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Potential nuclear applications of optical fibers
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Local temperature 
measurements in an 

experiment simulating 
gas-cooled reactor 

core outlet mixing [7]

Sheath

Centering rods

Dense 
gamma-

absorbing tube

Insulator

Fiber optic 
temperature 

sensors

Heater 
wire

Distributed gamma 
thermometer (local 

power monitoring) [4]

Gas gap

Embedded fiber 
optic sensor for 

measuring pressure, 
corrosion, or 

acoustic emissions 
[5, 6]

[1] H.C. Hyer et al., Additive Manufacturing, 52 (2022), 102681.
[2] C.M. Petrie et al., Journal of Nuclear Materials 552 (2021) 153012.
[3] D.C. Sweeney et al., “Analog Front End Digitizer using Optical Pulse-Width Modulation for Nuclear 
Applications,” IEEE Trans. Instrum. Meas. (under review)
[4] A. Birri and T.E. Blue, Progress in Nuclear Energy 130 (2020) 103552.

Fiber optics embedded in 3D printed stainless steel (left) or SiC 
(right) for local strain or vibration monitoring [1, 2]

[5] D.C. Sweeney, A.M. Schrell, and C.M. Petrie, IEEE Trans. Instrum. Meas. 70 (2021) 1-10.
[6] C.M. Petrie, D.C. Sweeney, and Y. Liu, US Non-Provisional Patent No. US 2021/0033479 A1, Application No. 
16/865,475, published February 4, 2021.
[7] H.C. Heyer, D.R. Giuliano, and C.M. Petrie, Appl. Therm. Eng. 230 (2023) 120847.

Rad-hard Front End Digitizer (FREND) 
to transmit conventional sensor data 
through reactor containment over 
fiber optic cables to reduce noise in 
cabling [3]
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Light transmission

How do optical fibers work? What happens under irradiation?

I

λ

Compaction

DriftRadiation-induced Attenuation

Type II FBGs 
in F-doped 

fiber

Ge-doped fiber

F-doped fiber

C.M. Petrie and D.C. Sweeney, 
“Enhanced backscatter and 
unsaturated blue wavelength shifts 
in F-doped fused silica optical fibers 
exposed to extreme neutron 
radiation damage”, J. Non-Cryst. 
Solids 615 (2023) 122441 
doi.org/10.1016/j.jnoncrysol.2023.12
2441

Temperature 
shift
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What problems are we trying to solve?

What caused the
large drift we see during 

irradiation?

Do we understand 
radiation-induced 

structural changes in 
SiO2?

Are sapphire fibers an 
option in-core at 

>1,000°C?
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It takes a long time to understand the results from complex HFIR or ATR 
irradiation experiments

FY20 FY21 FY22 FY23 FY24
Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4

WIRE-21 experiment design Fabrication Assembly Irradiation Data analysis Modeling/testing/PIE
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Hypothesis: Coating decomposition + radiation-induced compaction 
resulted in significant compressive strain on the fiber

Fiber

Polyimide/acrylate coating

Glassy carbon?

Fiber

Step 1: Thermal and/or 
radiation effects

Fiber

Step 2: Radiation-induced coating 
compaction causes fiber 

compression

Fiber

Moisture

Coatings are necessary to protect the 
fiber during handling

Common assumption: Polymeric 
coatings are too weak to affect the fiber 

or they burn off

Polyimide/acrylate coating
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Polyimide and acrylate coatings thermally decompose in air at 
temperatures of ~400°C or below and turn matte-black

As-received As-received

300°C 100 h

350°C 10 h

400°C 10 h

450°C 5 h

500°C 5 h

550°C 10 h

250°C

300°C

350°C

400°C

450°C

500°C

Polyimide (PI) coating Acrylate (AC) coating
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Just because there is a matte black (carbon?) coating, doesn’t mean it 
can transfer strain to the fiber
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Under inert conditions, both coatings form glassy carbon (GC)…

Acrylate (AC)

GC

Nuclear 
graphite

800°C

1000°C

Polyimide (PI)

800°C

1000°C

1300°C

GC

Nuclear 
graphite

Toward glassy carbon, 
potential graphitization

D1
G
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…and remain well-adhered to the fiber

PI, 800°C, inert

PI, 1300°C, inert
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Models predict that glassy carbon compaction can induce strains that 
generally match WIRE-21 fiber optic shift data
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Let’s just remove the coating! …
Doesn’t entirely solve the problem

Te
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rif

t (
°C

)

Coating 
effects

Inherent to 
SiO2
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C.M. Petrie and D.C. Sweeney, “Enhanced backscatter and unsaturated blue wavelength 
shifts in F-doped fused silica optical fibers exposed to extreme neutron radiation damage”, 
J. Non-Cryst. Solids 615 (2023) 122441 doi.org/10.1016/j.jnoncrysol.2023.122441

P.F. Kashaykin et al., “Radiation Resistance of Fiber Bragg Gratings
under Intense Reactor Irradiation”, Bull. Lebedev Phys. Inst. 50 (2023) 
S322 doi.org/10.3103/S1068335623150071
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What problems are we trying to solve?

