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LSPM Lab. Systems and Photonic for Monitoring

LASERS PROCESSES & INNOVATIVE SENSORS
Advanced Photonic devices, Start up Myriad4Sensing
3D printing for photonic, Biosensing

Tranducers (PZT, Bragg, Rayleigh)

THE TEAM

30 RESEARCHERS
Lasers, OFS, Bragg, 3D printing for Photonic MM FOR HARSH ENVIRONMENT

Ultrasonic guided wave, Algorithm & Tomography h'T°, Radiations, Integration, Testing
Instrumentations, Embedded Systems, SHM 3rgies, Oil & Gas, Aero, Nuclear Energy, Defense

LSPM DATA PROCESSING FOR MONITORING/SHM

TEAM/EQU'PMENT Active/Passive Tomography, Acoustic Emission

High speed optical spectrum analysis (Bragg sensors)

MAIN EQUIPlVIENTS
3 PLATFORMS TOPICS

Sachems, FemtoBragg, TowerBragg

SACHEMS BEDDED INSTRUMENTATIONS
Acoustic Emission fiber-based system, Impact, DAQ, ) .
ronic and Embedded IA codes, Monitoring systems

FEMTOBRAGG |3 Laser Lass] N .
KrF, Co2, 4 femtos ->1030/800/515/400/266/248 nm R Eemmunicating sensors nodes

Txwo Photon Polymerization 3D printing system

TOWERBRAGG [CEA/CNRS/UNIV LILLE]
Draw tower, MCVD/OVD, Automated Bragg station MONITORING FOR ADDITIVE MANUFACTURING

In situ machine monitoring, SHM
Temperature/Strain/Acoustic, Metal/Ceramic/Glass
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Optical fibers : basics

Optical fibers are cylindrically-symmetric
Ultra-pure silica is the main material (refractive index (RI) ~1.46 [@1.55 pum]),
Fibers are also made from PMMA, PS, PC, fluoride, chalcogenide glasses, etc.

Waveguiding (in the core) provided by total internal reflection : Step index or Graded-Index (GRIN)

Waveguiding in Bragg photonic crystal is also possible, very exotic ...

Core doped with GeO,, P,O. (Rl 77)
Cladding doped with F or B,O; (RI N)

Buffer coating serves as protection against abrasion and shear stress
Usually in polymer (acrylate, polyimide)
Possibly carbon, metallic (copper, aluminum, gold) or ceramic (ormocer)
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Brief history of optical fibers

First experimental demonstration of optical fiber communication

(Charles Kao, George Hockham)

1970 20 dB/km A=850 nm First manufacturing of low-loss optical
fibers by Corning Glass Works using
the MCVD (Modified Chemical Vapor Deposition)

method
(D. Keck, R. Maurer, P.C. Schultz)

Those first large-core fibers were highly multimodal, imposing a strong limitation in data rate
(mode-dispersion limited)

First tentative to design optical fibers in the Near Infra-Red (NIR), in order to reduce loss C. Kao, G. Hockham,
Singlemode fibers (1990-2000) were designed to eliminate MD and increase data rate. Nobel prize 2009
1974 2 - 3dB/km A=1060 nm | ATT, Bell Labs

1976 0,47 dB/km A=1200 nm | NTT, Fujikura

1979 0,2 dB/km A=1550 nm | NTT

1986 0,15 dB/km A=1550 nm | Sumitomo

2002 0,148 dB/km A=1570 nm | Sumitomo

K.C. Kao, G.A. Hockham, Dielectric-fibre surface waveguides for optical frequencies, Proc. IEE, 1113(7), 1966, pp. 1151-1158.
@ D.B. Keck, R.D. Maurer, P.C. Schultz, On the ultimate limit of attenuation in glass optical waveguides, Appl. Phys. Lett. 22(7), 1973, 307-309.



SingleMode Fibers (SMF)

Core diameter = 2a ~ 9.2 um

Cladding diameter = 125 um (= 1 pum) N.B. : Polarization-Mode Dispersion (PMD) also plays a role
NA~0.1t00.12 (neglected at first approach)
l V~24
1.500 _ — : : «nl  « Core index
régienmonamode : DiSpersion equations «LP0l
moid LPn)
1.498 2%11
é +«1P31
e 1.496 «LP12
% g +LP4]
= -
g 1.494 1R
=
L «LP32
1.492 +~LPi3
1.490 «mn2 Cladding index

00 10 20 30 40 50 60 70 B0 S0 100
Normalized frequency V = (2n/L) a.NA 8




Transmission is strongly dependent on glass purity

Matiére ABSORPTION IMPURETES 1% d'énergie transmise  Trgnsmission at 1.55 pm
premiére VERRES (dans le proche infrarouge)
en dB/km Contenues
dans le verre sur .
BOUTEILLES| 2.000.000 10kg/tonne I> 1 cm
Bon
marche \ \
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Fiber transmission is also wavelength-dependent

Light loss in fiber is due to both absorption and scattering
Minimum of attenuation ~ 0.2 dB/km (at 1.55 pm)
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2nd QW 34 oW

Total internsic absorption

Visible spectium

g 106 |- 0.01
3 [
5 [
10° | ~
10° |
10° [ Rayleigh Scattering
[ Urbach edge
10-2 I 1
0.06 0.08 0.10 0.20

0.40

eaks absorption (OH)

Multi photon
absorption

b
e
- = e - - -
L 4

Wavelength (um)

1.4 1.6

0.60 0.80 1.00
Wavelength (pun)

2.00 4.00 6.00

J. Hecht, the story of fiber optics, Oxford, 1999
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Optical fibers for telecommunications (... and sensing)

Chromatic dispersion (CD)

Two contributions : material dispersion and waveguide dispersion

Material-induced dispersion is zero at 1.3 um (2" OW), — 17 ps/nm.km in SMF-28 fibers (@1.55 um)
CD may be compensated for by waveguide dispersion — dispersion-shifted (DS) fibers,

e.g. to cancel CD at 1.55 pum (3@ OW).

Standardized fibers : G651 (MM), G652 (CD 0 @ 1,3 um), ... G655/656 (DS @1,55 um), G657 (bend-insensitive).
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SMF made internet possible ...

ITU Grid in C-band : 1520.25 nm (197.2 THz) — 1577.03 nm (190.1 THz)

Dense Wavelength-Division Multiplexing (DWDM) : 100 GHz channel spacing (~0.4 nm)
72 channels in C-band, each carrying 10 Gbits/s coded data ... (720 Gbits/s)

Over a distance of 50 km or more ... (between each optical amplifier)

Since then, other bands were opened : C+L-band, S-band, etc ...

In fiber sensing, we use all devices and tools developped/standardized for optical telecommunications ...
(IEC 60793)

Initially anecdotic in the 80s, fiber sensing is now taking a significant part of the fiber market
OFS market share = 1.3 BUSD/year (continuous grow since 2000).

M.F. Bado, J.R. Casas, A review of recent distributed OFS applications for civil engineering SHM, Sensors, 21, 1818-1901 (2021)

@ (ITU : International Telecommunication Union, IEC : International Electrotechnical Commission) 13
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Optical fiber sensing - what makes them so attractive ?

— «  Small volume and mass
« EM/lightning insensitive

Fibre « Low loss (- 0,22 dB/km @ 1,55 pm),
_<  Remote sensing, up to tens of km (even more with EDFAS)
*  Flexibility,

«  Withstand high temperature, chemical & radiative environments,
« Passive sensing (no electronics in the sensor head), ATEX-compatible
\_ ° High strain/Temperature/Pressure range

High performance
Multi-parameter sensing
High capacity (WDM, TDM, FMCW, ...)

