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Mission: UPISC Seeks to Pursue Research and Innovation, Workforce Development, and 

Technology Transfer in the Area of Critical Infrastructure Sensing and Monitoring

Natural Gas, Oil, & H2 Transport & Storage

Electricity Grid Transport & Storage

Civil (Road, Bridges, Water)

Conventional & Renewable Generation



University, Lab, Industry, and Government Partnerships are Necessary to Maximize Impact

Objective of UPISC Workshop : Community and Partnership Development



How Do We Define a Sensor?

A Sensor is a Node Providing Information About a System That 
Must Be Accessed and Acted Upon to Produce Value…

Attributes Example Metrics and Qualities

Cost Per Unit 
Information Per Node Total Installed Total Installed w/ 

Communications

Information Content Single 
Parameter Multi-Parameter Big Data

Geospatial Attributes Point Multi-
Point Line Area Volume

Telemetry and 
Communications

Wired 
(Electrical) Wired (Optical) Wireless

Power Requirements Wired Battery Harvesting Passive

Cybersecurity Risks Local Data Use 
Only Direct Data Transmission Distributed Data 

Transmission



What Attributes are Most Important for Applications?

Example : Natural Gas Pipelines, Electrical Transmission Lines

Attributes Example Metrics and Qualities

Cost Per Unit 
Information Per Node Total Installed Total Installed w/ 

Communications

Information Content Single 
Parameter Multi-Parameter Big Data

Geospatial Attributes Point Multi-
Point Line Area Volume

Telemetry and 
Communications

Wired 
(Electrical) Wired (Optical) Wireless

Power Requirements Wired Battery Harvesting Passive

Cybersecurity Risks Local Data Use 
Only Direct Data Transmission Distributed Data 

Transmission



What Attributes are Most Important for Applications?

Example : Electrical Assets in Distribution System

Attributes Example Metrics and Qualities

Cost Per Unit 
Information Per Node Total Installed Total Installed w/ 

Communications

Information Content Single 
Parameter Multi-Parameter Big Data

Geospatial Attributes Point Multi-
Point Line Area Volume

Telemetry and 
Communications

Wired 
(Electrical) Wired (Optical) Wireless

Power Requirements Wired Battery Harvesting Passive

Cybersecurity Risks Local Data Use 
Only Direct Data Transmission Distributed Data 

Transmission



Enabling Technologies: UPISC Scope Encompasses all Aspects of Critical Infrastructure

Sensing Spanning Enabling Technology, Hardware, Communications, Data, and Analytics.

Optical Fiber Sensing Passive Wireless Sensing

Physics Based
Machine Learning & AINovel Sensing Materials Digital Twin Models



“Attributes” of Passive Wireless Sensors

Optical Fiber Sensors are of Particular Interest for a Range of Infrastructure Monitoring 
Applications (Stability, Reliability, Harsh Environment Compatibility, etc.)

Attributes Example Metrics and Qualities

Cost Per Unit 
Information Per Node Total Installed Total Installed w/ 

Communications

Information Content Single 
Parameter Multi-Parameter Big Data

Geospatial 
Attributes Point Multi-

Point Line Area Volume

Telemetry and 
Communications

Wired 
(Electrical) Wired (Optical) Wireless

Power Requirements Wired Battery Harvesting Passive

Cybersecurity Risks Local Data Use 
Only Direct Data Transmission Distributed Data 

Transmission



Wireless Sensors and Internet of Things (IoT)
Wireless Sensors:

• Dominate most IoT applications.

• Collect data about local environment 
and wirelessly transmit

• Simple circuitry, small power, and low 
level of maintenance

• Sensors are the end devices and are 
indispensable enablers of IoT. • Wireless Passive sensors overcome 

need for local power

• Telemetry is a primary challenge.

• Emerging 5G Wireless Networks



Passive Wireless Sensors
Oscillating Circuit Sensors

Li et al., Sensors 2015, 15, 13097

RFID Antenna Tags

Ohodnicki et. al., Sensors 2017, 17, 801

Cui et. al., Sensors 2019, 19, 4012

Acoustic Wave Sensors

Telemetry for Wireless Passive 
Sensors

Read Range

Antenna Gain
Thermal Noise
Insertion Losses
Radiated Frequency
Radiated Power

Examples of Various Passive Wireless Sensor Platforms



“Attributes” of Optical Fiber Sensors

Optical Fiber Sensors are Also of Particular Interest for a Range of Energy Infrastructure 
Monitoring Applications (Stability, Reliability, Harsh Environment Capability, etc.)

