FemtoFiberTec
— Annealed to 1500°C in air, 23.5 in. long

Sensor 2: 100 um diameter — 2 FBGs inscribed by UPitt
— Annealed to 1500°C in air, 13 in. long

Sensor 3: 100 um diameter — 1 FBG inscribed by Upitt
— Annealed to 1200°C in air, 15.25 in. long

Sensor 4: 100 um diameter — No FBGSs
— Annealed to 1500°C in air, 9.25 in. long

Sensor 5: 100 um diameter — 1 FBG inscribed by Upitt
— Annealed to 1500°C in air, 16.25 in. long

9.5-inch dry

tube

Advanced Sensors
and Instrumentation

SRLL
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Results: Heated Irradiation

The heated irradiation was designed to test the fibers at various temperatures from ambient to
1600°C

« Total fluence: 3.2 x 1017 n/cm?
« Thermal: 2.3 x 1017 n/cm?

Furnace Temp.
—— 75 um FBG Fiber (Celsius)

Ei off/200
enhancement reflection 400/600

\ 7 800
/ 123 45 g7 8 4 hours, some hours for

9 10111213 900 another customer at 5 kw
1000 Fuse blow

1000

1100

L 1200

& “ 1300

1400

1.5 hrs at 800, 2 hrs at
13.0 132 13.4 136 13.8 14.0 142 1000, 2 hrs at 1200

Length (m)

Backscatter profile of sensor #1, 75 um OD sapphire fiber featuring FBGs inscribed by 1400 1 hr at 1500 | Fuse blow during heating
FemtoFiberTec. 1500 1 hr at 1600
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Results: Heated Irradiation

Sensor 1: Day 1

== Center of Furnace TC

The measurement was resolved at the locations of the il =

--- FBG #2

FBGS '.'-'j-:"; ,I '- :.¥ ) ;EEE%ELO;:)«);cheatedregmn
Sensor 1 —75um OD — performed the best
Sensor gets less noisy with higher temperatures
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Results: Heated Irradiation

Similar failure mechanism was observed at 1600°C in-pile as was observed in out of pile
testing.

Sensor 1: Day 12 Sensor 1: Day 12

Center of Furnace TC == Center of Furnace TC
Top of Furnace TC Top of Furnace TC
FBG #1 FBG #5 - Out of heated region |
- FBG #2 FBG #& ~ Top TC }.‘ .- . i i l'lH ' !ll l;% lj [
- o sl
T e AR e S
FBG #5 - Out of heated region FBG #9 qsi' [
FBG #6 ~ Top TC FBG #10 ~ Center TC
FBG #7 FBG #11
- FBG #8 FBG #12
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FBG #12
FBG #13
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Results: Heated Irrad
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Conclusion

Challenges: Kelly McCary

« Procurement, inscription, and processing of sapphire PhD Candidate, OSU
- Non-commercial supplier of sapphire fibers experienced unforeseen issues Research Scientist, Radiation Measurements
« Inscription of sapphire fibers is not a trivial task Idaho National Laboratory
«  Splicing fibers can produce variable results Kelly.Mccary@inl.gov

. L : 208)-526-260
« Handling tritium-implanted fibers at INL W (208)5 !

« Navigating through travel restrictions and shutdowns We would like to acknowledge the support of The Ohio
. . State University Nuclear Reactor Laboratory and the
COﬂC'USlonS. assistance of the reactor staff members, Andrew Kauffman,

. Objectives 1-3 have been Completed Dr. Susan White, Kevin Herminghuysen, Matthew Van Zile,

and Maria McGraw for the irradiation services provided.
« Heated irradiation indicates potential for sapphire fiber-based sensors to
be sued in extreme environments beyond silica fiber limits Special thanks to Dr. Blue, Josh Jones, and Dr. Birri for

their assistance at Ohio State.
Future Work:

«  Further evaluation of un-clad sapphire fibers to determine source of Ehis Worg;’f\_/as S;Jﬁlpoqted téy the U.S. Detpaéftml\fntIOf
attenuation in fiber nergy, Office of Nuclear Energy as part of a Nuclear

Science User Facilities experiment
High-fluence irradiation at MITR

P
<91SUr

‘ Nuclear Science
User Facilities
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Project overview

Goal and Objective: understand the effect of radiation damage on the performance
of materials used in optical spectroscopic sensors with special emphasis on:

(1) nonlinear refractive index
(2) transient radiation-induced absorption
(3) concurrent radiation damage and thermal annealing

Schedule:

Year 1: Procure samples; develop mobile PIE system

Year 2: Evaluate neutron activation; construct and test heating setup; conduct
gamma irradiation with post-heating

Year 3: Conduct neutron irradiation with post-heating

Year 4: Conduct gamma and neutron irradiation with concurrent heating

EEEEEEEEEEEE Offlce Of
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Research team and collaborations

M |lgor Jovanovic, Bryan Morgan,
sy o Londrea Garrett, Milos Burger (UM) (’Eﬂb
.4 Piyush Sabharwall (INL) dafo Notional Loboratory - MicroNuclear LLC
Paul Marotta (MicroNuclear) N\
Lei Cao (OSU-NRL: NSUF) []H\HITE
Sungyeol Choi (Seoul National Qe
University — INERI collaborator) S L Ak RIDGE
\\’\'\’\-@E .l\; %National Laboratory
/‘3})(44'\

Christian Petrie (ORNL —
collaborator)
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Technology impact

 Optical instrumentation can be subjected to challenging environments: radiation, temperature,
pressure, limited access

» Develop an improved understanding of radiation damage in optical materials in conditions relevant
for their operation in real-time optical sensors

- Rapid post-irradiation examination

—  Concurrent irradiation and annealing

- Nonlinear refractive index

 First-ever attempt to quantify the effect of irradiation on nonlinear optical properties of materials

« Cross-cutting impact: design and concept of operation for a wide range of optical
instrumentation in nuclear applications
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Mobile post-irradiation examination setup

 Mobile PIE system constructed and validated
(linear and nonlinear component)

 PIE system moved and operated at OSU NRL
« Soon to returned to University of Michigan

« Available for future collaborative campaigns

U.S. DEPARTMENT OF Offlce Of
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Irradiation facilities
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R 18 7 0.2

ow

Sample irradiation and thermal annealing at the OSU Nuclear Reactor Laboratory (DOE NSUF)
Gamma irradiation at the PSU Radiation Science & Engineering Center (DTRA IIRM-URA)
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Irradiation conditions and samples

Anneal

Source Dose/Fluence Temp. Time
Type
600 krad 200 OC 30 min.
60 400 °C | 30 min.
Co 1.2 Mrad Post R .
3.4 Mrad 600 °C | 30 min.
' 800 °C | 30 min.
600 krad
%0Co 1.2 Mrad Concurrent | 800 °C | Duration
3.4 Mrad
3.4 x10%n.cm™2 200 °C | 30 min.
(42 Mrad) 400 °C | 30 min.
Reactor | 4 7 107 n-em2 | %' | 600°C | 30 min.
(211 Mrad) 800 °C | 30 min.
3.4 x 109 n.cm™2
(42 Mrad) o :
Reactor 17 % 1017 11 - em-2 Concurrent | 800 °C | Duration
(211 Mrad)

Material Vendor Type OH Content
High-OH Spectrosil
Fused Silica | | 1oracus 2000 | =1300ppm
Low-OH Infrasil
Fused Silica | | 1oracus 302 = 8 ppm
: Guild Optical Optical
Sapphire Associates Grade
5Sa
UQ‘
S
FS FS Sapphire NBK7
high-OH low-OH BK7G18

U.S. DEPARTMENT OF
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Neutron irradiation conditions

Label Fluence/Dose Amned | remp. | Time
Type

200°C | 30 min.
341110 n-cm2 400°C | 30min.
n-Dose 1 (42 Mrad) Post | 600°C | 30min.
800°C | 30min.