Readout

= Qptical sensing is used for monitoring in harsh environments,
in substitution to electronic devices (e.g. high T°, high EM fields)
= Qptical sensing provides distributed monitoring (several thousands of meas! points/fibre)
(typical optical feature).

= 2




Optical fiber sensing for monitoring in harsh environments

Fusion ITER
(© CEA)

Nuclear Power Plants
(NPP, © Andra)

Engines; turbines

(© pixabay.com) "

i’etrochemlstry, steel- making, etc.
(© Jplenio, pixabay.com)

Extreme temperatures
(cryogeny, ovens, process controls, etc.)
Geophysics

Composite structures
(© Stelia Aerospace Composites)

Oil & gas
(© J-R. Smenes Reite,

Wind turbines Tunnels -—
(© K.E. Lara, (© Eu—Tunconstruct, 1 Aerospace

pexels.com) erground’) B8 (© P. Borener, pexels.com)

Structural Health Monitoring (SHM)
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OFS may be classified into 3 categories

Unitary photo-writing Interferometry
TDM: Time Domain Multiplexing; PGC: Phase Generating Carrier; FBG: Fiber Bragg Grating; ~ nacked (temp. strain, pressure) Phase mask
Types of fiber sensor networks Bakecatiered LPG: Long Period Grating; FP: Fabry-Perot; IPFI: Intrinsic Fabry-Perot Interferometer; \ Draw tower (on line) photo-writing
Sc lsicgahte' EPFI: Extrinsic Fabry-Perot Interferometer; POF: Plastic Optical Fiber strain free of temp. influence
force

Point ; ) . [ acceleration (with mass)
2 i * specific pockoGing ¥ pressure

S Wy W Point or Quasi-distributed 5 o i o)

standard )
Quasi-distributed: ; ; : ; measurements — 2 FBGs @ 90

oS 3 FBGs @ 120° (Delta)
TR e

FBG + LPG
FBG + FP
tandem FBG + FBG IPFIl
o L Lo
Distributed ¢ — ¢ — ¢ — ¢ —) ¢ — ¢ - r FBG + Fresnel
Bragg (WDM, TDM, OFDR...) 2 FBG + mass (differential inclinometer)

edge filter

% filter (dispersion-compensation)
Distributed measurements

| a bending sensor
slante i linear edge filter
spectrometer
OTDR Quast-distibuted phase-shifted high resolution strain/temp. transducer
Rayleigh | POTDR 4{ high finesse passband filiter
1 OFDR = FMCW high temperature resistance (regenerated/chemical)
DAS very high temperature resistance (fs laser photo-writing)
Raman ors L
_@ pi-phase LPG
BOTDR Brillouin shift (temperature + strain) PG LPG + Fresnel at fiber tip
Distributed —(Brtllouln shift + A-Stokes line amplitude (temp. and strain) cascaded LPGs
BArbute Single source BOTDA L
PPP-BOTDA - TW-COTDR (Brillouin + Rayleigh shifts > Temp. and strain) Fabry-Perot EPFI
Brilloui BOTDA [ BOTDA + COTDR (dynamic gratings) —@
rillouin BOTDA + FBG bending
SF-BOTDA micro-bending
BOFDR / BOFDA (frequency tunable source) POF, crack sensing, losses vs strain
BOCDA half-coupler
T strain
L
o Linear bireftringence -
other transducers (OTDR, TDM, PGC...) -| birefringence -
OTDR: Optical Time Domain Reflectometry; POTDR: Polarization OTDR; DAS: Distributed Acoustic Sensor;
OFDR: Optical Frequency Domain Reflectometry; FWCW: Frequency Modulated Continuous Waves; circular birefringence - magnetic fisld
BOTDR: Brillouin OTDR; BOTDA: Brillouin Optical Time Domain Analyzer; PPP-BOTDA: Pre—Pulse-Pumping- voltage
BOTDA; COTDR: Coherent DTDR; jTW-COTDR: TunablelWa\.'elengt_h—COTDR; SF—BOTDA: Sweep Frequency- extrinsic sensors (crystal) | force
BOTDA; BOFDR: Brillouin OFDR; BOFDA: Brillouin Optical Frequency Domain Analyzer;
BOCDA: Brillouin Optical Correlation-Domain Analyzer. specific coating
etched fiber -
(P. Ferdinand, EWSHM 2014, Nantes, France)

17



SHM with OFS : Further reading

S. Abbas, F. Li, J. Qiu, A review on SHM techniques and current challenges for characteristic investigation of damage in composite material components of aviation
industry, Mater. Perf. Charact., 7(1), 2018, pp. 224-258.

M.F. Bado, J. R. Casas, A review of recent distributed OFS applications for civil engineering SHM, Sensors, 21, 2021, pp. 1818-1901.

R. Di Sante, Fiber Optic Sensors for SHM of aircraft composite structures: recent advances and applications, Sensors 15, 2015, pp. 18666-18713.

P. Ferdinand, The evolution of OFS technologies during the 35 last years and their applications in SHM, 7t Eur. Workshop on SHM (EWSHM), 2014, Nantes (France).
l. Garcia, J. Zubia, G. Durana, G. Aldabaldetreku, M.A. Illarramendi, J. Villatoro, OFS for Aircraft SHM, Sensors, 15, 2015, pp. 15494-15519.

A. Guemes, A., Fernando-Lopez, A., Renato Pozo, J. Sierra-Pérez, J., SHM for advanced composite structures: a review, J. Compos. Sci. 4(13), 2020, pp. 4010013.

J.M. Lopez-Higuera, L. Rodriguez Cobo, A. Quintela Incera, A. Cobo, Fiber Optic Sensors for SHM, J. Lightwave Technol. 29(4), 2011, pp. 587-608.

M. Majumder, T.K. Gangopadhyay, A.K. Chakraborty, K. Dasgupta, D.K. Bhattacharya, FBGs in SHM — present status and applications, Sens. Actuators A 147, 2008, pp.
150-164.

18
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White-Light Interferometry (1/2)

Broadband source — low coherence length (~ 10 um)

Interference figure appears
where time delay is compensated.

Broadband source Michelson interferometers (sensors)

(low coherence)

N,

@ A

e

Michelson interferometer
(readout)

P]L
A

L "

Interference pattern

vs mirror displacement

A, A, A

P. Ferdinand, Tech. De I'lng., R460, 2020

FIBER-OPTIC TRANSDUCER

SIGNAL CONDITIONER

P s Sim
i

------- e
Sensing interferometer
__________ Fiber optic coupler Light source
i N —— xS
: ;Z—. ’(‘;‘—”’ /;\; Fiber optic cable .
" Linear polarizers

\ Sensing interferometer path

length difference &, =247,

Focusing optics
|

Birefingent wedge ‘
i e

il

Readout
interferometer

( & Readout interferometer path X
length difference &~ Bd(x) 1>
Z ¥

photodector array

b 4

Linear

OPSENS, technical note, www.opsens-solutions.com 20



http://www.opsens-solutions.com/

White-Light Interferometry (2/2)

SOFO long-base extensometers (Smartec, first bought by Micron Optics, bought again by Luna)

— Absolute measurement
— Autocompensated temperature effects

But ... usually single point measurement

Base du capteur (25 cm a 14 m suivant modeéle)

g .'./

' Fibre sensible
a la température et aux déformations

-

>
Miroir mobile

t

}

Ampli Filtre  AD

B pE>—n—

Micro-

‘:\j
- ==,
= 7 l : ‘_3‘9

Fibre sensible Miroir

a la température seule en bout de fibre

controleur

Source DEL Photo-
Qym diode

4

(coherence multiplexing is strongly limited in capacity ...)