Attributes Example Metrics and Qualities

Cost Per Unit 
Information Per Node Total Installed Total Installed w/ 

Communications

Information Content Single 
Parameter Multi-Parameter Big Data

Geospatial 
Attributes Point Multi-

Point Line Area Volume

Telemetry and 
Communications

Wired 
(Electrical) Wired (Optical) Wireless

Power Requirements Wired Battery Harvesting Passive

Cybersecurity Risks Local Data Use 
Only Direct Data Transmission Distributed Data 

Transmission



Optical Fiber Sensors
Point Sensors (FBG, FPI) Point Sensors Evanescent, Fluorescent

J. Bonilla et al., Sensors 2019, 19, 1759 (2019)

Quasi-Distributed / Multi-Point Distributed Optical Backscattering Based
- Rayleigh Scattering
- Raman Scattering
- Brillouin Scattering

Examples of Optical Fiber Sensor Types and Modalities Including Distributed Sensing

https://hittech.com/de/portfolio-posts/noria-the-fiber-bragg-grating-manufacturing-solution/ A. Sharma, J.Gupta, R. Basu, Optics & Laser Technology, 98, 291 (2018)

P. Lu et al., Applied Physics Reviews 6, 041302 (2019)

https://hittech.com/de/portfolio-posts/noria-the-fiber-bragg-grating-manufacturing-solution/


Optical Fiber Sensors and Sensor Networks
Optical Fiber Sensors:

• Signal transmission medium and sensor are integrated

• Elimination of sensor node power and electronics

• Compatible with “distributed” sensing

• Harsh environment compatible

• No need for local power

• Cost tends to be a primary challenge for 
distributed sensors.

• A broad range of energy applications envisioned.Distributed Sensing Over Different Length Scales
P. Lu et al., Applied Physics Reviews 6, 041302 (2019)



Example Major Project: ARPA-E REPAIR “Innervated Pipelines” (2021 - 2022)

Metric State of the Art Proposed

Deployed Fiber Optic 
Sensor Cost Per km

>$5000 / km, 
external to pipe

< $500 / km, 
internal to pipe

Deployed Internal 
Coating Cost

Does Not Exist < $500 / m

Guided Wave 
Acoustic NDE

 

Identify and Locate Defects 
With Artificial Intelligence

In-Situ Repair, Coating and 
Sensor Embedding with Robotic 

Deployable Cold-Spray

Proposed Targets

Distributed Fiber Optic Sensing

(Grant #DE-AR0001332) - $1M



Example Major Project: DOE NEUP “Nuclear Canister Monitoring”  (2021 – 2024)

radius:

torsional:

axial:

(Grant #NU-21-PA-PITT-040101-05) - $800k (Federal)

15 psi

150 psi

Quasi- / Fully Distributed Sensing

Active Leak DetectionEarly Corrosion Onset Detection Physics Based Modeling + AI Classification



Example Major Project: DOE SETO “Rural Distribution Asset Monitoring” (2022 – 2025)

Low-Cost
Sensor

q PV inverters 
q EV chargers 
q BESS 
q AMI 
q Line CT,PT
q Digital relays

Publicly 
Available 

Data

q Weather
q Irradiance
q Satellite Image
q Google View
q Traffic Pattern

1

Data Collection 
& Aggregation

Data 
Analytics

Integration 
w/ DSO/TSO Affordability 

Retrofitability

Resiliency

Data Storage

Privacy

2 3

1 Low-Cost Sensor

• Lower cost by 20%
• Plug-n-play
• Waveform up to 50th harmonic

2 Data Collection & Aggregation

• IEC 61850 compliant
• Heterogeneous data
• Scalable to million nodes

• Time Synchronization
• Missing data inference
• Data cleaning
• Anomaly Detection

3 Data Analytics

• BTM PV power estimation within 5% error
• Solar hosting capacity and new installation study 

Customer Value

• Optical fiber
• Virtual inverter sensor
• Passive wireless resonator sensors

(Grant # DE-EE0009632) - $2.8M

DOE EERE SETO 
Program Management

Project PI: 
Prof. Paul Ohodnicki

University of Pittsburgh

Task #4: Integration, 
Validation, and 

Demonstration Efforts:
McHann (NRECA)

Task #2: Data Collection, 
Aggregation, and Treatment: 

McHann (NRECA)

Task #3: Distributed and 
Hierarchial Data Analytics 
with Multi-Modal Sensing:

Miller (NRECA)

Project Co-PI: 
Dr. Emma Stewart

NRECATask #1: New Low-Cost Sensor Research, 
Development, and Demonstration:

Ohodnicki (Pitt)

Low-Cost Fiber 
Optic Sensors:

Ohodnicki (Pitt)

Low-Cost Passive 
Wireless Sensors:

Langlois (SNL)

Inverter Nodes as 
Virtual Sensors:

Bhattacharya (NCSU)
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a) b) c) 

Low-Cost Multiparameter
Optical Fiber Sensors

Passive Wireless 
Resonator Sensors

Inverter Hardware as 
Virtual Sensors

Commercial Micro-Phasor 
Measurement Units



Fiber Optics + Acoustics + AI / ML

Example Area of Capability : Distributed / Quasi-Distributed Fiber Optics + AI

Pipeline
Upstream fiber segment downstream fiber segmentDefectEcho of defect

Red line: defected pipeline
Blue line: healthy pipeline

Echo of defect when wave 
packet propagate through 

Sensor 1

Sensor 2

Excitation



Example Area of Capability : Novel Sensor Deployment, Validation, and Testing

Robotic Deployment Tool: Sensor Installation
• Self-Propelled, Remote Controlled
• Self- Contained Material Storage
• Mechanized Feed Systems

Sensor Testing in Applications:
• Electrical Assets (Transformers)
• Pipelines
• Electrical Cables

Field Validation of Sensor Technology

Medium Voltage (23kV/13.8kV) Transformer

Natural Gas Pipeline



Electric Power Technologies Laboratory

https://my.matterport.com/show/?m=p85qmPtaFxVirtual Tour of Medium Voltage Lab

Medium Voltage Features

§ 13.8kV, 4.16kV, 480V, and 208V AC 
voltage rails.