34010 n-cm™2 . .
n-Dose 1 (42 Mrad) Concurrent | 800 °C | Duration
200°C | 30 min.
171110 n -cm™2 400°C | 30 min.
n-Dose 2 (211 Mrad) Post | 600°C | 30min.
800°C | 30min.

17010 n-cm™2 : .
n-Dose 2 (211 Mrad) Concurrent | 800 °C | Duraion
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Nonlinear refractive index and absorption

Materials exhibit nonlinear optical properties caused by variation of induced electronic polarization (P)
with the applied electric field (E)

P = ey VE + e, yPE* + |y yOE>|+ . ...

The third-order nonlinear susceptibility leads to processes such as third-harmonic generation, two-
photon absorption, and the intensity-dependent refractive index.

A X

n =mng + nol { self-focusing
nonlinear absorption

1272y (3
T —
2 n(z)
H
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Measurement of n,: Z-scan

;0.4 3
E
€ 03
o)
[ |
= 0.2
&
= 0.1
o

0

20 40 60 80 100
Time [ns]

RPD

[=]

-10 o 10
Sample Position [mm]
Settings/Calibrations | Experiment |

VISA resource name

4 VICP::169.254,15.208:instr0zINSTR [

W o ActiveTracing
annel \
Signal PD1 -
Channel2 1 Reset
Signal PD2 @
[Channel3 2 X
Auto Setup

Fast PD -
| Disabled 0 -

Timeout
— A Peak
l}jmm ms e O =

Controller Step size
g 83627706 /05 | mm
Shots  Shot#  Rate

7200 200 31 ke

Connected Homing Moving Acquisition

3

R
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w1
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J o 9 J Position (mm)
1 o 1ol
CONNECT

Normalized Transmittance

HOME ‘GOTOEND

-10 n 10 ACQUIRE 1
Sample Position [mm] AT R

(273} Position (mm)
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Significant findings

Linear Attenuation

Concurrent-irradiation thermal annealing did not fully anneal RIA:

Fused silica high-OH
213 nm E’ center

233 nm Trapped exciton
260 nm NBOHC

Fused silica low-OH
213 nm E’ center

233 nm Trapped exciton
246 nm ODC

260 nm NBOHC

300 nm AI-E’

387 nm ODC

550 nm AI-OHC

Sapphire

205 nm F center
260 nm F* center
300 nm F, center
355 nm F,* center
450 nm F,2* center
572 nm Al-OHC

Nonlinear Optical Properties

Negative nonlinear absorption observed in irradiated:
Fused silica low-OH

Fused silica high-OH

Sapphire

NBK7

BK7G18

Negative nonlinear refraction observed in irradiated:
BK7G18

Photobleaching observed in irradiated:
Fused silica low-OH

Sapphire

NBK7

BK7G18
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Nonlinear absorption in sapphire

n-Dose 1 n-Dose 2
11+ 200 °C 1 11+¢ 200 °c
400 °C 400 °C

Unirradiated Unirradiated

8 105 1.05 |
C
O
1 1
C . , . .
lc_‘E -10 0 10 -10 0 10
b T T
) n-Dose 1, 800 °C n-Dose 2, 800 °C
E 117 Unirradiated A 117 Unirradiated |
s
O 16 -2
< 105 3.4 x10%™ncm 1 105} 1.7 x 107 |n cm2

1 —Tmn-fﬂkf&grﬂﬁw 1 T Tl 'T’gfﬁ;zflr{qli

-10 0 10 10 0 10
Position [mm]
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Saturable absorption may be responsible for negative nonlinearity

hv =" hv

ml

“Standard”

linear
absorption

hv ~AAAY —AAND

Saturable
absorption

hv ~ vy e’

Y p—
AT 1+ 1)1

hv
hv ~ " e
Reverse

saturable
absorption

EEEEEEEEEEEE Offlce Of

ENERGY ‘ NUCLEAR ENERGY



Measured Nonlinear Absorption Coefficients

n-Dose Optical Sample
Nonlinearity - Anneal $2000 1302 Sapphire NBK7 BK7G18
emperature
B o (< 5) (< 5) (< 1.6) (2.8) (2.8)
m-w-1] | Unirradiated |01 x10-15 x10~14 x10~ 14 x10~ 14
(—1.96 + (-1.21+ (—4.04 + (-1.01 (—1.86 &+
n-Dose 1 0.31) 0.01) 0.20) 0.02) 0.27)
x10~14 x10712 x10~14 x10~ 1t x10714
] (-=7.01+ (—7.61+ (—2.37+ (—1.67 +
“;gg’i‘y 1.20) 0.07) 0.21) 0.05) (1.i3104_—_9;32)
x10~15 x10~13 x10~14 x10~12
n-Dose 1 (2.50 4 2.31) | (5.16 + 4.40) | (2.50 £ 3.86) | (2.91+0.30) | (2.86 £ 0.25)
400 °C x10~15 x10~15 x10~15 x10~14 x10714
B
[m-W~1] (-2.33+ (-5.01 + (-1.74+ (—1.99 + (=577 %
Post- n-Dose 2 0.32) 0.02) 0.04) 0.05) 0.27)
irradiation x10~14 x10~12 %1013 x10~11 x10~14
Annealing (—1.55 + (—4.48 + (—1.47+ (—4.41 + (—1.23 +
n-Dose 2
500 °C 0.21) 0.02) 0.04) 0.02) 0.24)
x10~14 x10712 x10~13 x10~12 x10~1
(—9.17+
n-Dose 2 (1.20 & 2.50) 055 (1.99+2.62) | (2.84+0.31) | (2.66 % 0.51)
400 °C x10~1° ‘ _)14 x10~1° x10~14 x 10~
x10
n-Dose 2 (2.85 + 6.33)
600 °C i %1015 : ) )
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Photobleaching in sapphire

3.4x10"' ncm=2 1.7 x 10" n cm=2

Scan 1

11+ Scan 2 11+
Scan 3

1.05¢ 1 1.05¢

Normalized Transmittance

Position [mm]
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RIA in sapphire with post-annealing

2 — 2
- | @ %,
5 15T %‘ 06 :
> S 04
[7 8
5 10 goa - -
O . . .
o 250 300 350 400
= 0.5 Wavelength [nm] ] Wavelength [nm] |
a - . : — i 0
®) Unirradiated n-Dose 1 200 °C Unirradiated n-Dose 2 200 °C
g ' - 600°C ~— =~ go°c| |00 M\l TSeNTTT0C TTENNTC T 800 °C
0 1 1 1 1 s 1 1 1 1
200 400 600 800 1000 200 400 600 800 1000

Wavelength [nm]

n-Dose 1: 3.4 x 101 n - cm™2
n-Dose 2: 1.7 x 1077 n - cm™2
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RIA in sapphire with concurrent annealing

. " 151
- &,

y =

E 15 G 1t h

Lo g

> 3

‘D © 0.5 y

5 1 S k____,;-a_n i o 14 n-Dose 1: 3.4 x10% n - cm™
- 0 ' ' ' ——..——— n-Dose 2: 1.7 x 107 n - cm™
= 220 240 260 280 300 320 340 360 380 400

€ Wavelength [nm]

'E;_ 05 Unirradiated n-Dose 1 n-Dose 2 |

O 1M\ a4 - n-Dose 1, 800 °C ==~ n-Dose 2, 800 °C

0 1 1 1 1
400 600 800 1000

Wavelength [nm]
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RIA in gamma-irradiated sapphire with concurrent annealing

1 ’
- £ 0.8
©_ 0.8 S
5 gos
- A 04
0.6 5 \
=02 RN
ﬂ l ’ : -
e 0.4 200 250 300 350 400
o Wavelength [nm]
g' 0.2 -~ Unirradiated ——36Mrad - 600 krad, 800 °C -
W P 1.2 Mrad, 800 °C 3.6 Mrad, 800 °C
0 ” ‘ - I 1 -ﬂ
200 400 600 800 1000
Wavelength [nm]
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Features of radiation-induced absorption

n-Dose 2 —— —Fit — — -Gaussian Experimental data were fit with sums of

Gaussians accounting for previously reported
centroids and widths.

