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Introduction: why do we need distributed 
temperature sensing in magnets?

Quench detection and protection are challenging for HTS magnets due to the slow propagation of a
normal zone. Also, the large stored energy of Fusion magnets makes quenching risky and costly. On
the other hand, HTS conductors can function in a stable dissipative flux flow regime for a
considerable range of operational currents This has led to the emergence of a quench avoidance
concept for HTS magnets that aims at detecting the onset of the dissipative regime early enough to
prevent the thermal runaway.

➢ Quench detection / avoidance for HTS magnets

➢ Understanding training mechanisms and transient energy release mechanisms in LTS 
magnets

Transient heat releases due to epoxy cracking and slip-stick motion and their evolution with
repeated quenching defines training phenomenon in LTS magnets.

➢ Quantifying ac losses and their distribution

Important for fast ramping magnets such as those of a Muon Collider. Reducing accelerator energy 
consumption.
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How can we reliably quantify proximity to a thermal runaway in HTS 
conductors?

Voltage Distributed temperature
Not enough! 

HTS magnets quench not on a “voltage criterion”
but through a thermal runaway that occurs when
heat is generated faster than removed. Voltage
only gives “heat in” integrated over the conductor
length… but no information on “heat out”

Knowing voltage AND temperature distribution along the conductor, we can preform thermal balance
calibration… Caveat: power should stay low enough to prevent the runaway!

+
Not enough!

The runaway temperature is a function of heat
transfer coefficient that cannot be measured
through a temperature distribution alone, as there
is no information on local “heat in”!

Ideal scenario:
1. Perform distributed calorimetry using some “safe” way of depositing heat along the conductor
2. Calculate the thermal runaway condition based on the calorimetry and conductor Ic (B,T) data
3. Use distributed temperature data to monitor proximity to the runaway



Techniques for distributed sensing of temperature

▪ Optical fibers (Rayleigh, FBG arrays)

▪ Ultrasonic sensors

▪ RF sensors

Most developed technologically, Proven to sense temperature variation in fusion cables 

Fragile, can degrade in radiation environment, equipment is expensive and scaling to longer lengths 
requires significant computational resources
Sense temperature through strain (FBG, Rayleigh), so cross-sensitivity is intrinsic and hard to resolve.

Very robust (all metal). Acquisition hardware is cheap and simple. Cryogenic sensitivity is sufficient even at 
4.2 K. Cross-sensitivity to strain can be resolved by operating at two different frequencies

Fairly large diameter (~1 mm), may be adversely affected by bending, signal attenuation and latency
become problematic at long lengths (>10 m)

Combine best features of fiber-optic and ultrasonic sensing. Robust, flexible, can be bent over small radius of
curvature without affecting performance. Capable of sensing small temperature variations at liquid helium
temperatures. Sensing mechanism is not strain-related. Enable unique new functions such as distributed
calorimetry



Direct vs indirect time-domain reflectometry

Sending a ps-length pulse or edge step; measuring the reflected signal. Both 
impedance change and time shift can be monitored simultaneously.
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Sending a varying set of frequencies, measuring the reflected signal
amplitude and phase. Then using inverse FFT to convert the frequency
response data into time domain (result is the equivalent to the pulse
response; can be further integrated over t to get the step response).

Vector Network 
Analyzer (VNA)
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Advantages: high sensitivity to local impedance variations
Disadvantages: less immunity to interference, slower, cannot measure 
time shift

Advantages: high spatial resolution, fast, immune to interference
Disadvantages: lower sensitivity to impedance variations; time shift is an integral
quantity.

tr. line



Impedance variation measurements using time-domain 
reflectometry
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Coaxial cable
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Step response of
an inhomogeneous
transmission line

For most commercial cables 𝑍0= 50 W or 75 W and 
𝑣 ~ 0.8-0.9 c

𝜀𝑟

Characteristic impedance:

𝑍0 =
𝑅 + 𝑗𝜔𝐿

𝐺 + 𝑗𝜔𝐶

▪ By measuring changes in electrical length
and impedance, strain and temperature
contributions can be decoupled.