§ Rated to handle 5MVA of power capacity.
§ System is reconfigurable through Eaton 

reclosures to isolate parts of the lab OR 
create a ring architecture.

Notable Equipment Provided In-Kind
§ Eaton MITS, MV circuit breakers, reclosers, power transformers, 500HP motor drive, LV 

motor drives, and ground fault indicator (Donated by Eaton).
§ Emerson Ovation platform communicates with all major equipment.
§ All equipment installed by Sargent Electric. 

Contact:  Dr. Brandon Grainger
Email:  bmg10@pitt.edu

https://my.matterport.com/show/?m=p85qmPtaFXx


Example Area of Capability : Low-Cost Optical Fiber Probes, Interrogation, and Telemetry

Functional Sensor Layers and Low-Cost Sensor Devices

Low-Cost Light Source and Fiber Optic Interrogator



Heterogeneous Growth of UiO-66-NH2 on Oxidized Single-Walled 
Carbon Nanotubes to Form “Beads-on-a-String” Composites

• Composites combine porosity with the electrical 
conductivity.

• DFT calculations to investigate heterogenous MOF 
growth on carbon nanotube sidewalls.

• Characterization of the interaction between CNTs 
and MOF metal precursors. 

• Potential application as chemiresistor sensor.

Improved sensing response toward DMMP

N2 isotherm, I-V 
curve and liquid 
gated FET 
characteristic 

Contact:  Dr. Alexander Star
Email:  astar@pitt.edu



Single Crystal Fiber Based Harsh Environment Sensing
Refractory Functional Single Crystal Fibers:

v Point sensors- FBG and FPI based

v Quasi-distributed sensors
(FBG and Raman scattering based)

v Radiation Sensing 
v Transmission response to incident radiation;

Vaddigiri, IEEE, 2006

Example Area of Capability : High Temperature, Radiation Stable Sensor Technologies



Example Area of Capability : Quantum Sensing Integrated w/ Robust, Practical Platforms

Quantum Sensing Materials and Quantum Physics:
• Nanodiamonds
• Quantum Optics
• ODMR
• Microwave + Optical
• All-Optical

Rugged, Practical Quantum Sensors



Quantum Sensors @ Pitt
Gurudev Dutt, Dept. of  Physics

ü Phase estimation algorithms1
ü Sub-shot noise scaling of sensitivity2

ü Single spin dual-channel lock-in magnetometer3
ü Geometric phase measurement in single spin 

qubits4

ü Nanoscale electron spin resonance of 
molecules5

ESR of single Cu spins on diamond 
surface

ZHANG, GHOSH, SAXENA, AND DUTT PHYSICAL REVIEW B 104, 224412 (2021)

(a) (b)

FIG. 5. (a) Experimental DEER spectrum from NV2 using τ = 6 µs spin-echo sequences while scanning the drive pulse frequency over
other frequency ranges. The magnetic field used was B = (114±2.5, 0, 163±2.5) Gauss and remains nearly constant in all the remaining DEER
experiments. The insets show zoomed in scans near the resonances at fdeer = 810 MHz and fdeer = 1104.5 Mhz. The drive pulse width for
the left inset is 130 ns, while the drive pulse width for the right inset was 380 ns. Red curves are Lorentzian fits. (b) Experimental DEER
spectrum from NV2, using two different lengths of spin-echo sequences τ = 1 µs and τ = 6 µs, respectively. The pulse width for the target
spin is 220 ns, and the π -pulse length is 20 ns. The red curve in top plot is a fit to the data using the same sinc-squared function used in Fig. 4,
while the red curve in the bottom panel is a Lorentzian fit.

repeatable dip shows up. If no dips are discovered in the
signal, jump to another frequency range, or change to another
pulse length and try again. (iii) Use the estimated center value
of the dip as the fixed driving frequency, and perform DEER
Rabi experiment to find the proper π -pulse length. (iv) Per-
form DEER frequency scan to get a better spectrum with high
contrast.

The results are shown in Fig. 6(b) for NV1. As described in
Sec. III A, the signal for the situation of a single target spin can
be calculated, and by varying the prefactor and the microwave
parameters, the theoretical prediction closely matches the ex-
perimental data. From the data and our model, we obtain the
expected values of the π and 2π pulse lengths as shown by the
red vertical lines. The observation of oscillations within one
π period, and the good fit to our model with a single target
spin, strengthens our interpretation that this signal is due to
a single Cu2+ electron spin. By contrast, the data with NV2,
which is expected to be deeper due to its longer coherence
time (T2 ∼ 6 µs), shows no oscillations, and is consistent with
sensing of a small ensemble of electron spins. Our model for
ensemble DEER gives a good fit to the data as shown in the
bottom panel of Fig. 6(c). However, another possibility that
we cannot totally rule out is that the data for NV2 arises from
a single target electron spin with coupling constant c ∼ 1 as
shown in Fig. 2(b).