(;?)I;t;c;d E.Erfid 205 nm F center
260 nm F+ center

260 nm 62 nm 300 nm F2 center

300 nm 66 nm 355 nm F2+ center

355 nm 102 nm 450 nm F22+ center

450 nm 150 nm 572 nm AlI-OHC

572 nm 178 nm

400 600 800
Wavelength (nm)
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Evaluating the effect of irradiation on instrumentation

Long-term irradiation of windows and fibers alters material absorbance and LIBS spectral properties.

Linear Absorbance Scaling

1.0 : ---- Unirradiated Glass
~ i < 000000F —— Post 10MRad Irradiation ]
é 0.8 T ] E’,
c >, 1
O 0.6 . =" 400000 .
@ —— Unirradiated L
I= 0.4t ---- Irradiated 1 9 ‘

. o . =

g Annealed at 200o = 200000
© 0.2} ---- Annealed at 400" |
=~ ---- Annealed at 600° .,J

0ol IV, . ““. Annealecli at 800" | 0 . . s

200 400 o600 800 1000 485 490 495 500 825 830 835 840
Wavelength (nm) Wavelength (nm)

Assumptions: 1% Xe in He, 2us delay scaled by Infrasil-302, 10 MRad gamma irradiation data

EEEEEEEEEE OF Ofﬁce Of

EN ERGY | NUCLEAR ENERGY



Evaluating the effect of irradiation on instrumentation

Single Line Effects Multi-Line Effects
For 497 Xe Il emission and 10 Hz repetition rate: 2.0F T o—
15F ¥ Post 10MRad Gamma Irradiation |
Dose (Mrad) Shots for 30 Detection Time (s)

1.0

0.60 1 0.10 %é o5l T=16316K

1.20 1 0.10 = oo} T=15625K

3.60 2 0.20 05}

10 2 0.20 Bl b

-1.5} .

14.0 14.5 15.0 15.5 16.0 16.5 17.0
Upper Level Energy (eV)
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Advanced Sensors
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Molten salt-loop development acceleration with
distributed single-crystal harsh-environment
optical fiber-sensors

Michael Buric, NETL: presenter

With Pattrick Calderoni (INL), Ruchi Gahkar (INL), and Koroush Shirvan
(MIT) (co-Pl's)




Single Crystal Distributed Sensing: Team

> National Energy Technology Lab (fiber growth, sensor design, interrogator design)

— Michael Buric (PI, fiber optics and systems) NATIONAL
— Guensik Lim (LHPG, Raman DTS) N
— Gary Lander (LHPG #2) T EE%BEE%SS{Y

— Jeff Wuenschell (DTS field testing)

> |daho National Lab (reactor expertise, system implementation and testing)
— Pattrick Calderoni ~—~e

(in-pile instrumentation director, co-Pl) .

— Joshua Daw (nuclear instrumentation)
— Ruchi Gakkar (nuclear materials)
— Kelly McCary (Molten Salt testing)

> MIT (material compatibility, efficacy simulations)
— David Carpenter (Irradiation Engineering Director)
— Koroush Shirvan (reactor design and simulation, co-Pl)
— Yeongshin Jeong (now at ANL, simulation programming) Lo T
— Tony Zheng (radiation testing) Qarpa-@
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Single Crystal Distributed Sensing: Project Objectives

. Introducing fully-distributed sensing to Molten-Salt Reactors

. Growing new cladded single-crystal optical fibers for molten-salt
environments (YAG, Sapphire, +cladding)

. Gatheringthousands of data-pointsto map reactor coolant-path
temperatures or other parameters

. Mapping in-core temperature distributions

. Next-gen sensing replaces single-point sensors like thermocouples

. Providing datato guide reactor design and improvement through
thermal efficiency

. How?: Novel 2-stage LHPG, Raman distributed interrogation
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Single Crystal Distributed Sensing: Project Accomplishments

> Successful completion of materials compatibility studies
— Reasonable fiber performance in ss 316 tubing
> Molten Salt baths measured successfully
> MITR brief reactor startup measurement
> Completion of Reactor Simulation
— Best locations for fiber sensors determined
> Successful growth of pure feedstock materials
> World's first 2-stage LHPG constructed
— Pure unclad fiber to clad fiber
— First evidence of high-temp claddings

First successful growth of Cerium YAG fiber by LHPG
CilpQe
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Crystal fiber distributed sensing

> Grow cladded fibers with 2-stage LHPG
— Sapphire or YAG
— Sol-gel (or other) dopant additions

> Evaluate materials compatibility in fluoride and chloride salts (bench
tests)

> Evaluate radiation durability (gamma source, research reactor)

4 arpa-@
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Crystal fiber distributed sensing - Claddings

.
N
1.95 1.95
@ HolMmium @ Ho|mium
1.75 1.75 t
e Neodymium e Neodymium
1.55 1.55
1.35 1.35
115 115
0.95 0.95
N /V\W_/\/_W . /\_W—N
0 5 10 15 20 25 30 0 5 10 15 20 25 30

Automatic Dopant Segregation through LHPG: Top left: Visible light guiding in GRIN
YAG fiber, Top right: EMPA map of Nd concentrationin a GRIN YAG fiber,Bottom
plots: Co-doped Nd and Ho: YAG fiber dopant concentrations in X (left) and Y (right)
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Regrowth LHPG System




Distributed Sensing — Raman OTDR

> OTDR with Single Crystal fiber
> Useful for high-rad/ high-T
> ~5cm, ~1C resolution

Sapphire fiber attenuation at Virginia
Raman OTDR, Liu et al Opt. Lett., 2016 532nm, measured by a Raman [M] TECh
OTDR system 207

PD1 0

L clean-up F—~
filter . Beam %
50:50 Beam Lens2 damper g

splitter Sapphire fiber ‘?, ST
c
2
Syn. =

o 10 -
©
Stop line filter o
o

Stokes filter Lens3 3 -15
k-]
Dichroic beam N
splitter i s

E 20+
0sC PC §

es filter Lens 4 M
_ -25 : ‘ ' |
Mirro 0 I APD 2 I— 0.5 1 1.5 2 2.5

Distance (m)
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Raman DTS design and operations

Current view of Raman DTS inthelab
with external test systems

e
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Project accomplishments: LHPG and Raman DTS

RAMAN DTS INTERIOR FRAME
TOP VIEW
L AL

‘ = = 4
Raman DTS photo of internal components

. B
T L
> First DTS system for single-crystal fiber G
> 5cm spatial, 2C temperature resolution s T
> Compatible with up to 100m of SC fiber A o o

