
IMPACT

Logical Path: Through optical frequency-domain reflectometry and intracavity self-
mixing effects, physical parameters of molten salts can be accurately measured in both 
reactor vessels and flow loops using diode lasers. Using advanced dual-pulse laser-
induced breakdown spectroscopy (LIBS), this project will develop a stand-off laser 
chemical sensor with detection sensitivity better than 10 ppm to measure dissolved 
metals such as Ni, Cr, and Mn, which are directly connected to molten-salt-induced 
corrosion of pressure vessels.
Outcomes: This project would produce low-cost laser sensing instruments that can 
perform highly accurate and real-time measurements of level, flow, and metal impurities 
for molten salt reactors that were not possible before. The success of this project will 
provide nuclear industry engineers and national lab scientists with a set of powerful 
sensor tools to harness real-time data crucial to the safe and efficient operation of 
molten salt reactors. Through concerted and collaborative R&D efforts with national lab 
researchers and an industry leader in MSR technology, this project will drastically 
improve the technology readiness levels of proposed optical sensors and sensor 
instrumentations to reach TRL5. 

OVERVIEW

Purpose: This project will develop integrated stand-off optical sensors to perform 
coolant levels, flow rate, and metal impurity characterization in real time to ensure the 
safe and efficient operation of Molten Salt Reactors (MSRs). Using a single radiation-
harden fused silica rod as the optical port to remotely access reactor cores or flow 
loops, this project will develop integrated stand-off optical sensors to perform coolant 
levels, flow rate, and metal impurity characterization in real time to ensure the safe 
and efficient operation of Molten Salt Reactors.

Objectives:
1 – Optical Frequency Domain Reflectometry (OFDR) Lidar Technology for Coolant 
Level Monitoring and vapor profile measurements: 
2 – Laser Doppler flow velocity sensing based on diode laser self-mixing technology
3 – Laser Induced Breakdown Spectroscopy (LIBS) for metal impurity measurements

RESULTS

Results:  
1. We completed the first milestone and performed a detailed numerical analysis on OFDR 

LidAR performance amid mode hopping. The results show that liquid-level sensing at the 
molten salt conditions can be achieved within 1-mm accuracy even with random mode-
hopping as long as the mode-hopping does not change the overall wavelength scanning 
ranges. These results have been submitted to the IEEE Sensor Journal. 

2. 2. We have developed a VCSEL control circuit board that can effectively control tunable 
VCSEL with a scanning rate of 100kHz. The device performance has been validated by 
continuous scanning operation during a period of two days. 3. We have started to construct a 
simulated flow loop to perform flow measurements using OFDR LidAR. 4. We visited Kairos 
Power to discuss potential on-site works. 

Accomplishments:
1. Qirui Wang, Guangyin Zhang, Kehao Zhao, Jieru Zhao, Shuda Zhong, and Kevin P. 
Chen, “Real-Time Spatial resolved Smoke Detection with OFDR LiDAR”, to be 
presented in CLEO 2024. 
2. Qirui Wang, Nageswara Lalam, Ruishu Wright, and K. P. Chen, “Analysis of mode 
hopping impacts on OFDR sensing performance,” Submitted to IEEE Sensor Journal. 
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Previous NEET Accomplishments 
Reel-to-Reel Sensor Fabrication at the University of Pittsburgh

Femtosecond Reel-to-reel  fiber writing setup
 180-fs laser. 
 Fabrication of up to 1km of fibers. 
 Point-by-point writing: Flexible.
 Through fiber coating fabrication.
 FBG, distributed, IFPI arrays.
 High-T stable distributed sensors. 
 Sapphire and silica fibers. 
 Develop a process to inscribe fiber sensors in metal-coated 

fiber and then recoat it. 

 Four rounds of MITR test up to 10^22 fast n/cm^2



Previous NEET Accomplishments 
Reel-to-Reel Sensor Fabrication at the University of Pittsburgh



High-Temperature Stable Multiplexed Fiber Sensors

 Up to 25 high-temperature stable FBG arrays can be fabricated in hydrogen-resistant 
optical fibers. 

 Packaged sensors in 316H SS tubing with polymer coating removed. 
 Each sensor is pre-annealed and calibrated. 
 Armored cable lead for field deployments. 
 Hermetic connector rated for 250C. 
 Packaged fibers can be repeatedly heated with consistent performance. 
 Optimal operational temperature < 750C and 1018 fast-n/cm^2



High-Temperature FBG Sensor Instruments Made in Pittsburgh 

• Fully-integrated instrument (8, 16, 32, 64 
channels)

• USB, EIP, wireless data communications.
• 5-kHz sampling rate (over total channel #). 
• Fully compatible with Rockwell PLC

The key is the algorithm! 
• Three algorithms to ensure accurate sensor 

demodulation. 
• Interrogate both FBG and IFPI arrays.
• Background data screening and validation. 
• Can simultaneously interrogate up to 1280 point

sensors. 
• The world's first fully calibrated fiber sensors 

(Guaranteed at up to 650C). 
• Aiming for full calibration at 850C. 
• Made in Pittsburgh.  