In Fig. 7(a), we show the DEER Rabi data for NV2 at
the other two resonance peaks fdeer = 810 and 1104.5 MHz.
For completeness Fig. 7(b) also shows the DEER Rabi data
from another sensor NV (NV3). The low signal-to-noise ratio
for NV3 is typical for many of the NVs we observed in our
sample, possibly due to smaller coupling strength of target
electron spins near the sensor NVs. This possibility is further
discussed in Sec. V.

V. ANALYSIS AND DISCUSSION

The observed resonances could potentially arise from in-
trinsic defects in diamond such as the commonly occurring
P1 center. The P1 center Hamiltonian is given by [5,43],

HP1 = µB "B · ↔
gP1 · "S + "IN ·

↔
A · "S − gnµn "B · "IN − Pz(IN,z )2,

(15)
where "S is the electron spin operator for the P1 center with
spin 1/2, "IN is the 14N nuclear spin operator with spin 1,
gP1 is the axially symmetric g tensor of the P1 center gx =
gy = −2.0024, gz = −2.0025, µB is the Bohr magneton, the
hyperfine interaction tensor "A = diag(82, 82, 114) MHz, gn =
0.403 is the nuclear g factor, µn is the nuclear magneton,
and Pz = −5.6 MHz is the quadrupole field strength. Solv-
ing this Hamiltonian with our applied magnetic field B ≈
(114, 0, 163) Gauss where the z-axis is along the [111] crys-
tallographic direction of the NV and P1 center, we obtain the
expected positions of the peaks as ≈79, 188, 231 MHz. The
observed resonances in our experiment differ from these val-
ues significantly both in position and in the hyperfine splitting
between the peaks.

Similarly, the DEER signals arising from paramagnetic
dangling bonds on the diamond surface [39] would have reso-
nance frequency ∼560 MHz. Other intrinsic defects arising
from nitrogen centers such as the N1, W7, and P2 centers
all have similar g factors and hyperfine splittings as the P1
center with variations ∼10% (see Ref. [5] for a comprehensive
review). We cannot rule out of course all the other possible
intrinsic defects from transition metal ions which could give
rise to similar signals as we observed, but it seems unlikely
to appear in three different NV locations with slightly differ-
ent resonance frequencies. For instance, NV2 and NV3 data
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(a)

(b) (c)

FIG. 6. (a) Experimental sequence for the DEER Rabi experi-
ment. The frequency of the target spin driving pulse is fixed on DEER
resonance, while the pulse length is scanned. (b) (top panel) Experi-
mental DEER Rabi data from NV1, the pulse width and frequency for
NV1 is the same as in Fig. 4, the frequency for the drive pulse on the
target spin is 495 MHz. (bottom panel) Theory for DEER Rabi from a
single target spin using γeτλ(êB · êi ) = 5.8 and $ = 1.12 MHz. The
red lines mark the expected pulse lengths of the π and 2π pulses.
(c) Experimental DEER Rabi data from NV2, the pulse width and
frequency for NV2 is the same as in Fig. 5, the frequency for the drive
pulse on the target spin is 486.4 MHz. (bottom panel) Theory for
DEER Rabi from an ensemble of electron spins using the prefactors
2nc̄2

3 = 2.5 and $ = 2.2 MHz. The red lines mark the expected pulse
lengths of the π and 2π pulses.

was taken at nearly the same magnetic fields, but the DEER
resonance frequencies for the lowest peaks differ by nearly
60 MHz. As discussed below in Sec. V C, variations in the
angle of the principal axes for the Cu2+ ion with respect to
the magnetic field could account for these variations in the
observed DEER spectra. Interestingly, the DEER signals from
P1 centers as well as the dangling bonds of surface states on
diamond also tend to be broader than the resonances we have
observed here [25,39,44].

The observed DEER spectrum is not consistent with a
powder spectrum of Cu2+ ions commonly seen in high-field
EPR studies [30,45,46]. The linewidth we observed is also
much narrower than the DEER signals from nitroxyl group
or quantum sensing work carried out in Refs. [26,38]. If the
signals were caused by clusters of metal ion complexes coor-
dinated by chloride or other ligand molecules on the surface,
we would expect very strong dipolar interactions between
the spins which would cause significant broadening of the
linewidth. In a cluster, the broadening due to dipole-dipole
interaction arises from random orientation of the spins and the
anisotropy of the interaction. In single crystals, however, the
spins are well-aligned and at low concentrations the spectrum

is consequently narrow, while at higher concentrations dipolar
and exchange interactions can lead to broadened lines with
some narrow peaks [47–49]. We interpret the narrow and
difficult to measure DEER signals as possibly arising from
single Cu ions or small ensembles of Cu ions separated by
larger (≈2 − 10 nm) distances trapped in the polymer matrix.
Small nanocrystals of CuCl2 trapped in the polymer are an
alternate explanation but we have no independent confirma-
tion of such crystals. We hypothesize that the sample exists
in a heterogenous state with mixture of clusters of metal
ions, single or small ensembles of separated metal ions, and
possibly nanocrystals distributed randomly and trapped by
the polymer matrix. The clusters of metal ions would have
large dipolar broadening and be difficult to detect due to the
lower signal-to-noise ratio. The few single ions (or possibly
nanocrystals) that are close to the sensor NV would then give
rise to the narrow DEER signals we observe. In the sections
below, we analyze the Hamiltonian of the Cu2+ spin, compare
the simulations to the experimental results from DEER spec-
tra, and estimate the approximate sensing volume.