> Fieldable product design completed
> Longlead-in fiber + SC fiber signal processing
> Tested at MITR and INL

Raman DTS System drawing

Lil ypleaN(C
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Project accomplishments — materials compatibility

Recommendations for fiber protection materials

Protective coating Chloride Salts Fluoride Salts

Type

Metallized fibers Ni, Mo and Ta Ni, Mo and Ta

Tubular fiber sleeves (primary SS316 Ni-200

choice)

Tubular fiber sleeves (further  Alloy 617, 800H and TZM Hastelloy and Haynes alloys
considerations) (Titanium Zirconium

Molybdenum (98-99% Mo)

GirpQa-e



Project accomplishments — molten salt testing (Gankar, Mccary, calderoni)

Experimental Setup at INL

< ( )\ - Fiber: Heat-treated Pure Silica core, f-doped
N cladding single mode optical fiber

$S316 Capillary
Salt-mixture: NaCl-MgCl, eutectic

Crucible: Glassy carbon, dimensions H: 80mm,
Thermocouple  D:37mm

o Data recorded: 466, 500, 525, 550, 575, 600,
Alumina lid 625 and 650°C

With respect to the fiber:

Top of Lid: 358.8 cm

Bottom of Lid: 359.44 cm

Top of Salt: 360.4 cm

Bottom of crucible (inside): 367.2 cm

Depth of
thermocouple
inserted in salt —
below the set screw

Glassy carbon rod dipped in molten salt
— to demonstrate Depth of salt bath

May 30,2022 Insert Presepijation Name Li' l)g“e 11
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Molten Salt test results (patch cable + sapphire)
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PI‘OjECt aCCOmpliShmentS - Radiation tESting (Shirvan, Zheng, Carpenter, Wuenschell)

Cables Entrance

Gamma Exposuretesting
completed at MIT

1544 3 ¥
U £
X ¢
1 o 0 5 &
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W g . . pUEEES .
;1 - / : % X
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Project accomplishments: reactor simulations (shirvan,jeong)

Completed simulation of reactor transient response under normal conditions and fault scenarios
MCFR Application

™ M resem st » I H H
_ ¢ Generation of euttonics parameters “» S5 S e Fvsoes ) | (Based on Available Literature
¢ D0/30, Steadystte o on TerraPower MCFR Design)
® | o Validation
l, ! » Neutronics: statc fuel at constant temperature = |
T o ORNL MSRE I <
e " Trensient response of state variables (power, salt and W , :
Uhﬂlml § . gz )
(Smolfiad SR Kineics structure temperature, reactivy, efc.) Data 0 \;{— F
Mode) ¢ Lumped mode!, transient B I g1 et
PTs » Neutronics: effects of precursr transport due to B e Time (5

I+ ) - .
(Ve fow T7H: energy balance only, onstant flow rae I Eﬁﬂﬂk — vea) |
: il — MSFR (Tripodo ot 8l ) = Present study ‘:_f‘“:": . 1
ThermakHydraulics  + Thermalresponse of MSR in fime and space Verification ¢~ | g2 '
(Ster-COMY) o 1 % 7 8 8 10

¥ 2 (or 30}, ransient & a0 Time (s)

| L " # Neutron'cs: power chenges imported from simulztor European MSR o R : —
! :“v_”’.l # T/H: momentum/energy balance incl. convective Simulator e ”3 |

i (v, andradiative eat transfer of sal |
I (:; _‘k TI!TIE (5) ! ! ’ "

W0

Ap=+2[p

-;-l" | Transient response of power, reactivity,
: r | and fuel salt temperature changes {1)
:\x‘ — MSFR (Tripodo m,.u ) .—Pvmnl shdy I Lil I Jgi
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TEA sim: optimal sampling rate and resolution ~ Technology-to-Market

« Demonstrates the Techno-Economic Value of Continuous Temperature Monitoring

v" Temperature distribution in the salt, reflector and vessel walls experience meaningful gradients and
local peaks

Temperature (K)

l1133.5

Temperature (K) |/

Temperature (K)

Temperature (K)

IJ'."IS.G

Temperature (K)

l.’SQS.S

1440.9

1091.4 1086.9 1159.5 1337 1460.8
1049.2 1053.4 1100.4 1233.8 1326.4
1009.9 1041.3 l1 130.3 1192.0

966.45 982.25 ‘ Iu 26,7 1057.6

922.96 923.16 923,18 923.19

t= 8.0 sec t=10.0 sec t=15.0 sec t=30.0 sec t=50.0 sec

Unprotected LOF (Decrease of fuel salt flow rate to 80 %
exponentially with time constant of 5 sec)
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TEA Simulations: sensor placement

T1 '7’54 R7

B1

TC1

R6

R5

R4

R3

R2

Unprotected LOF

1500

1400

W
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Temperature [K]
X
o
o

1100
1000 -
900 ' ' ' | |
0 5 10 15 20 25 30
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B1 B2 B3 B4 B5 B6 B7
mrmnmees T1 T2 =wmemem T3 T4 =memem- T5 =wmeme=- T6 T7
---------------- R1 R2 - R3 R4 vt RE e RB R7
---- C1

Other T2M activities:

* NDA with a commercial
entity

1 * Publications on sensor

placement and dopant
segregation

| » System fielded at INL and

MITR (TRL 6)

* Plans: market the total
package — fiber,
interrogator, and control
software

GirpQa-e

MG WHAT'S POSSIBLE




Single Crystal Distributed Sensing Conclusions

 Distributed sensing is coming to numerous industries

 Single-crystal Optical fiber technology can extend into nuclear harsh-
environments

« Raman DTS is a good distributed platform for SC-fiber

« Temperature mapping needed for LFMSR transient response

« Amazing new levels of visibility and automation are here!
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Advancement of Reduced Mode Sapphire
Fiber (RMSF) Production Towards High
Temperature Radiation Resilient Sensors

INL Sapphire Summit (via MS Teams)

S. Derek Rountree?, O. John Ohanian?, Andrew Boulanger!, Dan Kominsky?!, Tom Blue?, Joshua Jones?, Kelly McCary?,
Tony Birri?, Brandon Wilson?3, Kevin Chen#, Chu Wang?*

1 Luna, 2The Ohio State University, 30ak Ridge National Laboratory (currently), The University of Pittsburgh

l I N_% | Dr. Derek Rountree, Luna Innovations May 31%, 2022




LUNZA | Introduction to Fiber Optic Sensing

- Laser light is coupled into a fiber. o> [BUT
. Light propagates and is reflected by defects. —1 L - —det
- The reflected and transmitted signals can be
used for Sensing. OFDR Sensing Optical Network
. Reﬂected From: Luna Innovations Inc. OBR 4600 Users Guide
- Optical Frequency Domain Reflectometry (OFDR) Opti Fibre orating Ohajiding
- Optical Time Domain Reflectometry (OTDR) =k ) e

Index modulation

* ReﬂeCtlon SpeCtrOSCOpy Reflected Propagating Trans\mitted
- Transmitted — Spectroscopy

— AG‘_ \

signal core mode signal

Input Signal \ \

Sensing Is achieved due to changes in optical a |
path length and/or variations in reflectivityasa 4 A | Al
function of Wavelength Bragg Grating Sensing Schematic

From: S. Mihailov, “Fiber Bragg Grating Sensors for Harsh
Environments,” doi:10.3390/s120201898




LUNA | Single Mode Fiber Optics

- OFDR provides a measurement of the delay time to defects in a fiber or
fiber network. Couple with the group velocity of light in a fiber, this provides
distance to the defect.