What caused the
large drift we see during 

irradiation?

Do we understand 
radiation-induced 

structural changes in 
SiO2?

Are sapphire fibers an 
option in-core at 

>1,000°C?
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Radiation-induced compaction in fused silica is more complicated than 
we realized: The models do not capture all the physics

Synchrotron XRD: Changes in short-
range order, pending pair distribution 

function analysis



19

Si atom
O atom

Raman: Irradiation changes ring structures and Si-O-Si angles

5+ 
member 

rings

O-Si-O 
symmetric  
stretching 

modes

Stretching of bridging 
O bonds between 

large rings

Animations taken from: 
https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Supplemental_Modules_(Physical_and_Theoretical_
Chemistry)/Spectroscopy/Vibrational_Spectroscopy/Vibrational_Modes/Number_of_Vibrational_Modes_in_a_Molecule

Si-O-Si bending 
of various ring 

structures

4 
member 

rings

3 member 
rings
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Same sample, different area (heterogenous): Nanocrystalline Si

Incomplete story, needs more detailed analysis of Raman & XRD spectra
Si atom
O atom

5+ 
member 

rings

O-Si-O 
symmetric  
stretching 

modes

Si-O-Si bending 
of various ring 

structures

4 
member 

rings

3 member 
rings

Stretching of bridging 
O bonds between 

large rings
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Are sapphire fibers an 
option in-core at 

>1,000°C?



22

What about sapphire? Will that solve our problems and allow operation 
at even higher temperatures?

C.M. Petrie et al., “Optical transmission and dimensional stability of single-crystal 
sapphire after high-dose neutron irradiation at various temperatures up to 688°C,” 
Journal of Nuclear Materials 559 (2022) 153432.

95°C: a-SiO2

688°C: a-SiO2

95°C: α-Al2O3

688°C: α-Al2O3

Sapphire 
optical fiber

FPC

FBGs

Pyrometer

Fuel rod images adapted from http://jolisfukyu.tokai-sc.jaea.go.jp/fukyu/mirai-
en/2010/img/honbun/6-4.jpg

http://jolisfukyu.tokai-sc.jaea.go.jp/fukyu/mirai-en/2010/img/honbun/6-4.jpg
http://jolisfukyu.tokai-sc.jaea.go.jp/fukyu/mirai-en/2010/img/honbun/6-4.jpg
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Hypothesis: Rayleigh scattering from radiation-induced voids caused 
excessive attenuation at high dose and high temperature

C. Kinoshita and S.J. Zinkle, “Potential and limitations of ceramics in terms of structural 
and electrical integrity in fusion environments,” Journal of Nuclear Materials 233–237 
(1996) 100–110.

Fast neutron fluence (n/m2)

Te
m

pe
ra

tu
re

 (K
)

This
work
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We found voids! But it turns out they can’t explain the attenuation…

σ𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 =
8𝜋𝜋
3

2𝜋𝜋𝑛𝑛𝑚𝑚𝑚𝑚𝑣𝑣
𝜆𝜆

4

𝑟𝑟𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣6 𝑚𝑚2 − 1
𝑚𝑚2 + 2

2

𝑂𝑂𝑂𝑂𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 =
𝑁𝑁𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣σ𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

ln 10

6 orders of magnitude
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We were wrong, but only because we picked the wrong microstructural 
feature (dislocation loops)!

σ𝑙𝑙𝑣𝑣𝑣𝑣𝑙𝑙𝑣𝑣 =
8𝜋𝜋3𝑟𝑟𝑙𝑙𝑣𝑣𝑣𝑣𝑙𝑙𝑣𝑣4

𝜆𝜆2
∆𝑛𝑛
𝑛𝑛𝑚𝑚𝑚𝑚𝑣𝑣

𝑂𝑂𝑂𝑂𝑙𝑙𝑣𝑣𝑣𝑣𝑙𝑙𝑣𝑣 =
𝑁𝑁𝑙𝑙𝑣𝑣𝑣𝑣𝑙𝑙𝑣𝑣σ𝑙𝑙𝑣𝑣𝑣𝑣𝑙𝑙𝑣𝑣

ln 10

c - basal loops

a 
- p

ris
m

 lo
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s

cavities
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What caused the
large drift we see during 

irradiation?

Do we understand 
radiation-induced 

structural changes in 
SiO2?

Are sapphire fibers an 
option in-core at 

>1,000°C?

Summary and conclusions

Chris Petrie
Group Leader, ORNL
petriecm@ornl.gov
https://www.ornl.gov/staff-profile/christian-m-
petrie

Questions?

Radiation-induced 
coating dimensional 

changes
No… Needs 

more 
analysis

No…

mailto:petriecm@ornl.gov
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