A. Density of target copper spins

To estimate the number of target copper spins in our sens-
ing volume, we assume the CuCl2 molecules are uniformly
distributed in the poly-L-lysine residuals. We can estimate the
volume of the poly-L-lysine deposited as 4.4 × 10−4 mm3.
Similarly, based on the volume of the CuCl2 crystals which
is less than one-tenth of the volume of the poly-L-lysine,
we can estimate that we have ∼0.5 nmol of Cu2+ ions, and
therefore the average number of Cu2+ ions per unit volume
as ∼0.6 spins/(nm)3, i.e., the volume per spin is ∼1.6 nm3.
The dipolar interaction between electron spins in copper at
that distance is ∼40 MHz which is small compared to the
hyperfine interaction, but non-negligible. Given the area of the
sample as ∼4 mm2, we can also estimate that the thickness of
the poly-L-lysine residuals as %100 nm in the working area
of the sample where we observe the signals.

B. Sensing volume

As discussed in Sec. III B, all electron spins from Cu2+

ions in the sensing volume contribute to the DEER signal.
Setting up the boundary of the sensing volume then depends
on our threshold of detectable signal, and the shape of the
boundary we choose. As shown in Fig. 2, the parameter nc̄2

determines the magnitude of the DEER signal, and we can
choose our threshold of detectability based on this factor. The
normalized DEER signal is plotted as a function of nc̄2 in
Fig. 8(a), and we see that the signal drops below 70% of the
maximum at nc̄2 = 1. Hence we choose this as our threshold.

Based on the theory of DEER we discussed in Secs. III A
and III B, all electron spins contribute to the parameter nc̄2 =∑

k c2
k as

|ck| = µ0γeh̄2τ

8π
· 1

r3
k

· |&eB · êi,k|. (16)

The last term varies due to the different directions for differ-
ent Cu2+ but typically will be of order unity. We therefore
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(a) (b)

(c) (d)

Diamond NV

10-20 nm

CuCl2

Pulses for 
target spin

Pulses for 
sensor NV

Kcps

FIG. 1. (a) Illustration of quantum sensing of CuCl2 molecules by an NV center which is ∼10 − 20 nm deep under the diamond surface.
The orange hemispherical region (not to scale) represents the sensing volume of the NV center. (b) Confocal image of implanted NV centers.
The diameter of the gaussian bright spots, representing single NV centers, is ∼300 nm. (c) Typical experimental sequence used in double
electron-electron resonance (DEER) with NV centers. The pulse sequence for the NV center is a spin echo sequence which is used for
detecting AC magnetic fields. When the pulse for the target electron spin is applied, the resultant change in the target spin causes an AC
magnetic field that is detected by the NV center. (d) Illustration of the theoretical model used for the derivation of the DEER signal from single
target spins on the NV center. Separate coordinate systems are used for the NV and target spins in the laboratory frame, and the unit vectors
êB, êi, êr are explained in the main text.

fields including the spin bath of 13C nuclear spins, as shown
in Fig. 1(c). The spin-echo pulse effectively acts as a filter
for only those fields that fluctuate at frequencies ∼1/τ where
2τ is the length of the pulse sequence [10–12]. By placing
another pulse to drive spin transitions in the target molecule
right at the midpoint we cause precession of the target spin,
and thereby a fluctuating magnetic field at the frequency of the
spin-echo sequence which results in a dip in the NV spin echo
signal [26,37–40]. This double electron-electron resonance
(DEER) pulse can be scanned in frequency and time to obtain
information about the target spin. As we will see later, for
experimental reasons, we typically use two DEER pulses: one
placed after the π/2 and the other after the π pulse of the
sensor NV pulse sequence, but the essential idea remains the
same.

Our diamond samples are 〈100〉-cut CVD electronic grade
diamond (Element Six) with specified low concentration of
native 14N (<1 ppb). The samples were implanted with 15N
ions at 14 keV energy and dose of 1 × 109/cm2 at a 7◦ angle
of incidence (INNOViON). Our stopping and range of ions
in matter (SRIM) and transport of ions in matter (TRIM)
simulations show average implantation depth to be h ∼ 20 nm
[41]. The samples were then annealed in a tube furnace with
a forming gas atmosphere (N2 and H2, 10 mTorr pressure) at
1000 ◦C for 2 h. The graphitization of diamond surface during
the annealing is removed by reflux in a triacid mixture of
1:1:1 sulfuric, nitric, and perchloric acid for an hour. A small
amount of water solution containing 100 nmol of CuCl2 is
mixed into 1 mL water solution with 0.01% concentration of

poly-L-lysine. A small droplet (∼5 µL) of the mixed solution
with Cu2+ target spins is dropped on the diamond surface with
the implanted NV centers. After drying out, the target spins
with poly-L-lysine residuals holding them in position are left
on the diamond surface.