• Completed immune to EM noises
• Radiation harden
• Straightforward calibration.
• Full PLC integrated – Fiber in the Loop

• One-fiber, 25 sensors vs. 50 lead wires – 25
sensors.

• Testing on Kairos ETU2.0 scheduled for 2025

First Field Test: Molten Salt circulation loop



Objectives and Tasks

Task 1 – Optical Frequency Domain Reflectometry (OFDR) Lidar Technology for
Coolant Level Monitoring:
• Robust, response time, and reliability
• Radiation resilience, multi-function
• On-site testing and performance evaluation at Kairos ITU1.0 and ORNL TTF

Task 2 – Laser Doppler flow velocity sensing based on diode laser self-mixing technology
• Clean and simple technology
• Insensitive to radiation. 
• On-site testing and performance evaluation at Kairos and ORNL.

Task 3 – Laser Induced Breakdown Spectroscopy (LIBS) for metal impurity 
measurements
• Wide applicability: molten salts and other relevant species (e.g., Xe)
• Portable instruments 
• Sensitivity improvements
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OFDR Features
• Weak Rayleigh backscattering

Fiber Cladding

Fiber Core
Incident 

Light Weak 
Backscattered Light Transmitted Light

Ultra weak Rayleigh backscattering in a telecom fiber.

Current Solution: high-performance TL
• Wide tuning range (80-110 nm)
• Narrow linewidth (kHz level)
• High linearity
• HIGH instrument costs

$31K $36K

Commercial TLs (80-110 nm) used in OFDR.

$1-2K

A DFB laser (1 nm).

• Use a tunable laser (TL) as light source,
wavelength tuning (>20 nm)

• High spatial resolution
(20 nm 40 µm, 80 nm 10 µm)

• Optical frequency sweeps linearly

• Narrow linewidth (long sensing range)

Exploration: OFDR with a low-cost distributed feedback (DFB) laser (1-nm range, 1-MHz linewidth)

Applications: free-space LiDAR (distance) & in-fiber distributed sensing (strain)

Task 1: OFDR for Molten Salt
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OFDR 
System Main Interferometer

Real-time sensing

Auxiliary Interferometer
Linearize tuning Reference Arm

Short & fixed path

Measurement Arm
Long & variable path

Schematic of a free-space OFDR LiDAR system.

TL: Tunable laser
PC: Polarization controller
AT: Attenuator
COLL: Collimator
PD: Photodetector
DAQ: Data acquisition
DUT: Device under test FFT

Spatial
domain

Optical 
frequency 
domain

1-nm laser

Measurement Arm

Time DelayTime Delay

Free-Space OFDR LiDAR Distance 
Sensing – System Overview
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Inconstant beat frequency. Spatial-domain signal before nonlinearity corrections.

Free-Space OFDR LiDAR Distance Sensing –
Nonlinear Sweep 
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Schematic of an auxiliary interferometer.
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Free-Space OFDR LiDAR Distance Sensing –
Nonlinear Sweep 
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Current Modulation

Range: 1549-1550 nm (125 GHz)
Sweep Rate: 100 nm/s Collimator & glass cuboid on a motion stage.

∆z = 1.2 mm ∆z = 0.8 mm

Multiple 
Reflections

∆z = 0.8 mm

Spatial Resolution ∆z
Free Space: 1.2 mm (refractive index n = 1)
SMF/Glass: 0.8 mm (refractive index n = 1.5)

Free-Space OFDR LiDAR Distance Sensing –
Experiments
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Distance sensing with a tilted surface (60-degree angle). Molten salt level sensing at 900℃.

60°

Free-Space OFDR LiDAR Distance Sensing –
Nonlinear Sweep 
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The OFDR LiDAR setup for airborne particle detection.

Spatial distribution 
of vapor at 0.5m

Spatial distribution 
of Vapor at 1.5m

+2-10 dB

+2-6 dB

-10.5 dB

-14.8 dB

Collimator

Collimator

Wall

Wall

Free-Space OFDR LiDAR Distance Sensing –
Vapor and Level Sensing
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V1.0 V2.0 V3.0

Embedded
Collimator

Protection

Argon

Free-Space OFDR LiDAR Distance Sensing –
Instrumentation and Insertion 



Update

Complete the first milestone – Task 1
• Milestone 1 - Numerical studies of DFB laser diode mode-hopping impacts on LIDAR 

Performance. 
• Published one journal paper and one conference paper.
• Look ahead to experiment for molten salts here at Pitt (coating effect and potential laser 

removing scheme) then move to Kairo power (level sensing) and ORNL

Planning for field works. 
• Visited Kairos Power in February to schedule a field test later this year. 
• Visited ORNL on Nov 15 to perform field work and discuss further experiments.
• To visit Kairos for experiments. 