@ D. Inaudi et al., Low-coherence deformation sensors for the monitoring of civil-engineering structures, Sens. & Act. A, 44, 1994, pp. 125-130
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Fiber Bragg Gratings : basics

Source spectrum

(broadband)
A
Input signal : -
nput signa FBG #1 (R,, ) FBG #2 (R,, 1,) FBG #3 (Rs, As) Transmitted signal
[T T [T T, [T I
Reﬂected signal

Effective index

|
1\

2N,r¢ A
Bragg wavelength }\B = Zefr
LA A A m

\ Diffraction order
\\,\// T : WI (\‘. T "“WVVlI 1 Lhd

1
| ] e e P

1 e I 5 L0 O LS

=l B4k LG

(S|

L=1mm, L=3mm, L=7mm,
An =210+ An=2.104 An=2.104

TN
t

1
T T T 5]

R
1 ] O N T A A

1[|H|||$

I ) )
4 ] Ll i et T
1

1
An =110 An =2.10% An =8.104
L=5mm L=5mm L=5mm

Some FBG examples ...

constant pitch

JARA AR AR RN ]

variable pitch (chirped)

ISEIEEEEEEEEE S N & &

slanted (blazed)

WITTTTTITITITTITITITITTITITITIT T I774

superstructure (e.g. Fabry-Perot)

133 153 133 151 133
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FBG for sensing

Primary parameters : strain, direct pressure, temperature,
external refractive index

Secondary parameters : indirect pressure, force, inclinometry, 3
extensometry, displacement, shock/vibration, radiation dose, 0330um  protective High-T° glue
liquid level, magnetic/electric fields, shape, ... capillary

FBG thermal sensor
(for temperature compensation in composite materials)

(© CEA)

Short-Gage FBG extensometers (© CEA)

FBG inclinometer (© CEA)

Pressure sensors (© CEA)

Rosette & réseaux de Bragg sur flexible en kapton avec cible optique scellé
(Fiber Bragg Grating kapton patch Rosette with sealed optical cable) 24
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FBG for strain, T° and pressure monitoring

18 1400 -
RE i/ A~ ]
Temperature 164 20,35 prc 8 o4 | + Descente
c ] X
14 - ks) ] Montée
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‘5"13 12 = ’g 1000
p— ] —_ o jo o e
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:4: = | S8 600
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= —- — 4 2 400 -
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2 4 ot 200
- - o ]
o ~ 5107 K1 0 N Tl
_ 6/le-1 0 200 400 600 800 1000 1200 5 A .
E.s 7 to 8 10 / K Température (°C)

Strain/Pressure

Ky ~-35 MP Ky ~-35 .mm*
—(1—2v)- [1 - %-’nrz [2-p1p + Pu]] %P " s : P/ QL)

150 200 250

300

Température (K)

Sensitivities (according to stress application, @1.55 um)

K; ~ 1,2 pm/(um/m)

4 4
8 = <= é=n [==1
) +
Hydrostatic Radial Longitudinal (axial)

N.B. : Sensitivities are the same for FBG and OFDR monitoring techniques
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FBG photo-inscription processes

UV coherent beams
%V laser light

Phase mask — | —) |
(engraved silica plate) 8

Fiber translation
(constant speed)

interference fringes Optical fiber ——
fiber | T !
Ve X
core fringe (@)) 0) 1)
spacing Diffraction orders
(1) Holographic (Lloyd mirror) (2) Phase mask (3) Point-by-point (PbP)

Line-by-Line (LbL)

(4) Talbot setup [hybrid of (1) and (2)]
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FBG photo-inscription with femtosecond lasers

Technique

d’écriture

dite « point Objectif de
par point » focalisation

) Fibre
optique

h

Déplacement de la fibre optique

Laser PHAROS
AMaser = 1030nm / 515nm

fivpuLsion = IMHZ
EimpuLsion = 1MI@1kHz

= h

Laser LEGEND

M aser = 800nm
fimpuLsion = 1kHz
EimpuLsion = 6MI@1kHz




Type-lll (femto) FBG photo-inscription (point-by-point)

FemtoBragqg platform : Nanostructuration and FBG photo-inscription

» Inscription through the polymer coating : mechanical reliability +++

> Inscription on many transparent substrates (silica, sapphire,
diamond, etc.)

> Extreme temperature stability >> 1000°C
» WDM Multiplexing
» Ultra-short FBG (mm or less)

» Point-by-point engineering of complex structures : apodisation,
chirped, etc.

apodized fs-FBG apodized fs-FBG

Moos s,
4 o = & o

1
Reflactivity [dBm)

=

ra &=

® ®
o
w

I
| \ -40
/

-a5
1570 1575 1520 1585 1530 1570 1575 1580 1585 1590
. Wavelength (nm) Wavelength [nm] 28




Regenerated FBG (FBG-R)

Normalized reflectivity

S © © © = a4 =

N - o @ (=} N &
_ Iowee—

G. Laffont et al., 9000 hours-long high temperature annealing of
regenerated Fiber Bragg Gratings, EWOFS, Krakow, Poland, 2013

2x10°

10x10°°
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Step at 700°C

0

PGS 6>

05 10 15 20 25 30 35 40 45 5.0

Time (h)

* R#BG'HQNIPC’
v RFBG#2@810°C

» R-FBG #3 @850°C |
R-FBG #4 @ 890°C

: |
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Annealing time (h)

Bragg wavelength shift (pm)

|
B
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- 900
Step at 900°C
- 800
Regeneration 700 o
600 =
?
- 500 &
c
- 400 @
L300 A&
- 200
- 100
0
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’ v RFBG#22 @810°C
¥ R-FBG#3@850°C
R-FBG #4 @ 890°C
0y
-~ o
500 \ e 'S
¥y
-1000 \
] h J

7.

2x10°

4x10° 6x10°

8x10° 10x10°

Annealing time (h)

Regeneration of 10 multiplexed FBG

Reftectivity (%)

1525

OO AR AR

Wavelength (nm)

1585

Simultaneous regeneration of 10 FBGs

Reflection (dB)

1500

1520 1530 1540 1550

Wavelength (nm)

M. Fokine, Underlying mechanisms, applications, and limitations of chemical composition

gratings in silica-based fibres, J. Non-Crystalline Solids 349, 2004, pp. 98-104
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Main FBG readout techniques

Broadband light source

2

Fibre connectors

Fibre-optic

Source spectrum .
beam splitter

Intensity

CCD line

800 820 840 860

Reflection spectrum
from sensor network

Wav elength [nm) T 1Iwruiwrmﬂmmr

Polychromator

Intensity

i

800 820 840 860
Wavelength [nm)

E2000/HRL

T |

to sensor

arrays

Polychromator & CCD (@800-860 nm) associated with Gaussian fit detection

W. Ecke, IPHT-Jena

IdB

FBG
#i+1

Channel #i #i+2

A (nm)

w tuning range

AWG - filter

32 sensors

attached to

measuring
object

FBG1

I

FBG2

FBGY

(I
CFBGS
T
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----- R

)

A
CFBG3

I D
I

)