The samples are placed in our confocal microscopy setup
for quantum magnetometry that is implemented with scanning
sample mechanism and is described elsewhere [42]. The dia-
mond is placed on top of a coverslip with a fabricated coplanar
waveguide, which is fabricated with photolithography and
metal deposition. A tiny amount of immersion oil is placed on
the cover slip prior to placing the diamond to fill the air gap
between the diamond and coverslip and provide higher resolu-
tion. A coverslip-corrected oil immersion objective (Olympus
UPLFLN100XO2) is used to focus on the diamond surface
and locate the NV centers. The coverslip is glued to a sample
holder mounted to a three-axis piezo nanopositioning stage
(MadCityLabs Nano-LP100). When we scan the position of
the sample mount, a fluorescence image of implanted sur-
face NV centers is obtained as shown in Fig. 1(b). Typical
lateral resolution of our confocal microscope is ∼0.3 µm,
while longitudinal resolution is ∼1 µm. We have observed
typical saturated photon count rates ∼1.3 × 105 counts per
second from a single NV center, because of the high numerical
aperture (NA) of the oil-immersion objective.

In DEER experiments, the microwave pulses to drive NV
centers and target spins are at different frequencies because
the zero-field splitting of NV center makes the Larmor fre-
quency of NV center different from typical electron spins
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Example Area of Capability : Novel, Advanced Optical Fiber Interrogation Techniques

Advanced Optical Fiber Interrogation

Sensing Fiber

Major Applications

Pipeline Power cable

Gas turbine

Transformer

Underground cablePerimeter security

Brillouin stokes- Strain/temperature

Rayleigh- Acoustics vibrations

Single Optical Fiber

Multi-parameter 
distributed fiber 

sensor interrogator 

Strain Temperature Acoustic 
vibrationsBackscattered Light 

Launched Light



NETL Sensor Technologies and Projects Overview

UPitt Infrastructure Sensor Collaboration (UPISC) 
2022 Workshop
August 25, 2022

Presenter: Ruishu F. Wright, Ph.D.
Research Scientist,

Technical Portfolio Lead
NETL CORE-Sensors Capability Manager

National Energy Technology Laboratory (NETL) 



Advanced Sensors for Energy Efficiency, Safety, Resilience, and Sustainability

NETL Sensor Expertise and Capabilities for Various Energy Systems

61

Nuclear: Core 

monitoring and  
molten salt 
temperatures for 

reactor fuel 

efficiency  & reactor 
safety 

SOFCs: Fuel 

concentration & 

temperature 
gradients for 

improved lifetime 

and efficiency

Turbines: Real-time fuel composition 

and combustion temperature for 

improved service life and efficiency

Pipelines: Monitor 

corrosion, gas leaks, T, 

acoustics to predict/prevent 
failures. NG, H2, CO2

Subsurface: Wellbore integrity, failure 
prediction, leak detection. Geologic 
storage of CO2, H2/NG, or abandoned 
wells.

Grid: Transformer, 

powerline failure 

prediction, fault detection, 
state awareness

G
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A
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O
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ENERGY DELIVERY & STORAGE

ü Monitor systems and conditions
ü Improve performance & efficiency
ü Enhance reliability & safety 
Ø Temp, acoustics, chemical,  gas, 

corrosion
Ø Composite nano-materials, thin films & 

fiber optics, sensor devices development

ECSSensor 
Platforms

Sensing 
Materials



Multiple Sensor Technology Platforms
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Multiple Sensor Platforms with Various Cost, Performance, and Geospatial Characteristics 
have been developed at NETL and via collaborations.

Advanced 
Electrochemical Sensors

Long-distance Distributed
Optical Fiber Sensors

Imperfectionsin fiber leadtoRayleigh
backscatter:

Rayleighbackscatterformsa
permanentspatial “fingerprint”along
the lengthof thefiber.

Passive Wireless Sensors

Wireless Miniature
Silicon Integrated Circuit 

(SiIC) Sensors

Geospatial  
Attributes Cost

Targeted  
Function

Distributed  
Optical Fiber  

Sensors

Linear Sensor

Adjustable  
Distance and  
Resolution

Cost Per Sensor
“Node” Low

Temperature, Strain,  
Gas Chemistry (CH4,  
CO2, H2O, H2, etc.)

Early Corrosion/pH
Detection

Passive Wireless
SAW Sensors Point Sensor Low

Temperature, Strain,
Gas Chemistry (CH4,  

CO2, H2O, H2, etc.)