- For high-precision low-noise measurements, all sensing light must travel
along the same path.
- One path for light to travel - “Single Mode”
- Multiple paths for light to travel - “Multi-mode”
- Mode support is wavelength dependent

- Traditionally, single mode fiber has been made out of doped silica glass.
- Dopant regions created in a large pre-form
- Draw tower pulls pre-form into a fiber
- e.g. Corning SMF-28
- Core @ 8.2 um, cladding @ 125um, coating @ 242 um




LUNAC | Creation of an Internal Cladding In

Sapphire Fiber

* The Ohio State University has developed a method for creating an intrinsic cladding in

sapphire optical fiber n [9]

* By implanting ions into the periphery of a sapphire fiber, via the °Li(n,a)3H reaction, a 1:;222
refractive layer forms in the sapphire with a slightly lower index of refraction that acts as an 1.7596
internal cladding 1.7597
67. 1 4 3 1.7597

sLi+n— SHe+ H+4.8MeV 17598

1.7599

* Theions for implantation are created using Lithium-6 and the Ohio State Research Reactor 1.7600
reaction = Tritium
. Helium

e Using this method instead of an accelerator provides the benefit of creating large lengths of
cladded sapphire fiber in a short amount of time.
e C(Cladding formed in this manner makes the fiber sufficiently few modes such that it can be
used for OFDR distributed sensing.?
e Continued development showed this was not the full story

1B. Wilson, T. Blue, “Creation of an Internal Cladding in Sapphire Optical Fiber Using the 6Li(n,a)3H Reaction, DOI: 10.1109/JSEN.2017.2756448 4



https://doi.org/10.1109/JSEN.2017.2756448

LUNA | RMSF Index Profile

The graded cladding structure can be seen at
approximately 40 um radial distance from the fiber’s core.
The core-cladding index change is approximately 0.008.
The structure near the fiber periphery is thought to be
due to the non-cylindrical shape of the fiber.

Additionally, the magnitude of the core-cladding index

change may be affected by the non-cylindrical shape. SMSF Profile via

Transverse Interferometry
0.006
0.004
0.002
0.000
-0.002
-0.004
-0.006

-0.008
-75.00 -50.00 -25.00 0.00 25.00 50.00 75.00

Radial distance (um)

Measured An



LUNAC | Repeatability Issues

- Based on preliminary successes at OSU, Luna and OSU partnered to further the technology and
increase TRL and MRL.

- DE-SC0018767 — “Extreme Temperature Distributed Sensing For Modular Energy Systems”

- DE-SC0019834 — “Sapphire Single Mode Fiber Development Towards High Temperature Radiation Resilient
Sensors”

- Selected DE-FOA-0002555 Award # TBD — “Scaled Reduced Mode Sapphire Fiber Production Towards
High Temperature Radiation Resilient Sensors”

- Focus on manufacturing and cost reduction

- Reproduction of early results has not been straight forward.




LUNZA | Breakthrough!

- Clad fibers are missing a mechanism to reject light from the cladding.?!

- Splice condition affects how much light goes into the cladding vs
core.l

- Hexagonal surface creates uncertainty in alignment during splicing

- Process is very sensitive to temperature and environmental conditions

@-1

1) J. Jones, et al. “Light propagation considerations for internally clad sapphire optical fiber using the 6Li(n,a)3H reaction,” DOI: 10.1109/J1T.2021.3127863



https://doi.org/10.1109/JLT.2021.3127863

LUNA | Modality of the Clad Sapphire Core

100 um cladded RMSF

Cladding Modes Cladding Modes
* Adding index fluid shows core behavior. Included Removed
675 nm 230,000 125,000
Air
Sapphire 1550 nm 43,000 23,762
Without Cladding 675 nm 4,901 2,753
Index Fluid
1550 nm 929 392
675 nm 304 136
] Modeled
Clad Sapphire 1550 nm 58 26
Core 675 nm 1,593 678
Measured
1550 nm 302 129

1) B. A. Wilson, S. Rana, H. Subbaraman, N. Kandadai and T. E. Blue, "Modeling of the Creation of an Internal Cladding in Sapphire Optical Fiber Using the 6 Li(n,a)3H Reaction," Journal of
Lightwave Technology, vol. 36, no. 23, pp. 5381-5387, 1 December 2018. 8



LUNA | Performance Improvement

Temperature from RMSF @ 8.749m vs Time

- When the fibers primarily sense with A e G e
fundamental light, OFDR can be E Y AN i
performed. Sl - \\ e

- Defects must be added to the highly 2
crystalline sapphire structure (lacks g
random scatter points). 3

) —
Fast neutron damage (not yet confirmed)
Non-neutron random damage (Enhanced :
Raylelgh’ OXIdatlon’ etc) 00 1(I)O 260 360 4(I)O 560 6(I)0 TLI)O 860 900
Continuous Bragg gratings (LUNA proprietary Time (minutes)
Sp@lelC&tlonS) o Tgmpergture frpm RMSF vs Il)istancl:e D_Tempefrature vs RM§F Spectral S_hift @ §.749m_
Fabry-Perot or other tuned response sensing o —Tmax™ 25 | |
structures ool ™ erae T

- Performance characterized beyond £ e £

13000C |‘]—L=3 400 = -I::::;gig ;%'3500'
ool === T = 1301 °Cle B
| aeeiEE — o . .
e e - M



LUNAC | Bent Fiber Index Fluid Tests

No Cladding Sapphire
No Index Fluid Fluid Before Bend Fluid After Bend

Pre-Irradiation Post-Irradiation Post-Anneal 2
< No Index Fluid




LUNA | Permanent Mode Removal Methods

The Happy Accident

Aluminum oxyhydroxide
surface defect

‘J\ o 1

I i
S
L

i g, ]
h Vi Ul "‘\,.f“"’mr L

MJ.Wf

Intentional formation of
Aluminum oxyhydroxide
surface defect at <600°C

L https://patents.google.com/patent/W02021211195A1/en?0g=W02021211195A1
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LUNA - | Thanks to the team members involved

with this work

 Luna Innovations

+ S. Derek Rountree, O. John Ohanian, Andrew Boulanger, Dan Kominsky

* The Ohio State University

- Tom Blue, Joshua Jones, Kelly McCary, Tony Birri, Brandon Wilson

 University of Pittsburgh
- Kevin Chen, Chu Wang
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LUNA | Conclusions and Next steps

- There are significant advancements occurring in the field of optical fiber sensing,

making the technology more useful as an alternative to more traditional sensing
methods (thermocouples and strain gauges).