Tunable laser

-——— -——— - -———

TUNABLE LASER

| |
I I
: : Ay’ Ay’ Aq
Ll P=cte == soox : —— —|:)—
|
! i FBG1 FBG2 FBG3 FBG N
| |
| |
i |
|
i |
: Time Photodetector i /)
| | .'I
e — | /1l -
Readout device Midy Ay Ay A
:r “““““““““““““““““ I FBG1 FBG2 FBG3 FBG N
| BROADBAND SOURCE | N T s B
| | I WA T Ay
! = === ; —{ l——:l—
I |
l .
FABRY-PEROT i _ | ™ High |
INTERFEROMETER \“" :
i Aret LOW i
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Readout device

Tunable filter (P. Ferdinand, Tech. De I'Ing., Lavoisier)
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Main FBG readout techniques : scan rate vs capacity

[
»

Scan rate (Hz)

The larger the capacity, the longer the range, the lower the scan rate
(spatial separation between successive FBG is kept constant)

)
T

z

MHz

TDM-WDM

DCS
(Dual-Comb spectroscopy,
Microwave photonics)

g-based spectrometer with CCD -

kHz

Tunable laser,

urier-Transform spectrometer N FMCW (OFDR) Capaplty
Hy (WDM techniques) (FBG/fibre)
1 10 100 1000
DCS involves high-bandwidth pulsed femtosecond laser : improved WDM capacity
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FBG chronology

= Until 1980, Bragg gratings were obtained by Reactive lon Etching (RIE) onto planar guides (many materials),
— complex, time-consuming and costly fabrication, fragile device with low reflectivity (evanescent interaction)

= |n 1978 : K.O. Hill (CRC Ottawa) incidentally made the first Fiber Bragg Grating (FBG).

He injected an ultra-coherent 488-nm beam (Ar-ion laser) into a single-mode germanosilicate fiber cleaved at both extremities

— standing-wave pattern inside the core and 2-photon FBG photowriting thanks to SiO,-GeO, photosensitivity
FWHM 20 MHz ! (1-m long fiber)

The Bragg wavelength is identical to the laser wavelength (480 nm).
Preliminary investigations in early 1980’s revealed that Hill gratings (« type-0 ») are not stable with T° : purely photochromic in nature.

In 1988, G. Meltz and W.W. Morey (UTRC Hartford, CT) photowrite FBGs from the outside : transverse holographic method (LIoyd mirror)
Highly flexible method : arbitrary Bragg wavelength, high efficiency (saturated gratings).

— Type-I grating : erasure at low temperatures (200°C-300 °C). Photo-compaction is mainly involved.

During the 1990’s, other photo-inscription techniques are proposed : phase mask, point-by-point, Talbot interferometer.

Higher powers are delivered (ns- and ps-pulsed laser) — type-Il gratings : erasure at higher T° (lla:750 °C, llb: 1000°C).
Formation of nanogratings (resulting from the interference between the laser field and plasma wave).

= During the 2000’s, FBG regeneration was incidentally discovered (Fokine, 2004).

Meanwhile, peak power rises again (femtosecond pulsed laser) — type-lll gratings : erasure at higher T° (1100°C — 1200°C)
Nanostructuration and local fusion (voids) for local intensities in excess of 1014 W/cm?,

K.O. Hill, Y. Fujji, D.C. Johnson, B.S. Kawasaki, Photosensitivity in optical fibre waveguides: application to reflection filter fabrication, Appl. Phys. Lett 32(10), 1978, pp. 647-649.
G. Meltz, W.W.Morey, W.H. Glenn, J.D. Farina, In-fiber Bragg-grating sensors, 5" Conference on Optical Fiber Sensors, New Orleans (USA), ThBB5-1, 1988
W.W. Morey, G. Meltz, W.H. Glenn, Bragg grating temperature and strain sensors, 6" conference on Optical Fiber Sensor, Paris (France), 1989, pp. 526-531.
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In situ temperature monitoring in PFU (TOKAMAK Fusion WE

PFU = Plasma Facing Unit (graphite/tungsten)

Divertor = target for high E particles, surface T° up to 2000°C

Arrays of high T° resistant FBGs (FBG-R and FBG-I1l) to monitor sub-surface temperature
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WEST Tokamak at CEA Cadarache

PFU instrumented with FBG probes
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Y. Corre, G. Laffont, C. Pocheau, R. Cotillard, J. Gaspar, N. Roussel, M., Firdaouss, J.L. Gardarein, D. Guilhem, M. Missirlian,

Integration of FBG temperature sensors in plasma facing components of the WEST Tokamak,
Rev. Sci. Instrum. 89, 063508-10, 2018
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Fusion WEST
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Acoustic sensing with FBG

Compact monitoring system for A-mux FBG acoustic receivers in SHM systems

m Array Waveguide Grating customized for sensing needs (edge filtering)
m  AWG Si/SiN developed through a collaboration between CEA List and Leti

Reflectivity

Linear part of the spectrum

/ Tt Bragg wavelength shift

Reflected signal

Wavelength'

Active/Passive Tomography for damage
wesnze aes detection in composite panels
, ; FBGs = acoustic receivers
A. Recoquillay, T. Druet, S. Nehr, M. Horpin, O. Mesnil, B. Chapuis, G. Laffont, O. D’Almeida, and PZT = emitters
Guided-wave imaging of composite plates using passive acquisitions by FBG, 38

J. Acoust. Soc. Am. 147, 2020, pp. 3565-3574




FBG sensing applied to shock monitoring (1/2)

Circulator
CFBG
(50 mm)
ASE source
HDOs
AWG Photodletector
Impactor Target ; :
(A16061-T6) (A16061-T6) - Nx :
40-channel - l
(200 GHz (1.6 nm)) Photodetector

Launcher (CEA/Gramat)

O Plane impact

O Impact stress dependent on impactor speed and impactor-target materials
O Sustained shock during several microseconds (geometry-dependent).
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A W
FBG sensing applied to shock monitoring (2/2)

8 ~~ 1
4 - . . (<
i Shock pressure distribution = °°- Bragg spectrum (BPM)
;c.:? i E 0.8 -
5 - ; . - -
3 Sustained shock .g 0.7 Sustained Grating part out of shock
S -]
o \L £l o B shock \
5 a- J astic precursor Q 05 -
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Position (mm) Wavelength A (nm)

S. Magne, A. Lefrancois, J. Luc, G. Laffont, P. Ferdinand,
Real-time, Distributed measurement of detonation velocities inside High Explosives with the help of CFBG,
European Workshop on Optical Fiber Sensors (EWOFS), Krakow (Poland), Proc. SPIE 8794, 2013, 87942K.

