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Rayleigh-scattering OFDR —
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Optical Fiber Sensors rely on interactions of light with fiber b\
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Can measure temperature and strain with: " A
aWvaw * Immunity to electromagnetic signals '

* Favorable geometrical and mechanical properties

 Distributed sensing on single fiber
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Improved Rayleigh OFDR

* Modified the ODiSl interrogator platform to increase interrogation length/speed
combination

* Obtained 100 m length at 100 Hz

* 6 cm gauge length
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Comparison of Spectral Shift Distributions b/w modes
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In Collaboration with:

LUNA-

Temperature Sensitivity

Improved Rayleigh OFDR

Signal to Noise Ratio Signal to Noise Ratio
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SMART Coil-to-Coil Insulation for NI coils

* Optical fiber wound in a spiral & embedded in a matrix of
electrically insulating material

* “Smart” insulation is coupled to a NI REBCO pancake coil

| Heater /-

Figure 11: Relative positions of Coil, Smart Insulation, and Heater
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SMART Coil-to-Coil Insulation for NI coils
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Figure 15: Time evolution of coil voltage, transport current, and
heater signal.
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Rayleigh-OFDR in AC conditions

 What happens when a coil with an integrated optical fiber is operated with low-
frequency AC current?

* Does AC operation prevent rapid, effective detection of hot-spots?

* Fast, 4-quadrant power supplies .Optical Fiber 2) O = I shaent) = o sinC2/E) > oo = Io/(E
. . . . = = rms = 1o
* Rayleigh-OFDR for fiber interrogation .GEV‘,MDMl ' i e i A
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Rayleigh-OFDR in AC conditions
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Rayleigh-OFDR in AC conditions
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current (confirmed by FFT)
Fourier Analysis could actually be used for diagnostic/detection
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Rayleigh-OFDR in AC conditions

When looking at the Frequency Domain analysis of samples in AC self-field vs DC
background field, one more effect becomes evident:
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Rayleigh-OFDR Strain-Temperature Decoupling

Ice cube placed on a strain fiber (on a copper plate) Error at 3 temperatures, including 77 K
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Apologies for the poor formatting of the charts!
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Phase-Sensitive OTDR

* Conventional Telecom Grade Optical Fibers
* No need for pre-processing optical fibers
* Cheap (<0.5 USD/m)
* Available in hundreds of kilometers, extremely repeatable properties
e Distributed measurement

* Mostly sensitive to time-dependent strain, sometimes referred to as
Distributed Acoustic Sensing
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Phase-Sensitive OTDR (¢ — OTDR)

* Very coherent, narrow linewidth laser is needed

* Also based on Rayleigh-backscattered light

e But here the backscattered light is combined with its delayed version (or mixed with a
copy of the laser in a local oscillator) = interference pattern allows detection of phase

changes
* Time domain mapping yields position encoding, like any OTDR
* Long story short: spatial-temporal demodulation of phase from an optical fiber

Gauge Length AL fiber Sensitive to dynamic strain ~
[ “distributed acoustic sensing”
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Cryo Characterization of  — OTDR
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Initial Experiments in Cold Nitrogen Vapor

Fiber housed in a 5cm long copper tubing wrapped with Nichrome wire (localized heater)
Fiber gauge length ~ 1 m, steps of 40 cm

Thermocouple soldered on copper tube to measure temperature
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Despite significant spatial averaging effects (5 cm heater vs 100 cm gauge length), very good
temperature sensitivity and correlation with thermocouple
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Cryo Characterization of  — OTDR

* More experiments in Liquid Nitrogen (77K) in a REBCO Pancake Coil
* Fiber embedded in a large REBCO pancake coil (~100 m of conductor length and 100 m of fiber).
* Heater Pulses of various power

Coil Pack:
Heater: 0.5 W for 10 s Heater: 1 W for 10 s Fiber
Start heating Start heating \
End heating
End heating
REBCO
o senuds Conductor
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Cryo Characterization of @ — OTDR

Measurements of Phase Shift in a Cryocooler during warm-up of the cold-head
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* Great Repeatability
* Some sort of transition measured consistently at specified temperatures — figuring out what those are...
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Brillouin-scattering OTDA

* Brillouin Scattering is an interaction b/w light (photons) and phonons in a
medium (in this case it’s the optical fiber core)

* Spontaneous Brillouin Scattering =» BOTDR (needs one end access, lower SNR)
* Stimulated Brillouin Scattering =» BOTDA (needs to access both ends; higher SNR)

Sweep Af and obtain intensity of the Probe Signal vs Af, it’ll
peak at the Brillouin Frequency
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Cryogenic Characterization of Brillouin-OTDA

e Sumitomo Cryocooler used to go down to ~ 5 K

* A few meters of optical fiber looped in a circle and placed on the cold
head w/ grease