- Items being addressed in 2022 and 2023 via DE-FOA-0002555 Award # TBD —

“Scaled Reduced Mode Sapphire Fiber Production Towards High Temperature
Radiation Resilient Sensors”

- Removal of cladding modes

- Appropriate splicing to Si-SMF
- Connectorizing RMSF

- Reduction of production cost

- Production of significant quantities of RMSF (order 10 meters)

13
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LUNA | Questions / Action ltems
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ldaho National Lab ML
May 31, 2022 aho National Laboratory

70 YEARS OF SCIENCE & INNOVATION
9:45 am — 10:00 am

SINGLE CRYSTAL SAPPHIRE FIBER SENSING
Technology & Outlook

Gary Pickrell, Anbo Wang, Daniel Homa
Virginia Tech
Center for Photonics Technology

Blacksburg, VA 24061
pickrell@vt.edu, awang@vt.edu, dan24@vt.edu
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Overview

Center for Photonics Technology

Optical Fiber Waveguide Sensing

Acoustic Fiber Based Sensing

Future Outlook

Sapphire fibers
v
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Center for Photonics Technology

Focused on innovation in fiber optics, fiber
optic sensors, and harsh environment sensors

« Dedicated to development and commercialization of
next generation sensing technologies

« 40 faculty, staff and students

Wide array of facilities and specialized equipment

« Commercial scale fiber optic draw tower

« Laser heated pedestal growth system (LHPG)
* Fully automated glass working lathes

- Femto-second laser micro-machining system

“Systems approach” to the development of
fully-integrated complete sensing systems

Extensive track record for the deployment and
field testing of next generation harsh
environment sensing systems

C Pﬂ [T VirginiaTech

CENTER FOR PHOTONICS TECHNOLOGY Invent the Future




SELECTED SAPPHIRE RELATED
OPTICAL FIBER SENSOR TECHNOLOGY
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Single Point Sensors

PRESSURE, TEMPERATURE, STRAIN

 Temperature sensors
« Fabry-Perot cavity directly fabricated on the

sapphire fiber tip
- Demonstrated performance up to 1600°C
 Pressure sensors 1065

« Monolithic sapphire Fabry-Pérot (FP) cavity

« Adhesive free; reactive ion etching used in
conjunction with direct wafer bonding

105

104.5

£
+  Demonstrated performance up to 1.34 MPa g " mm
©
e Strain Sensors
O Experimental Data
- Extrinsic Fabry-Pérot interferometric strain ot T _oymomial Fiting 1
sensors based on the white light interferometric 1025 . . . .
. . Q 250 500 750 1000 1250 1500
spectrum demodulation technique. Temperature (°C)

- Demonstrated resolution of 0.2 microstrain

Yang, Shuo, Ziang Feng, Xiaoting Jia, Gary Pickrell, Wing Ng, Anbo Wang, and Yizheng
Zhu. "All-sapphire miniature optical fiber tip sensor for high temperature measurement."
Journal of Lightwave Technology 38, no. 7 (2019): 1988-1997.
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Distributed Temperature Sensing

RAMAN BACKSCATTER

Standard
1400 r deviation /
1200 F 3.0338 3.1368
37131 31315
g 1000 F 3.4678 4.9308
= 4.103 3.5343
% g00t 4.5927/ 2 3228
E". 4.112:3./ 3.5052
= goot 3.083 p 3.5247
e 31052 42534
3.5230 3.5211
2001 3.1515 3.1818 + Temperature-rise
. + Temperature-fall
45177 4.2505 — Curve fitting
3,448 4.5433
D i y i i 1 Il
0 0.05 01 015 0.2
Raman Ratio

Normalized AntiStokes (a.u.)

08¢
0.6}
045

0.2}

-l.'l.%.

AntiStokes VS Temperature

Joint
reflection

—224°C
——433°C
—632°C
——826°C
—1020°C

1216 °C

1 1.5 2 25
Distance (m)

Liu, Bo, Zhihao Yu, Cary Hill, Yujie Cheng, Daniel Homa, Gary Pickrell, and Anbo Wang. Sapphire-fiber-
based distributed high-temperature sensing system, Optics letters 41, no. 18 (2016): 4405-4408.




Reduced Mode Sapphire Fiber

FABRICATION AND MODAL CHARACTERIZATION

Fiber Diameter
A 66 um 58 um

783nm

983nm




Fiber Bragg Gratings

Low MoODAL VOLUME SINGLE CRYSTAL SAPPHIRE FIBER: FABRICATION

Step 1. Point-by-Point FBG Fabrication

Step 2: Hot-Wet Acid Etching

Pulse Chain,ﬁepA_M

Index

Matching Qil
Moving, v
«—

A=vlfir ) 000

Diameter (pm)

Glass Shield

140

1204

-

(=}

o
!

80
60

40

204 ® Measured Points
‘ Linear Fitting

0

Glass Shielded
Thermocouple

Heating
Elements

Glass Container

lllllll T T av: B & % 5 %5 % X

5 0 5 10 15 20 25 30 35 40 45 50
Time (hour)




Fiber Bragg Gratings

Low MODAL VOLUME SINGLE CRYSTAL SAPPHIRE FIBER: PERFORMANCE

Intensity (a.u.)

400 1 1 1 1 1 1 v 1 v
300 [ d=125pum |
200 | ]
100 L ]
oL ! . L .
600 1 1 1 1 1 1 v 1 v
d=50pm

450 |
300 [
150 [
O ! L L L L L

600

450 [
300 [
150 [

of

400

300 |
200 [
100 [

o

HMhermodeég

1510

1520 1530 1540 1550 1560
Wavelength (nm)

1570

1580

Reduced modal volume
improves FBG peak fidelity

1590

Bragg Wavelength (nm)

1590

1585-
1580-
15?5-
15?0-
1565-
1560-
1555-
1550-

1545

= Mode1
e Mode?2
Fitted Curve

0 200 400 600 800 1000 1200 1400

Tempearture (°C)

Demonstrated to temperature
of 1400°C ; ~26.5 pm/°C

Yang, Shuo, Daniel Homa, Gary Pickrell, and Anbo Wang. Fiber Bragg grating fabricated in micro-
single-crystal sapphire fiber, Optics letters 43, no. 1 (2018): 62-65.
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Technology Maturation

FIELD TRIAL DEPLOYMENTS AND EASE OF USE

1200

1000

800

(%)
L
2
2
© 600 A
Q
a
£
&
400 - —-~Thermocouple
—--FBG1
--FBG2
200 A —--FBG3 W Ll T pphire Fiber Bragg
R Basicy | Advanced setogs |
0 T T T d
0 20 30 40 50

Time (Days)

Real time monitoring on mobile device (iPad)

Sensing System

Next sampling will be In (s): (252 | [10/25/2018 150538

Yang, Shuo, Daniel Homa, Gary Pickrell, and Anbo Wang. Fiber Bragg grating fabricated in micro-
single-crystal sapphire fiber, Optics letters 43, no. 1 (2018): 62-65.
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Acoustic Fiber Sensing

TECHNOLOGY OVERVIEW

12

Sensing via fiber Bragg gratings
(AFBGS) on a single mode
acoustic fiber waveguide (AFW)

Equally spaced “nodes” are
inscribed in the AFW

Time-division spectral
interrogation scheme can be
employed for fully-distributed
sensing on a single fiber.

AFBG central frequency position
shifts proportionally to external

perturbations (temperature, strain,

pressure and corrosion)

Can be implemented on a wide
array of materials

Function
Generator

High power High power
amplifier  switch

Acoustic
ﬂ transducer )
\ Acoustic
Oscilloscope Low noise Wigh speed waveguide
amplifier switch
_)/
0 00O

Forward propagation

Back d tt
AFBG reflection g ackward sca enng

- -

Excitation
| ” signal

, AFBG
reflection

Amplitude (mV)
Amplitad

| | Circuit
| oscillations




Acoustic Fiber Bragg Gratings

FEMTO-SECOND LASER INSCRIPTION

13

Inscribed via femtosecond laser

micromaChining System Fabricated notches
- Scan laser focus around the waveguide to Focused FS beam

create “notches”

- Translate linear stage at a distance that
corresponds to AFBG period

High frequency (~3.4 MHz) SCS

AFBG sensor
« |nscribed via a femtosecond laser 20/
« 250 pum SCS fiber 10

« 20 nodes: period of 1.57 mm
«  Depth/width: 12 pm/60 um

-10 }

Amplitude (mV)

20 f
_30 }
40 |

-50 . .
20 220 240

Enlar eq

AFBG

260 280 300 320 340 360
Time (us)
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Central Frequency {kHz)