S. Magne, Y. Barbarin, A. Lefrancois, M. Balbarie, F. Sinatti, A. Osmont, J. Luc, K. Woirin,
Real-time distributed monitoring of pressure and shock velocity by ultrafast spectrometry with CFBG:
Experimental vs calculated wavelength-to-pressure sensitivities in the range [0-4 GPa], J. Appl. Phys. 124, 145902, 2018
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OTS is now used for intense shock sensing

C-band, pulse 90 fs, 13 km SMF28 (220 ps/nm), 18 km SMF28 (306 ps/nm),

PRF =100 MHz, PRF =100 MHz

High-speed PhD (23 GHz) and oscilloscope (25 GHz) High-speed PhD (38 GHz) and oscilloscope (33 GHz)
Capacity = 1 [CFBG 10 mm, FWHM 30 nm] Capacity = 3 FBGs

3-port circulators  » FBG#I

SMF-28 fibre (18 km) —
Femtosecond Laser /_\/
(C-band, 100 MHz) % ’ «— FBG#2

= » Coupler 1x3
: Circulator A
g Rellected spectrum l l
100 MHz, 90 s
Modelocked FBG Sensor Couplers 5:95 ) ( )
Laser Source
30 km to 100 km
fiber dispersion °
.
991 .jf‘\\_/ "I s High Definition Oscilloscope
:g?curcti WANAS ¢ . - — (HDO, 33 GHz)
: Spectromeler D [ Computer 25 GHz Oscilloscope Optical Spectrum Analyzer PhD #1 — '
InGaAs Array (OSA) ==
PhD #2
) PhD #3
Reference Signal
G. Rodriguez and S.M. Gilbertson, Ultrafast FBG
interrogation for sensing in detonation and shock wave
experiments, Sensors, 17, 248, 2017 Y. Barbarin et al., IEEE RAPID Conference (Orlando, USA), 2018

[Los Alamos, National Lab. (LANL, USA)] [CEA/Gramat, FR] 41




OTS basic principle

Pulse laser (typ. ps to 100 fs), Pulse Repetition Frequency (PRF) ~ 1 MHz to 100 MHz
PRF = readout rate,

Temporal delay of Bragg reflected pulse is proportional to Bragg shift,
Pure TDM or combined TDM-WDM approach,

Propagation delay must be taken into account (FBG location along fiber),
Several trade-offs to consider : Capacity vs scan rate, distance range vs PRF, spatial separation between FBGs vs measurand range (e/T°C).

-20 1

—_—

=30
&
%40 AA — D ¢ L ¢ At
g 0 circukator

] e (—— Qo - Dy

70 5 FEG: FBG: --- FBGEy

ke EOM Modulated CW ASE source (EOM),
Dispersive fibre (D x L =-170 ps/nm),
prE—— High-speed PhD ~ 10 GHz

= compensatng
qE:' module
E
% pholoreosiver oscill oscops

- T - I . 1

’ 1 D e ‘ s H.Y. Fuetal.,

High-speed FBG sensor interrogation using dispersion-compensation fibre,
Electron. Lett., 44 (10), 2008, pp. 618-620
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A W
FBG sensing used in High Pulse Power (HPP)

Spectral range

ASE source S FB G ) | D e S
(C+Lband) [ N\ ,~— 5
FBG discriminator  / E
4-port circulator H ; ~

. 0
Transimpedance b
amplifier
Coupler 50 % PhD High Definition Oscilloscope

Optical spectrum Analyzer (HDO)

Specifications

« Strainrange : [-1 %, 1 %)]
* Uncertainty £ 0,5 % (k=2)
* Accuracy < =2 % (k=2)

« Spatial resolution < 2 mm
* Bandpass [DC, 10 MHz]

Generation of magnetic pressure pulses (Lorentz force)
Capacity discharge : ~ 5 MA (~ kT)
High-frequency ~ 50 — 500 kHz
Max pressure ~ 100 GPa

Pulse lapse ~ microsecond

Energy ~150 kJ

S. Magne et al., Fiber Bragg Grating Dynamic Extensometry on metallic samples submitted to High Pulse
Power Magnetic Fields, OSA Advanced Photonics Congress, BGPP, Zurich (Switzerland), 2-5 July 2018

Linear discriminator
Ag (microstrain) <> AA (pm) < AV (uv)

3.25 %.nm-" / )

25 nm
(-1 %, 1%])

Voltage (Volt)

Wavelength (nm)

Chirped Fiber Bragg Grating (CFBG)
mounted in thermal compensator

Velocimetry
Measurement
(PDV)

Ring sample
Rogowski
gauges
I
HXL}
F.~ I,H
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SUMMARY

m Truly distributed sensing : OTDR DTS, BOTDR/BOTDA, OFDR, FMCW, DAS
m MSCA USES2 DCO02 : OPTICAL TIME STRETCH (OTS)
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Reflectometry schemes in optical fibers

Measurements relying on scattering phenomena in optical fibres

m Raman scattering = Distributed Temperature Sensing DTS Raman

m Brillouin scattering = Distributed Temperature and Strain Sensing DTSS Brillouin
m Rayleigh scattering = Distributed Temperature and Strain Sensing : OFDR Rayleigh

The optical fibre is the sensor

m From pm/m and 0.1°C (OFDR Rayleigh) to typ. 30 um/m and several °C (Brillouin)
m Up to several tens of km (Brillouin, Raman)

m Application to remote Long-range/High-capacity monitoring

m Distance resolved in the Time-Domain or in the Frequency-Domain

single mode Optical Fiber

émposantes anti-Stokes i Composantes Stoke> ‘//_:

Rayleigh

..........................
.....

Raman Brillouin Brillouin Raman

T, e T. e

Reflectometry = Optical Radar providing a
sensing profile all along the fiber under test

A T9 995 T
9.

-

Longueur d'onde source : CEA

source : Techniques de I'lngénieur
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Reflectometry units available at CEA List

Spatial resolution
A

Im

10cm —}—

10 um

OFDR Rayleigh
photon counting v-OTDR
Brillouin B-OTDA

DTS Raman ‘
telecom OTDR

1* min

D@ + DX

10 s + post-processing (sensing)

- =
*
1cm ——* ﬁ

0.01 s (sensing)
1 mm ——av, > {aT+ae}

100 pm |- _

* Avg = Ayssg e fibre break

Istokes' Ianti-S'mkes 9 {T}' fibre break

" 10 s per 80 m fibre length
D * (optional extension 2 km)
+ post-processing (sensing)

Av, > {AT+Ae}

Avy > {AT+Ae}

10 s per 80 m fibre length
(optional extension 2 km)

D (reflectometer)

Avg = dy550 e fibre break

10 s (reflectometer)

2** min
v = {AT+Ae}

=3 ..
Q I,z > fibre

A standard

30* s for each wavelength
lyg = 91310 nme Q1550 nme fibre break

high
A resolution

break

\
70 m

| | | |
200 m 2km 5km 10 km

|
30 km

| —> range

50 km
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Optical Time-Domain Reflectometry (OTDR)

Time-resolved Rayleigh scattering (« optical radar »)

Time delay converted into distance

Optical fibre Lossy connection
A

= \

0

(]

-gn T

©

& L

o

I T

Localization
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OTDR is heavily used in telecommunications

Main use : Fault detection and localization

Main wavelengths : 1550 nm, 1300 nmm, sometimes 850 nm or 1064 nm (YAG)

Commercial OTDR devices (e.g. JDSU™ MTS 6000)

Laser

Wavelengths : 1300 nm et 1550 nm dio/d\e; J‘L :Hf
Measurement dynamic ~ 15 dB (@1550 nm), [ }—J337 m"p';r "'_.'D
Range ~ some tens km A)\; iecr
Spatial resolution : meter (10-ns pulse width)
Scan rate ~ several minutes (range-dependent). -

OTDR block diagram
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Raman-OTDR

4+ DTS (Distributed Temperature Sensor)
» Collection of Rayleigh or Stokes AND AntiStokes backscattered light,
» AntiStokes light is temperature-dependent A
> The temperature profile is obtained through the ratio of both AS/S or AS/R ratios  I,,+i—stokes (VO + AvRaman> ( hcAvRaman>
= exp | —
kT

IStokes Vo — AVRaman

Typical perf: + Resolutions ~1 m, <0,1 °C, scan rate ~ minutes.
+ Range depends on fibre type and wavelength : from 5 km up to 30 km