* No problems with optical feedthrough across vacuum cryostat
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Cryogenic Brillouin-OTDA
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* Fairly linear at high temperature e f o | ' '
y g p ::3 n , O Data
. . . . . y =-0.0000 %~ + 0.0119%~ + -1.3748 x + 10581.4525 Fit function
e Quadratic-like behavior of central Brillouin 1075 i d SO
frequency with three different “regimes”: I t &
| ;
~ T<50 K, negative slope, high sensitivity 107L N :E i
~50-80 K, Low sensitivity (with a zero) + EE ! i
~T > 80 K, high sensitivity 2 oesl I " !
Ir |
)5 Derivative of b (WHz) 3 : : : i i
< o) 1 "
g 1.06 + ' :i E
= 1 I |
.4? 10 %ﬁb\y 11 I
2 Eh | T ORI .
- | o :
= 105 11 n 1 | | T
1-50 5‘0 160 1\“)0 2(;0 250 m : :50 ' \\ 100 150 200 /l 250
Temperature (K) : I ,' “Temperature (K) ‘

PennState KEN AND MARY ALICE )
@ College of Engineering LINDQUIST DEPARTMENT OF SCURTI GROUP Slide 20 OPPORTUNITY
NUCLEAR ENGINEERING




Cryo-BOTDA: Comparison w/ Literature

Plot b (MHz) .
y = -0.0000 x3 + 0.0236 x2 + -2.9432 x + 10649.2210 E — Polyimide Type 1
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Our data show between 227 K and 261 K the slope is In this article, between 227 K and RT, the slope is
1.32 MHz/K. In lower temperature region 164K-204K, 1.2 MHz/K, whereas in the lower region b/w 164 K
the sensitivity is 1.77 MHz/K. and 204 K, a higher sensitivity of 1.37 MHz/K
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ldeas to overcome region of T insensitivity

The change in Linewidth or Amplitude of the Brillouin peak could be used to
compensate in region of lower sensitivity of the central Brillouin frequency (~50-80 K)

Amplitude Central Frequency Linewidth
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For some reason, lower SNR on Amplitude and Linewidth = trying to figure out why, but ideas could be valid
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Type-Il Fiber Bragg Gratings

* Multiplexing of EFPI and type-Il FBGs on single fiber (not shown here)
» Characterization of Type-| vs Type-ll FBGs at cryogenic temperature (< 5 K)

Calibration Curve with Fitting
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Recap & Conclusions Part 1
* Rayleigh-OFDR

* New 100 m at 100 Hz mode developed and characterized to show comparable performance to
older modes

 Temperature mapping on surface of Nl or insulated Pancake coil demonstrated — can be used
in-situ during coil operation (quench detection)

* AC operation induces periodic component on Spectral Shift signal that scales with Lorentz
force (i.e. I/lc and B)

* This can be either minimized via strain/temp decoupling, or leveraged to detect anomalies

e Brillouin-OTDA

* Cryogenic Characterization shows high sensitivity in 5-40 K range, along with region of zero
sensitivity ~50-80 K
* Methods to overcome lack of sensitivity at 50-80 K are being developed

* Phase Sensitive-OTDR
e Advantage in interrogation length and speed, promising sensitivity at cryogenic temperature
 Temperature Effects yet to be fully understood

* Type-Il FBGs behave similarly to type-| at cryogenic temperature
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Effects of lonizing Radiation on Optical
Fiber Sensors

Outline:

e Radiation Induced Attenuation

e Effects on Rayleigh scattering

e Effects on Brillouin at RT and 77 K

* Highest Radiation Tolerance ever recorded
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Radiation Induced Attenuation

&

* lonizing radiation creates material defects that give rise to optical

attenuation

 Effectis highly dependent on fiber materials, wavelength of light,

radiation type (and temperature?)

* My group can measure radiation induced attenuation in both the
visible range and the near infra-red (most fiber sensors work near

1550 nm)

Radiation available at Penn State:
* Pure gamma (Co-60)
* Mixed neutron and gamma from our
nuclear reactor
 Thermal spectrum
* Fast neutrons (>0.1 MeV)
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Brillouin-scattering at RT and 77 K

Fibers Irradiated with 1-2 MeV Gamma radiation at Penn State’s Co-60 Sources

5+ Room Temperature Irradiation 1
Pure Silica Core Optical Fiber
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As expected, up to 8 kGy shouldn’t cause much Radiation
Induced Attenuation on fiber with this core/cladding materials.

More interesting is to look at Brillouin Frequency, since that’s
what we use to back out temperature or strain.
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Brillouin-scattering at RT and 77 K

Fibers Irradiated with 1-2 MeV Gamma radiation at Penn State’s Co-60 Sources
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No effects neither at RT nor at 77 K on the Brillouin Frequency — promising!

@ PennState KEN AND MARY ALICE

College of Engineering LINDQUIST DEPARTMENT OF SCURTI GROUP Sllde 28 _ VISION OPPORTUNITY
NUCLEAR ENGINEERING




Reactor Irradiation of Optical Fibers

» Radiation field relevant for fusion magnets (neutrons + gammas)

* We have data on reactor irradiation measuring:
e Radiation Induced Attenuation of various fibers
» Effects on Fiber Bragg Gratings,
 Effects on Rayleigh-scattering in various fiber materials
 Effects on fiber coating material

PSC fiber
HCF

* One last piece of data: o4/
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Rad-hard lead fibers

Reference

Splitter

Isolator

SLED source 1550 nm

Wide NIR source
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