▪ Distributed calorimetry can be performed
by sending DC current down the coaxial
cable and measuring the thermal response



Looking for a special material with a strong 𝜀𝑟(𝑇) dependence

We need a dielectric material (single phase or composite) that would exhibit
𝐝𝜺𝒓 𝑻

𝒅𝑻
> 𝟏𝟎−𝟑 𝑲−𝟏

in the relevant range of temperatures (around 77 K or 4.2 K) and have low enough losses to be able
to monitor an application-relevant length (~ 50 m)

Or… it could be some functional material exhibiting a thermodynamic phase transition that

yields an extraordinary large
d𝜀𝑟 𝑇

𝑑𝑇
for a dielectric or

dσ(𝑇)

𝑑𝑇
for a conductor in the relevant

temperature range

• For the former, it could be vaporization of the cryogenic coolant (E. Ravaioli et al., 2020 Phys.
Scr. 95 015002)

• For the latter, sensitization of the sensor’s central core with “smart materials” like Vanadium
Oxide (Z. Yang et al., J. Appl. Phys. 2020 128, 055105) or making it out of a superconductor (N.
Bykovskiy et al., IEEE Trans. Appl. Supercond. 2022, 32, 1-5) can be viable options to explore.

-



A three-turn CORC® cable-based elliptical CCT coil 
prototype 

▪ A coaxial RF sensor was installed
▪ Lead end (to the coil mandrel) is 0.3 m
▪ Conductor length is 56.9 cm

Lucas Brower, Yufan Yan (LBNL)

Coax diam. 0.9 mm and length is 1.4 m

Coaxial RF 
sensor

CORC® cable

Bluestone mandrel

Sensing RF coax

L. Brouwer, Phys. Rev. Accel. Beams 27, 022402



Encapsulation of the coil with Stycast to provide thermal 
insulation + a dedicated heating station

• Flat layer heater
• Calibrated Pt thermometer
• Located 30 cm from the 

“return” end of the sensor

Heating station

30 cm

30 cm

57 cm

Heating station

1266 Stycast-impregnated 
glass tape2850FT

Stycast-impregnated winding

To VNA

50 W termination



Assembled testing setup and the cooldown

Sensor TDR response was collected wit
a VNA during the entire cooldown from
room temperature to 77 K



Sensor impedance variation with temperature
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Thermal calibration at 77 K
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There is a substantial non-thermal lag of the sensor
response, but the signal does returns to the baseline

We can resolve local temperature changes down 
to 40 mK
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Current ramp reveals a localized hot spot in the coil
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➢ Next step: install a moveable permanent magnet atop of
the CORC® winding; retest to verify expected change in
the hot spot location(s)



Integrating RF sensor with the conductor: Flexible TOR (Tape over Rope) 
cable with integrated RF sensing

Sensing wire

HTS layer 1 (3x 2mm-wide tapes)

HTS layer 2 (3 x 2mm-wide tapes)

Insulation (Kapton)

Insulation outer jacket

Copper tape

Wire rope core

Vtap wires

RF sensing wire

Shielding 
copper tapeMulti-strand bronze rope, 

4.76 mm diam.

Flexible 
2x3 tape 
TOR wire



Room temperature test of the TOR cable thermal sensor

1 2 3
0.93

Endpoint

1
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TOR cable

RF feed

A miniature heat gun was 
brought momentarily to 
three locations within the 
cable length



TOR cable test (77 K), inner layer only powered

135 A max, 
IL only

Degradation is seen in the 
termination regions
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10x GaN MOSFET sub-board Stacked 500 A 
prototype

Development of a high-current cryogenic MOSFET drivers

I2

L1+
I1

UGS1 UGS2

Power
Supply

L2

I

Distributed
temperature 

sensor

FPGA
signal 

processor
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An experiment with a 4 m-long coax sensor at 7.5 K

heater

TDR_10_21_2024_7_12_01_PM.tdms

22 mm

heater
~10 mmd=0.9 mm

Coaxial cable sensor wound around a Garolite mandrel

L = 4.0 m

Tbase= 7.5 K

20 mW
The sensor was cooled in He gas to 7.5 K and heat 
was applied locally using a spot heater



Transient heat in epoxy-impregnated Nb3Sn coils: revisit with RF sensing?
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Conclusions

• Radio-frequency time domain reflectometry has a great potential for distributed mapping of heat
release in HTS and LTS conductors and magnet coils

• Local temperature variations as low as 40 mK at 77 K background and power dissipation down to
20 mW at 7.5 K background have been detected successfully using this technique

• RF sensors can be integrated with the conductor to perform in-situ distributed calorimetry in
addition to the temperature mapping and, in used in combination with MOFET-based active
current re-distribution towards realizing a quench avoidance pargadigm for HTS

• Mapping of transient heat release in impregnated LTS coils and monitoring coil heating due to ac
losses appears possible using this technique and will be further explored