4
R(T)= II—ZS = [ j; ] -exp[— h;; J-:xp{—ﬂm:]

(Raman (Boltzmann)  (DAF)
scattering)

antiStokes Components Stokes Componants
Rayleigh

Raman Brillouin Brillouin Raman
T.& T e
bl
(Temperature- t (nearly temperature-
TI independent)

dependent)

Av, ~ 35 MHz Gy,
P Y {nrm)
7 . 1 -1550 - 7 ; A.H. Hartog, A.P. Leach and M.P. Gold,
A=Ak 0 ko + Adg Distributed temperature sensing in solid-core fibres,
Ave - 11 GHz ' Electron. Lett., 21 (23), 1061-1062, 1985
_Frequency (THz) 4 Yo~ Y,
206 4 193 ‘? 180
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Applications of Raman-DTS

Fire detection in tunnels

I

RRORE |
Hiet WAVATE
S bYAN U\U\X\fl.:i.&

Underground storage monitoring

Oil & Gas (offshore, onshore) _
Leak detection 50




Brillouin-OTDA (1/2)

Pump wave Probe wave
H H H - ML .
Mesure du décalage de la raie Brillouin | ~
en fonction de la déformation ou de la température Fiber Inhomogeneous section
Acquisition de profils de T° / déformations :
résolution spatiale métrique ]ﬂ—>
( p q ) . . - : NI
3
A (£T)= 2.n,(e,T).V, (g,T) o
Variliouin \& - 2 ] [ WL
% LN
: : e Probewaveat
Brillouin sensitivities: another freq & A—
b AL
In strain: — 50 kHz/microstrain m—

(20 microstrain/MHz),
No amplification for this stretch (figure 4).

Amplification occurs at another Brillouin shift (b),

In temperature: — ~ 1 MHz/°C i . :
(depending on strain or temperature applied.)

(Picture from Omnisens)

M. Nikles, L. Thevenaz, P.A. Robert, Simple distributed fiber sensor based on Brillouin gain spectrum analysis, Opt. Lett., 21 (10), 1996, pp. 758-760
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Brillouin-OTDA (2/2)

Probe signal

»
>

Useful part of fiber length = 1% total length

>
>

Pump wave Signal wave
Brillouin shift
| rniiouin shi | API‘ObG intensity _| o
Pump pulse ) . |
| | Gain
Prob:
| |
Brillouin Gain :
associated to
l pump pulse | >
e o L . Wavelength
N Wavelength o Brillouin shift

Stimulated Brillouin Scattering (SBS): 2 lasers are used
v’ Contra-propagative pump (CW),

v’ Co-propagative probe (pulsed),

— B-OTDA devices require end-loop.

Acquisition protocol
1/ Acquisition of Brillouin traces at several Avg
2/ Transposition of Brillouin gain spectra/location table

Light power

End loop (« optical U-turn »)

Brillouin scattered light

(picture from Advantest)

Optical fiber
'

Distance
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BOTDA vs BOTDR

L g

réf vy
«—

Brillouin B-OTDR

sonde v
Vo +Vq
Modulateur —> S
| | «—
S diffusion Brillouin
i Vo +Vs—Vp

Spontaneous Brillouin Scattering

Eil?ibre de test

Modulateur
d’impulsions

102—* @4—

Fibre de test

Brillouin B-OTDA

Stimulated Brillouin Scattering - SBS

Laser
sonde
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Applications of BOTDA

Traction control during deployment,
storage and during service life of
telecommunication cables

TIIE
T
.o

Deformation/ | %

Monitoring of soil movement

Civil engineering structures

\
Al 4
1l i (
)l 5

ZaN WA
e o AN A VAN AT i, N
= G

'f”‘

o 4

YaWAS
\

Monitoring of high voltage lines Level/leak monitoring Process control of cable manufacturing
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Rayleigh - OFDR (1/2)

e Signal = Rayleigh backscattering

e Highly coherent laser (200 kHz, L. = 1,5 km), frequency-modulated : v(t)= v, +y.At

e Interference between the reference signal and the frequency-shifted backscatted signal
* Both polarization states (TE, TM) are separated (PBS) Luna OBR 4600

e For each polarization state, interferograms are recorded as a function of laser frequency (module = \/ISI2 + |P|?)
e Interferogram = TF of susceptibility distribution (Ag) L

e Susceptibility profile along the guide is then retrieved by inverse TF @ (B) ~ %f Ae(z) - exp(2ifz) dz
0

e Distributed strain/T°® measurement is done by intercorrelation along gaugelength (¥ 5 mm to 20 mm).
* Frequency shift:  Av (GHz) =- 0,151 x A (um/m)

Y
Ae(zo +%/,) ~ %f—ﬂﬁ[(ﬁ — Bo) - exp(—ifx) dp B=—o 1(8) ~ [W(B)|?

@ = 3dB coupler

Passes through : b n
E)—w A F@E) »
) » b —
- 3\ . S )
< < / X measurement
\ A |

: ’ B 8. |'f \ interferometer . \
Variable-wavelength NS v Rayleigh scattering in fiber ’.'9 < ‘\ ; FPC P
laser source : | /.' 0% \_ |5 ; \.-

) Measured light p- -

i
ODiSl ——3 Reflected light 10% |
pelorence bear o// tr \ trigger signal
"z B Q \PT/ (== &

trigger interferometer

{
—NE

computer

source : Luna™
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Rayleigh - OFDR (2/2)

2

Az = /1 (TF property) Az~ 10 Hm for AN =88 nm

2nAA
N = number of data points (several millions)
AA = wavelength range, typ. between 0.8 nm and 88 nm,
Az = Spatial resolution (m), typically 10 um up to 250 um
Liax = Measurement range (m), ~ 70 m (extended version : 2 km)
Y = tunable rate (in GHz/s or nm/s), typ. 10 nm/s (2500 GHz/s) at 200 nm/s Y = §V/§t
At = scan time ~ several seconds
R = scan rate (MS/s) ~ typically 3.5 MS/s

Dynamic > 70 dB (107)

ﬂz_NﬂE B Nc _N.-: 1 <
"2 4nAd 4nAv  4n YAt dny

R R="N/p

Further reading
W. Eickhoff, R. Ulrich, Appl. Phys. Lett. 39 (9), 1981, p. 693
R.l. Mc Donald, Appl. Opt., 20 (10), 1981, p. 1840
U. Glombitza, E. Brinkmeyer, J. Lightwave Technol. 11 (8), 1993, p. 1377
M. Froggatt et al., Appl. Opt. 37 (10), 1998, p. 1735 and 1741
B.J. Soller et al., Opt. Exp. 13 (2), 2005, p. 666
@ A.K. Sang et al., IEEE Sensors J., 8 (7), 2008, p. 1375




A
Frequency-Modulated Continuous-Wave (FMC

Beat frequency f, is proportional to distance L
— frequency-to-distance conversion

Very commonly used in RADAR, LIDAR, etc ...
First transposed to fiber sensing in 1985.