AFBG Temperature Sensing

TEMPERATURE RESPONSE AND LONG TERM STABILITY

- E P P
B
o

w
o
T

Full system integration and calibration up 1100°C
Long Term Stability Testing: >240 hrs @ 1100°C

0

4426 :
1100°C
N 442.4
g . ,/
> )
© 4422 [ 1 ‘ ]
5 l
=
g "
WL 44271 1
o
% i
O 4418 1
rSensitivity: 18.37 Hz/C (1000-1100°C)
4‘41.5 1 L ' 1 L
: : : : : : 0 50 100 150 200 250 300
200 400 600 800 1000 1200

Elapsed Time (h)

Temperature (OC)

iy C Pﬂ [T VirginiaTech
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Technology Maturation

SUCCESSFUL DEPLOYMENTS AND EASE OF USE

« User friendly interface
- Labview environment -
« Sensor diagnostics |
* Monitoring mode

« “Deployable” complete system

» Interrogator components available
from National Instruments

» Next generation custom components . -~~ u....... e
« Utilize higher quality commercially - Excation & Reflsction oo
available electrical components —.+..-.—.—-—-___-—-—.
- Enhance coupling between el feesfore Sl e
transducer and acoustic waveguide | } |
« Application-specific packaging A : M.
: el .




Performance in Nuclear Environment

GAMMA RADIATION EXPOSURE: AFBG & OFBG SENSORS

« Irradiation performed at Oak Ridge National Laboratory

High-intensity gamma ray field (~3-4x10% rad/hr) using a J.L. Shepherd irradiator which
contains 60Co (1173 keV and 1332 keV gamma rays) cylindrical sealed sources.

« “Single crystal sapphire OFBG and AFBG sensors

« Continuous sensor interrogation for over 40 days
Non-interrupted, “hands-off’ operation

[T VirginiaTech

Invent the Future

16




Performance in Nuclear Environment

GAMMA RADIATION EXPOSURE: OFBG & AFBG SENSORS

3000 T v T v ' 847.7
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Overview and QOutlook

Optical Fiber Sensors
« Wide array of single point sensors (pressure, temperature, strain)
- Distributed temperature sensing via Raman backscatter
« Multiplexed measurements via FBGs

Acoustic Fiber Sensors

- Fabricated AFBGs in single crystal sapphire fiber

« Developed fully integrated temperature sensing system

- Demonstrated performance up to 1200°C
Demonstrated performance of AFBG and OFBG based sensing
systems in high gamma radiation environments

Technology Development/Outlook

- Optimize and refine sensor configurations and interrogation systems

» Collaboration with experts to fully evaluate sensor performance in
selected nuclear radiation environments
« Collaboration with experts to identify best fit applications
Develop fully integrated monitoring system

Deployment and field trial testing @ C PT* & VirginiaTech

OOOOOOOOOOOOOOOOOOOOOOOOO Invent the Future
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LHPG for Growth of Functional Ceramic Oxides and
Machine Vision Methods for Process Monitoring and Control

(seed-fiber)

Presenter: Prof. Paul Ohodnicki Fiber pull

Authors: Dolendra Karki?, Edward Hoffman?, Shengye

Molten
Dong?, Victoria Schmotzer?, Suraj Mullurkara, B. Liu?

- Zone
Dept. of Mechanical Engineering and Materials Science,

aUniversity of Pittsburgh, 3700 O’Hara St, Pittsburgh, PA, USA

Source
rod feed I

Source/feed rod
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B. Liu, P. R. Ohodnicki,
) ) ) _ : “Fabrication and Application of Single Crystal
Applications of fibers of various refractory oxides Fiber: Review and Prospective”; July 2021
Advanced Materials Technologies
https://doi.org/10.1002/admt.202100125

« Sapphire (Al,O,) * YAG (YAl O,,) fibers
< High temperature sensors +%» Radiation Sensing . SC fibers of electroni
FBG, FPI , Raman scattering based . . . o IDErs ot electronic
o % Transmission response to incident radiation; materials
(Range up to 1400°C) Loss due to radiation is recoverable
broadband lght A . ] j o Lithium niobate LN ( LiNbO3)
HQE “ £ At ’ o Barium titanium oxide, BTO
: Cj :::tg"gg transfnit‘led light g Zi: (BaTiOB)
,e,.,e:',id ,igm)‘ L=2n.,A whereA - grating period Zj Vaddigiri, IEEE, 2006 1 f b f
o R e I P R Rre » SC fibers of magnetic
¢ Thin-film sensor based on Blackbody Time(sec) terial J
Radiation (Range up to 1880°C) ¢ Fiber-lasers materials materials
Sensor sapphire Fiber coier Quartz Fiber HR mirror
-\ - Laser diode Roc = 100mm .
o Ao o Yttrium Iron garnet, YIG
ot Single-crysial fiber (Y3F65012)
> o il -G~ _ ©=800pm — L=60mm — 0,5% at.
Grobnic et al, IEEE (2004), Yang et al, Opt Lett (2017), U1 L2 bichebic mirror 0.5 20%
Wilson, IEEE Sensor (2018) Martial, SPIE, 2011 Roc =100mm
PlTT ‘ g}/é/ﬁlglgcl)r]f\cl Ohodnicki Lab 2

Magnetic, Electronic & Photonic Materials & Devices Group
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LHPG growth dynamics

s Steady state growth factors of single crystal fibers of

constant diameter
«» conservation of mass,

|74 d
Td? Vfiber = md? Vsource rod |:> Z_ ( > )2 (

/

+* conservation of energy,

- dx dT 8T
Q.= Qrt Cn ApSAHfd AK(dx)z_AKs(Fxh

1000, ,
330) -

) = const.,
S

Q.- heat flux in the crystal away from the growth interface,

Q.- heat flux from the melt toward the interface,

Qs - latent heat of crystallization, A- area of interface, ps-density of solid,

AH; -latent heat, K, and Ks - thermal conductivity of the liquid and solid
(dT/dx)~ and (dT/dx): - temperature gradient in the solid and liquid respectively

/

% conservation of shape,
¢ = ¢
Where ¢, material constant, (Sapphire-12°, YAG- 8°, LiNbO,- 49)
[ —molten zone length = 3 * fiber diameter = diameter of feed rod

SWANSON
ENGINEERING

MECHANICAL & MATERIALS SCIENCE

Ohodnicki Lab
Magnetic, Electronic & Photonic Materials & Devices Group

PITT

Steady state conditions

Grown single crystal
fiber-diameter (Dy), Vf
Pull speed (vy)

1. Balanced mass transfer

1 42 _1_ 42
Z“d Viiber P = Z“d Vsource—-rod P

(e =(). )
Vi ~1 — 2 mm/min

(irov_vth_/frEezi_ng_intErfa_ce 2. Balanced heat transfer

1 Qa =01 +Qn

+
Ql Qm 3. Stable molten-volume shape
Molten Zone * (D)steady state = Po
[ — length l (I) Sapphire-12°, YAG- 8°, LINbO,- 4)
¢ - meniscus angle 1 ~3%D; ~ D

v

Source/feed-rod
iameter (Dg)
ull speed (vs)



LHPG system design: conventional vs simplified design at U. Pitt.