Instrumentation Design. 
• Complete validation of VCSEL control circuits. 
• All functions fully tested 



Mode-hopping Impact on OFDR Lidar

• Pittsburgh Super Computer Simulation.  
• Mode-hopping will incur less than 1-mm error (10-meter sensing length) for distance 

measurements, if the overall wavelength tuning range stays the same. 



Sensor Test at Kairos and ORNL

TTF Liquid Metal Facility 
Kairos Salt Facility



Task 2: Laser Doppler flow velocity sensing with 
laser self-mixing technology
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• Simple to implements.
• Very low ADC rate ( 10 cm/s up to 10 m/s). 
• Extremely low instrumentation cost
• Radiation-harden fiber lead can mitigate radiation-induced damage



Task 2: Laser Doppler flow velocity sensing with 
laser self-mixing technology

• Simple to implement.
• Very low ADC rate ( 1 mm/s up to 10 m/s). 
• Extremely low instrumentation cost
• Radiation-harden fiber lead can mitigate radiation-induced damage



Task 2: Laser Doppler flow velocity sensing with 
laser self-mixing technology

• Simple to implement.
• Very low ADC rate ( 1 cm/s up to 1 m/s). 
• Extremely low instrumentation cost
• Radiation-harden fiber lead can mitigate radiation-induced damage



Task 2: Laser Doppler flow velocity sensing with 
laser self-mixing technology

• ORNL flow loop and Kairos ITU testing facility. 
• Simple to implements.
• Very low ADC rate ( 10 cm/s up to 10 m/s). 
• Extremely low instrumentation cost
• Radiation-harden fiber lead can mitigate radiation-induced damage

Optical Port

Laser

Flowing 
Molten Salt



Task 3: LIBS for metal impurity Sensing

Schematic diagram of a typical LIBS systemLIBS applicable fields



Task 3: LIBS for metal impurity Sensing

• Explore the limit of LIBS through laser-plasma interaction engineering. 
• Portable LIBS instrumentation development for on-site testing. 

7Pint, Bruce, et al. Corrosion of 316H Stainless Steel in Flowing FLiBe (LiF-
BeF2). No. ORNL/SPR-2022/2492. Oak Ridge National Lab.(ORNL), Oak 
Ridge, TN (United States), 2022.



Task 3: LIBS for metal impurity Sensing

• Explore the limit of LIBS through laser-plasma interaction engineering. 
• Portable LIBS instrumentation development for on-site testing. 

• Complete instrumentation 
• Laser controlled via 

• USB port (PC)
• Bluetooth (Android/Apple cellular phone)
• Stand-alone (via internal single-chip 

computer)

Controller Box



Task 3: LIBS for metal impurity Sensing

• Explore the limit of LIBS through laser-plasma interaction engineering. 
• Portable LIBS instrumentation development for on-site testing. 

Miniaturized laser can be 
external triggered 

<6-ns time jittering

20-mJ output pulse energy

Gate delay: 1 µs

Gate width: 10 µs

Accumulation: 30



Laser Induced Breakdown Spectroscopy (LIBS)

• 50-ppm detection Xe in air using a single-pulse LIBS. 
• Expected to reach sub-ppm with dual-pulse scheme.
• Developing a machine-learning algorithm to determine the existence of elements, which can be further 

refined to quantify the elements. 



Task 3: LIBS for metal impurity Sensing

• Miniaturized Dual Pulse Laser
• Improve to 100 mJ – level
• Samples provided by ORNL and Kairos
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Schedule

 Year 1 Year 2 Year 3 

4 8 12 16 20 24 28 32 36 
Task 1.0: OFDR Lidar sensors for coolant level sensing          

1.1 – Lab sensor R&D, modeling of mode-hopping effects            

1.2 – hardware and software developments          

1.3 – Working with ORNL and Kairos for LSTL/ITU testing          
Task 2.0: Development of Laser Doppler flow velocity 
sensing based on diode laser self-mixing technology.  

         

2.1: Laboratory studies, testing and function validation          
2.2: Design sensor hardware and software.           
2.3: Working with ORNL and Kairos for LSTL/ITU testing           
Task 3.0: Laser Induced Breakdown Spectroscopy Sensor 
for molten salt impurity detections 

         

3.1: Laboratories studies of single- and dual-pulse LIBS to 
determine detection limit.  

         

3.3: LIBS sensor testing and validations at LSTL or ITU for field 
validation and potential capability demonstration using ETU1.0 

         

Final Reports          

 



Q&A

• Thank you! 
• Question?

Kevin P. Chen
pec9@pitt.edu or pchenc@gmail.com

Tel. 724-612-8935