Sensors are demultiplexed in the spectral domain
(Fourier-Transform)

Example

Af =120 GHz (960 pm @ 1,55 um)
fo=1kHz

L=13m

— f, max = 15.6 MHz

Spatial resolution depends on frequency excursion Af
(AL = 0.8 mm with above values)

Frequency

Ja

Transmitted signal

— — Received signal

Chirp, im> . iIrp3 1
fb /i i Chrp_///’ | Chrp/// |
Af € =7 | =7 |
o ¢ | & > |
. >
- > Time
T.= 1/,
fb . 2'7leff'L Ly = 2'7leff'L ) Af ) f
o = S
c c W_/
v = chirp (Hz/s)
C
AL =
2-n€ff.ﬂf

D. Uttam, B. Culshaw, Precision time domain reflectometry in optical fiber systems using a frequency modulated continuous wave ranging technique,

J. Lightwave Technol. 3(5), 971-977, 1985
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CFG (Continuous-Fiber Grating)

Reflectivity ~ 0,1 %
-70
Same Bragg wavelength
— OFDR Pitch ~ between 25.4 mm et 6.3 mm
3 N ]
© L | Z -<— preform infeed
Ef EAZAS
2 -
& -110 - [ J:L@_[
l T - preform
-130 T T T — -
9.6 9.7 9.8 9.9 10.0 =< D<]|<———oven
Length [m] » = measurement of
preform diameter —» |5 fibre diameter
fibre di 5 interferometrical
Features (Ityﬁca'ﬁ)l/’n by égrpm) — (8 @ < setup for FBG writing
. : - $)
e Ruggedized ReﬂeCtlon Spectra draW|ng VeIOC|ty —
e 8 simultaneously monitored fiber optic sensing channels (500 DTGs) i:;;‘ ~———————— primary coating
e 2048 equall d fib measurement of
qually space sen§ors per I. er 0 all— < i
e Software selectable spatial resolution down to 6.3mm.
——Refl
¢ Real time strain and temperature measurements through FBGs -10 4 sfectogram -<«———— drying or UV-curing
* Up to 100 Hz refresh rate g tensile strength
e Deflection sensing capability € 20| 0) s measurement
* 3D shape sensing capability B G measurement of
<

/ fibre length
e Immune to EMI/RFI and radiation for reliable operation in demanding 30 - O)
environments.

e Networking capability via Ethernet

-40 T T
15643 1545 1647 1549

Wavelength [nm]

www.sensuron.com/rts125
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Leak detection/localization with the OFDR technique

= Sodium leak detected and localized as hot spot
= metal-coated silica fiber (gold or copper) wounded as spiral form onto the structure surface

= Metal packaging and point soldering.

-00 h 05 min 30 s Fibre opthuc
Surface de la canalisation
o
|
2 R
Echelle: o0 &
o—— 100 mm ®Point de fuite
\ il
0 8
a
160 - 350
Guo I 300
'Em l .Gm
| S
ilm | 5 200
| | ,gwo
Yo
§ | S 100
40
: . b . "
Installation FUTUNA (CEA/CAD) | 0
oil 8 ) E2d »n » 0 n »” n - 0 100 200 300 400
Pesitien sur le fibee (m) Distance (mm)
Profil de I'élévation de température de long de la fibre optique  Profil radial de |'élévation de température & la surface de la canalisation

Sodium leak detection/localization onto the 2D surface
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SHM of concrete structures with the OFDR technique

Strainscale
(microstrain)

2000

0

]

lé6g

133g Strainscale

- (microstrain)
21123g 200
ol ] 0.53g
0.89¢g
0.70g M035g
H R §0.18¢
0 1 2 3 14 $ ; ; ; ; llO lll 12 0 1 2 3 4 5 6 7 8§ 9 10 11 12

Time (s)

Time (s)
Wall center

l

1400 1 — o5
—— 035¢g
1200 4| —— 0.53 g
. —— 070g
£ 1000 | —— 089¢
= sesvees 123 g
2 4
2 800
2
g ]
e 7
g
A 400
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. ol
i
S2te

LRI
.

o

*8%

2.0
Distance from left side (m)

25 3.0

TABLE VIBRANTE AZALEE
AZALEE SHAKING TABLE

Mur de réaction (hauteur :4 m)
Reaction wall (height :13 ft)

Table AZALEE (6 x 6 m)
AZALEE shaking table (20 x 20 ft)

Alre d'essals
Testing floor Vérin hydraulique horizontal

lorizontol hydmulicoquator

Massif de réaction (2700t),
Reaction mass (2700 1)

in‘place on SHEERRIEE
: 0.

with sensing |

\ 4 ()

S. Magne et al., IWSHM 2019



Corrosion detection/localization with the OFDR technique
| ____ OBR 4600

dx Data treatment window h i
| \ ! Optical fiber 9 =
- |
\ & concrete I 50
< = N o
2 Protected Unprotected g —— At=0-19,5°C
Q ; p— . " &
S oy r- 3 r 3 Pitting corrosion a — 25 m!n -19,5°C
?‘,‘ -t-—i 4:1- -1'—1- -l_;i —= Pre-strain profile % 50 mmn; - 19,5 OC
£ -: :--1 |—-| r-l 1 l--: r-- T < —85mll’!-19,5(3 |
L Lod Led Lod L-d General corrosion T -100 { —— 115min-196°C |. b
. > 0 —— 140min- 19,7 °C ‘
digtance w —— 200 min - 19,7 °C &
—— 260 min - 19,7 °C i
—— 320min-19,7°C LI 4
-150 4 —— 350 min-19,8°C |- .
3 ——— 555min - 19,8 °C
Current generator Luna OBR4600 T T T T T T
Aquarium with OFS under test, and laptop 34 35 36 37 38 39 40 41 42

copper electrode and thermocouple Distance (m)

F,(GHz) = —4.9.,/t(min) — 590 min

FIRH\= —2RE [tlamin) — AQN] min

' l

0

~N 1 ® corrosion at4.02 m

I 50 e = corrosionat4 m

o ] ", 4 corrosion at 3.938 m

g -

3 100

= ]

() 4

=i ]

8 -150

ra ]

20 4+———+—-—pr>>—————
S. Magne, S. Ali-Alvarez, S. Rougeault, 0 2000 4000 6000 8000

@ Distributed corrosion detection and dedicated OFS based rebar within reinforced concrete structures by OFDR, Time (min) 61

EWSHM 9, Manchester (UK), 2018



Sensing Quasi-distributed Distributed Distributed Distributed Distributed
Specification Fiber Bragg Rayleigh Raman Brillouin Rayleigh
Grating OTDR DTS BOTDR/A OFDR
Spatial resolution 2 mm (Bragg length) 1 m (v—OTDR: 1.3 cm) I m 50 cm (to 5 ¢cm) 3 ¢cm (OTDR mode: 2 mm)
Spatial Range (L) upto ~ 10 km 50 km (v—=OTDR: 20 km) 30 km 30 km and more 70 m (N*80 m up to 2 km)

Measur'. speed DC-10 kHz up to GHz 10 sec. typ. 10 s to hours
Dynamic (budget) > 20 dB 50dB (v—OTDR: 35 dB) 20dB typ.
Temp. resolution  0.01°C (0.1 pm resol.) --- 0.1°C@2¢c

(1 h averaging)
Temp. accuracy  0.1°C (with abs. ref.) +/- 1°C
Temp. range 1000°C (limited by --- - 200°C; 700°C

fiber specifications)
Strain resolution 0.1 pm/m (0.1 pm)
Strain accuracy --- - ---

(fiber specif.)

Strain range 1% to 4% on-line FBG --

2-3 sup to 10 min

10 dB (loop 20 dB)
1°C@ 20

(minutes averaging)
°C (with calibration)
700°C

(fiber specif.)