Early Corrosion/pH
Detection

Advanced  
Electrochemical  

Sensor
Point Sensor Moderate

Water Content,  
Corrosion Rate, 

T, Pitting 
Corrosion

Wireless Miniature 
SiIC Sensors

Point Sensor Low pH and Chemical Sensing



Need for Real-time Monitoring and Leak Detection/Mitigation for Aging 
Natural Gas Infrastructure and New Demand for Hydrogen Transportation  

63

Ø Optimize Interrogation System (Range, Resolution, Cost)
Ø Early Corrosion On-Set Detection
Ø Methane or H2 Leak Detection & In-Pipe Gas Composition Monitoring

PHMSA Data:
NG Transmission Pipeline: 298,353 miles
NG Distribution Pipeline: 2,296,214 miles
Hydrogen Transmission Pipelines: 1,567 miles
Hydrogen Distribution Main Pipelines: 1 mile

DOE Office of Technology 
Transitions, Energy I-Corps,
Pipeline Sensor Team



Distributed Optical Fiber Interrogator Development
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• Multiple distributed optical fiber sensing platforms have been 
developed to enable structural health monitoring of  pipeline 
and other infrastructure.

• Multiple patents have been filed.

Technology Sensing 
Range

Spatial 
Resolution

Measurement 
Time Fiber Type Sensing Performance

Coherent Rayleigh 
OFDR m – km mm – cm seconds SMF Temperature, strain, vibration, 

chemical sensing 

Coherent Rayleigh 
OTDR km m seconds SMF Acoustic wave, vibration

Brillouin 
OTDR/BOTDA

> 100 
km cm – m minutes SMF Temperature, strain,

In-House NETL Distributed Optical Fiber Sensor Interrogators

OFDR

Φ-OTDR

BOTDA

A Multi-Parameter, Distributed Optical Fiber Sensor Platform Enabling Reliability & Resilience
Target Metrics = >100km Interrogation, <1m Spatial Resolution, <$1 per meter



Field Test of Distributed Optical Fiber Interrogator: 
Distributed Acoustic Sensing (DAS)
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Custom Phase-OTDR Interrogator Box

Top view Front view

Optical Fiber

NETL expertise in distributed optical fiber 
interrogators from system design, assembly, 
packaging, lab-scale, and pilot-scale demonstrations. 

Sensing range = >100 km;
Spatial resolution = <5 m;
Measurable parameters: 
strain, and temperature

BOTDA
Sensing range = >10 km;
Spatial resolution = <1 m;
Measurable parameters: 
vibration/acoustics

φ-OTDR/DAS

Frequency range= 1 Hz 
to 400 kHz;
Resolution= <1 to 2 Hz;

SMS

Flow rate monitoring Leak detection

Operating NG Pipeline

• Flow rate monitoring
• Leak detection
• Third party intrusion detection



AI-enhanced Distributed Optical Fiber Sensor Network
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Hybrid AI Framework: Multi-Physics 
Modeling + Machine Learning

Large datasets from DOFS network



Functional Sensitive Material Coating Enabled Gas Monitoring 
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Evanescent Wave Absorption 
Based Sensors

IT (l)= I0 exp[-ga(l)CL]

Porous Metal Organic 
Framework (MOF)

Micro-porous Gas 
Permeable Polymers

Gas adsorption in the sensor 
coating causes RI(coating) > RI(fiber),
inducing optical power changes. 

Functional Sensing Layer Integrated 
Fiber Optic CH4 Detection Limit: < 5% in N2

Linear 

Calibration

NETL Functional Materials Team with established expertise in materials development by design 
to functionalize different sensor platforms and enable gas sensing such as CH4, CO2, and H2.



Metallic film coated optical fibers

Early-stage Corrosion Detection

Corrosion can be detected and located along the optical fiber, which enables
distributive corrosion monitoring for long-distance infrastructure.

Optical Power Based Strain Based

-50
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Distance / m

Ni Coating Dissolution-induced Strain 
Changes

1 min 2 min 3 min
4 min 5 min 7 min
9 min 11 min 13 min

Region 
of mass 
loss

Water provides electrolytes for corrosion onset 

and is an indicator of potential corrosion.
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Passive Wireless Surface Acoustic Wave (SAW) Sensors
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• Passive, Wireless, Matured Devices
• Sensitive, Cheap Point Sensors
• Possible for Multi-Parameter Operation 

(Temperature, Pressure, Strain, Chemical 
Species, Corrosion etc.) 

• Ubiquitous Passive Wireless Sensors for Energy Infrastructure Monitoring
• Successful Demonstration of  Wireless SAW Gas Sensor
• SAW sensor Array Devices were functionalized for simultaneous monitoring of  CH4 and CO2

Wireless CH4 Sensing SAW Sensor Array for 
Multiple Gases

Simulation of Salinity Sensing Experiment in Aqueous 
phase



Wireless Telemetry for SAW Devices and Pipelines
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• Telemetry of wireless and passive SAW sensors 

is similar to radar operation.

• Low loss SAW devices and higher the radiated 

power to improve the range.

Various Approaches have been Designed and Field-Demonstrated to 
Achieve Wireless Interrogation of  SAW Sensors in Pipelines.

Read Range

• Antenna Gain
• Thermal Noise

• Insertion Losses

• Radiated Frequency 
& Power

Wireless Coupling:
SAW Device + EM Radiator/Receiver 

Long Range Telemetry and Interrogation

Demonstrated in the pilot-
scale test Inside a metal pipe 

for 70 meters (230 ft).