Conventional design

Top
rotation
motor

Power
meter

CO, Laser

Alignment
LED

Old design

Fiber guiding tube
@0.8mm

Parabolic mirror
$75mm
Laser ring
$67.5mm

PITT | SWANSON

Reflaxicon

Seed fiber

R AT
4

Parabolic
Mirror

mirror

|
|
|
|
Elliptical |
|
|
|
|

Bottom
rotation
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Focusing optics

Axicons + turning mirror +
paraboloidal mirror

Beam expander + 90
degree off-axis mirror

built Customization Off-the-shelf
Alignment DOF 27 18
Beam profile Ring/Donut shape (axially Gaussian/flat top (axially
symmetric) asymmetric)
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Simplified design

Fiber guiding tube
©0. 8mm

Parabolic mirror
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Laser beam
& 30mm
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ZEMAX simulation of candidate LHPG set-ups
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Machine vision approach of process control during single crystal fiber
growth via laser heated pedestal growth method, D Karki, E Hoffman,

LHPG Chal |engeS D Shengye, VT Schmotzer, B Liu, PR Ohodnicki, Fiber Optic Sensors
and Applications XVIII 12105, 57-66 (2022).

Main factors inducing diameter fluctuations Control schemes

Floating zone meniscus held by surface tension effect
prone to instability due to perturbations :
Power meter feedback loop (power

O Laser power fluctuations (Z£4-5% in medium cost ||| meter, Laser, Volt/current input/output
CO, lasers) controller device)

[ Guide tubes, Camera inspection from

O Fiber-pedestal and laser beam misalignment )
top and sideways

Machine vision cameras, fiber diameter
feedback loop to vary the pull & feed
speed

 Perturbations in fiber-pull and pedestal speeds |

O Air current induced and other vibrations ||| > air-tight enclosed chamber, Helium gas fill,
vibration damping optical bench etc.
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https://scholar.google.com/citations?view_op=view_citation&hl=en&user=ArzyBs8AAAAJ&sortby=pubdate&citation_for_view=ArzyBs8AAAAJ:An6A6Jpfc1oC

CO,-laser power stabilization via PID feedback loop

Laser power increases ~ linearly with PWM duty cycle
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CO,-laser power stabilization via PID feedback loop

22.5 51
CO,-laser power log over 6 hrs CO,-laser power log over 4 hrs
(PWM voltage duty cycle 30%) 50 (PWM voltage duty cycle 95%)
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Machine vision approach of process control in LHPG

MR~
o |
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B | J402.846 ‘ T — T200715 N
LabVIEW machine vision
In-situ
« Diameter tracking and measurement Molten plume

 In-situ molten zone contour tracking and volume estimation
» Molten zone height/length tracking and measurement
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Machine vision approach of molten zone volume monitoring
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Machine vision approach of molten zone volume monitoring
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LHPG growth parameters and optimizations

Closed loop PID control (fiber diameter control)

« Calculates error value = setpoint (SP) - measured process variable (PV)
« applies a correction to the controller output based on proportional (P), integral (1), and
derivative terms (D)
Calculate control actions

OO Drive motor 1

and multiply each by Error

Machine vision camera

add up all 3 Seed-Fiber (e ) )
_” P Pull speed bl (lmage processmg)
l
(subtract PV l . [ e
from SP) + >
Error | ; Controller Source rod Seed fiber = | '
N ® Output : —
Target | Feed rod —) 493.149
diameter W T
- D Laser power u a
( molten zone Volume) Fiber diameter
and/or
PV Measured process variable(PV) Molten-zone
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https://en.wikipedia.org/wiki/Proportional_control
https://en.wikipedia.org/wiki/Integral
https://en.wikipedia.org/wiki/Derivative

Conclusive remarks on progress towards LHPG process control

« ZEMAX simulation revealed the uniform intensity distribution in
conventional set-up and non-uniform intensity distribution in Univ. of Pitt.-
LHPG set-up

» CO, laser power controlled within =% (0.5- 0.8)% down from =*=(3-4)% as
received In commercial lasers

« Machine-vision approach implemented to quantify the molten-zone
volume and height

* Future work
Employ molten-zone volume and height as manipulated/control variable towards
growth of SC fiber with constant fiber-diameter and low loss
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LHPG of Functional Oxides: Congruent and Incongruent Melting

Incongruently melting Congruently melting
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LHPG of Functional Oxides: Congruent and Incongruent Melting

Incongruently melting Congruently melting
Typical NIR transmission spectrum of  q gjy|G transparentin ~ NIR transmission spectrum of Sapphire / YAG
Ce:YIG/BLYIG NIR to IR >1um
100 Transmission Uncoated Sapphire
wavelengths
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3 60 | u
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M. Huang et al. Appl Phys (2002)
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Ceramic Powder Processing for Feedstock Materials of YIG Oxides

Powder processing for Y1G feed-stock preparation
2Y ;Fe.0,,=~>3Y,0, + 5Fe,0,

3.5 ratiO X ®  Fe2 03; Iron OXTL(Z’QSO—QNS

Fe5 Y3 O12; Iron Yttrium Oxidel
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Ceramic Powder Feedstock Characterizations of Phase / Composition

SEM/EDS characterization of sintered Y1G pellets Element Weight% MDL  Atomic %
I = . - 2 0K 38.44 0.12 68.85
BS ag Spotl | ek som 045 045 | = Fe,04
ZrL 2.22 0.24 0.70

3.YUK

- Element Weight%  MDL  Atomic %
OK 33.70 0.20 68.05
472K
FeK 36.55 0.71 21.14
413K
- YL 2975 0.28 10.81
2k —> YIG-phase
2.36K
Fe
177K ‘
1.18K
0.59K Fe
0.00K:
0.00 1.00 2.00 3.00 400 5.00 6.00 7.00 8.00 9.00

Det: Octane Elite 25

Element Weight % MDL Atomic %

O K 34.50 0.28 73.99
FeK 4.88 0.55 30— ZrO,
SpOt 3 YL 21.07 0.25 8.13 contamination
ZrL 39.54 0.60 14.87
AT
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Ceramic Powder Feedstock Characterizations of Phase / Composition
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Ceramic Powder Feedstock Characterizations of Phase / Composition

VSM measurements (M vs T)

VSM measurements (M vs H loop) Saturation magnetic moment 14.026 emu/g
" YIG (Y,Fe;0,,) ( within the range reported in literatures)
= 20 - _
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YIG Hysteresis, sintering 1500 C, 12 hrs Curie Temperature ~600 K Cortés-Escobedo et al (2013)
(literature 580K)
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https://www.scirp.org/journal/articles.aspx?searchcode=Claudia+A.++Cort%c3%a9s-Escobedo&searchfield=authors&page=1

Y1G fiber growth via LHPG

Stable laser power controlled via PID feedback loop

~ 1.5 mm length grown

- Rectangular feed rod
(Imm by 0.5 mm cross-
section )

ZrL

I AL Fe K

%, use case mode det curr HV  + spot mag= WD o HFW  bias tilt
13 Standard SE ETD 0.80 nA 15.00 kV 11.0 650 x 12.0351 mm 319 um -1000V 0.0 °
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Concluding remarks on LHPG efforts of functional oxides fibers

L Synthesized feedstock source materials for LHPG
O Material characterization confirmed the desired phase
O Short length fibers of congruently and incongruently melting oxides successfully grown via LHPG

O Needs further characterization/optimization for optical quality improvement

OO) e Continuation of the work
s secd fber Simplified design (1 Further optimization for optical quality

expander

/\ f .
—ﬁ Parabolic fiber growth
Mirror - 00.8mm . .
PO d EBSD, EPMA characterization

me_ter ) .
— Beam-combiner Feed Rod O Understanding of thermodynamics and
Laser S Mirtor kinetics of crystal growth

Bottom
Red LED motor
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