+/-10 pm/m (+/- 107)

> 2% (20 000 pm/m)

10 s (L<70 m) + post process
N*10 s (N=L/80m) + post pro.
(OTDR mode: 70 dB)
+/-0.1°C

Spm/m(<70m); 25pm/m(>70m)
relative +/-175°C (L>70 m)

+/- 1 pm/m (+/- 10°)

< 10 pm/m (L <70 m)
+/- 25 pm/m (L > 70 m)
+/-0.425% (L <70 m)
+/-0.13% (L > 70 m)

P. Ferdinand, EWSHM 2014, Nantes, France
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Rayleigh - incoherent OFDR

— Not interferometry-based : SMF or MMF may be used

— Amplitude modulation (fixed frequency) and lock-in detection
— Fourier-Transfom of demultiplexed signals

— Only applied to Raman-based temperature monitoring

Advantages of IOFDR-Raman compared to OTDR-Raman (Conventional DTS)
+ Improved SNR (CW light instead of pulsed),
+ Improved range : typ. 30 km, without amplifier

+ No dead zone, Couplers Optical filters Fiber under test
+ Spatial resolution ~ 30 cm,
+ Readout device insensitive to vibrations (onboard use). 2§ :‘3
Laser driver
Stokes AntiStokes Reference
i DH D Dh
Frequency ¢
enerator B [j
. Mixer L@ [X] 2
! module

Processing unit

AEE—

| Signal processing unit :
Amplifiers, Bandpass filters, A-DC

User interface

N.B. Also exists in Brillouin version (Fibristerre)

Incoherent OFDR-Raman design (LIOS “Well.Done DTS”)

@ E. Karamehmedovic, Fiber Optic DTS using incoherent OFDR, SPIE 5363, 2004
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Distributed Acoustic Sensing (DAS)

Principle

OTDR / COTDR Key Elements

Coherent Rayleigh Noise (CRN) in high coherence OTDR

Srtica Wl J s PusedLight  _  distributed fiber sensor
— Highly undesirable in OTDR (low coherence sources are prefered ..) .
— Highly interesting for DAS (high coherence lasers (1 km — Lc) are advocated : e.g. DFB laser) I f;f'n':f‘:g‘f;:? Raylsigh oflct causes disibuted back
S [ Opfical | scallering of light. which self interferes
receiver
» Several schemes are proposed :
Heterodyne (2-pulse COTDR), . COTORTrace made
Single pulse (actually the most used one), =1 . s with high conerence 125 GTDR Trace made
FMCW, etc. § wuthlowcgherence laser
» Two detection processes: [
DASI (optical-Intensity-based) : OTDR trace, non-linear &
DASP (optical-Phase-based) : interferométry, linear but more complex.
« DAS with or without FBG, } imoroved SNR o
« DAS with or without « Enhanced Rayleigh ». P
Acoustic or seismic excitation
strikes the fibre, causing minute
lnterrogator Unit ﬁayb@h backscatter strains in the fibre
Y TITY I M \ I
0 A /
_ﬂ_ Sensing fiber
ﬁprobe pu;-w—

Z. He, optical fiber DAS : a review, J. Lightwave Technol. 39 (12), 2021, pp. 3671-3686

@ B. Gorshkov et al., Scientific ,applicationbs of DAS : state-of-the-art review and perspective, Sensors MDPI, 22, 2022, pp. 1033 64



Distributed Acoustic Sensing (DAS)

Performance and limitations

Typical parameters of Rayleigh-based DAS

» Spatial resolution ~ 1-10 m (some demonstrations as low as 10 cm),

* Phase sensitivity ~ mrad/rac(Hz),

* Range (typical) : 10 m — 50 km,

» Acoustic bandpass [20 Hz, 20 kHz] (a minima), may reach 500 kHz (DVS : Distributed Vibration Sensing).

Rayleigh-based DAS limitations

» Spatial resolution,

» High directivity : along fiber axis,

» Acoustic sensitivity trades with spatial resolution and range (distributed monitoring),
 Fibre birefringence requires polarization-diversity receiver,

» Laser phase noise has a major impact over SNR

» Laser pulse power limited by nonlinear effects (XPM, 4WM, SBS, etc.),

» Heavy computational power required (high data flow) : Compressed sensing ?

Applications/Markets

Oil & gas,

Process control,

Perimeter security (border/harbour control)
Geophysics,

Structural Health Monitoring.

“"”WW —

Footstep audio wave form

(Inventec)

(Technip)

‘l.‘i{:;"’ Wi



SUMMARY

m MSCA USES2 DCO2 : OPTICAL TIME STRETCH (OTS)
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MSCA USES DCO02 - State of the art in OTS

HIGH CAPACITY : 2014 FBGs/fibre

C-band, pulse 2 ns, 22 km DCF (2.7 ns/nm),

PRF = 20 kHz,

High-speed APD (0.25 GHz) and oscilloscope (2.5 GHz)

‘ Circulator
A FBG, FBG, FBG; FBGy

Broad band | —— )2

Reflected
pulses
ADC and
signal
processing

PD2

L. Ma et al., High speed distributed sensing based on ultra weak FBGs and
chromatic dispersion, IEEE Phot. Tech. Lett., 28 (12), 2016, pp. 1344-1347
[Virginia Polytechnic Institute and State Univ. (USA)]

Distributed monitoring along CFBG length

(« Interferometric Temporal Spectroscopy »)
Distribution of the Free-Spectral Range (FSR) along
the CFBG length (Inverse Fourier-Transform).

C-band, pulse 0.8 ps, D ~ 1.4 ns/nm

PRF =50 MHz,

High-speed PhD (53 GHz) and oscilloscope (20 GHz)
CFBG ~ 2.5cm, FWHM ~ 7 nm

® s
; ey
- E 1 l 2 & Reference LCFBG
bl teser § &
i DCF 3 Sensing LCFBG
: =
' Vesvnen’
| § EDFA +
: g ‘ 7
s Photo- .
i)
: detector §s
: ¥
| R
} Oscilloscope !
' s ]
annvsinuannnesecnand %6 % (] 1
Tieme (n%)

E.J. Ahmad et al., High temporal and spatial resolution distributed
FBG sensors using time-stretch frequency-domain reflectometry,
J. Lightwave Technol., 35 (16), 2017, pp. 3289-3295

[Kent & Aston Universities, UK]
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MSCA USES DCO02 - Rationale

Limitation of state-of-the-art for SHM purposes

FBG sensing for SHM purposes : mainly based upon WDM or OFDR approaches.

WDM : High scan rates (> 10 MHz, up to GHz) but limited capacity (~ several sensors/fibre),

OFDR : Low scan rates (typ. some tens Hz, max. 100 Hz) but high capacity (several thousands sensors/fibre).

Problem : Tomographic reconstructions simultaneously require high scan rates (MHz) and high capacity (typ. tens to hundreds of sensors/fibre).
Time-Division Multiplexing (TDM) associated with Wavelength-to-Time Mapping (WTM) may solve the issue.

Optical Time Stretch (OTS) technique uses highly dispersive media providing WTM of pulse Bragg signals.

— Optical Time-Stretch (OTS) provides both high scan rates and high capacity.

Challenges for SHM applications
» Improve strain resolution (ustrain or < pstrain) — Increase dispersion,
» High-bandwidth HDO are economically prohibitive — New time measuring techniques

(under investigation)

Example of 2D tomographic reconstruction (cross-correlation of ambient noise) with FBG US transducers:

A. Recoquillay, T. Druet, S. Nehr, M. Horpin, O. Mesnil, B. Chapuis, G. Laffont, O. D’Almeida,
Guided-wave imaging of composite plates using passive acquisitions by FBG,

J. Acoust. Soc. Am. 147, 2020, pp. 3565-3574
68
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Thank you for your attention

Any questions ?
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