In-house Antenna Design and Fabrication:

Compact Meander DipoleCircuit Board Plotter



Electrochemical sensors for quantification of corrosion rates 
and environmental monitoring (humidity, water content, etc.).

Multifunctional Advanced Electrochemical Sensors
Conductivity & Corrosion Monitoring

Perforated Steel Plate

Platinum Wire
Electrodes Nafion

MembraneSteel Sample 
(Working Electrode)

Top View Side View

PTFE Body

Ø Capable of remote in-situ monitoring

Ø Capable of measurements in non-aqueous phases

Ø Easy to install

Ø Successful Field Test
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H2-NG Subsurface Storage Wells (SHASTA) 

Ø Subsurface H2, CH4, and pH monitoring

Ø Gas Leak and Wellbore Integrity Monitoring

Optical Fiber 
Sensor

A suite of technologies functionalized for chemical sensing 

of high priority parameters (pH, corrosion onset, etc.).

Sensor Technologies for Subsurface CO2 or H2-NG Storage
Wellbore Integrity Monitoring (SubTER) 

• Challenging harsh conditions in subsurface require reliable and durable sensor technologies.
• Applicable to abandoned wells, geothermal wells, and aquifer.



H2 Sensors for Hydrogen Infrastructure to Support Decarbonization
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H2@Scale

Pd Nanoparticle-Incorporated SiO2 Thin 

Film coated Optical Fiber Sensor

H2 Sensing from RT to 400 oC

Ref: Ohodnicki et al, Sensors and  
Actuators B 214 (2015)159–168.

Ref: Sun et al, IEEE Sensors Letters, 
Vol. 1, No. 5, October 2017.

Selective H2 Sensing with nano-
filter layer 

• Pd/SiO2 coated optical fiber H2 sensor demonstrated reversible sensitivity for a wide range 
of  H2 concentrations (100s ppm to 100%).

• H2 blend composition monitoring for operation and early-stage H2 leak detection for safety.

4% to 500 ppm H2

H2 Sensing in 99% Relative 
Humidity at Room Temperature
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pH Sensing Layer enabled Optical Fiber pH Sensors
Distributed Chemical Sensing

TiO2 coated pH OFS at 80°C

SiO2 coated pH OFS at room 
temperature

Polymer-based pH Sensitive 
Materials

Embedded in Cement and Field Test

In-situ chemistry monitoring to increase visibility and optimize operations 



BioMOF-sensitized Fluorescence Emissions from Rare Earth Elements (REE)

Portable Low-cost Photoluminescent Fiber Optic Sensors for 
Rare Earth Element (REE) and Critical Metal Detection

Low-cost Portable Sensor in Development

• Compact and Portable
• Low part-per-billion detection limits for a range of high value elements (rare earths, cobalt, aluminum)
• Quick analysis time ~3 minute.
• Significant cost savings versus current state-of-the-art ($20,000 vs. $180,000 for ICP-MS)
• Intended applications include process stream characterization for critical metals extraction, field-

deployable metals prospecting, and wastewater quality monitoring. 
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Fast Raman Gas 
Analyzer (RGA) for 
Real-time Gas Analysis
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Laser Induced Breakdown 
Spectroscopy (LIBS)

High-Temperature Plasmonic  
Films for Harsh Environment 
(700-900 oC)

Nanocomposite thin film 
for Dissolved Gas Analysis 
in Transformers

Novel cladded single-
crystal optical fiber for 
molten salt reactors 

Laser-heated pedestal growth

Raman Distributed  
Temperature Sensing 
Interrogator (up to 1200 oC)

Computational Modeling of 
Sensing Materials/Quantum 
Computation

A Variety of Sensor Technologies and Capabilities at NETL

NETL’s Science-based 
AI/ML Institute
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Reel-to-Reel Coating for 

Optical Fiber Sensors

NETL R&IC Facility: Sensor Preparation and Test Equipment

NETL has established capabilities and well-equipped laboratories to enable new sensor 
material and device research & development activities.

Custom Sensor Development Reactors

Custom Sensor Development Reactors Simulate:
àPower Generation and Combustion Systems

à Subsurface / Geological Environments
àPressurized Gas and Oil-Based Systems

Automated High Pressure High 
Temperature (HPHT) Reactors
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Summary
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• Multiple complementary sensor technologies are developed to leverage the advantages 

of optical, electrochemical, and microwave / wireless sensor platforms, to build an in-

situ, multi-parameter, distributed, and cost-effective sensor network.

• A wide range of sensing materials are developed to achieve high sensitivity, selectivity, 

and fast response, including MOF, polymers, metallic films, and nanocomposites.

• Sensing parameters: 

Gas: CO2, CH4, H2, O2, CO, and other gases;

Chemical: pH, corrosion, water condensation, ionic strength, salinity, REE;

Physical: strain, temperature, vibration, acoustic

• Artificial intelligence-enhanced sensor network with ubiquitously embedded sensors 

will ultimately achieve desired visibility across the critical infrastructure.

• Advanced sensors and materials for critical infrastructure and extreme high-T 

environments.


