IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 32, NO. 6, SEPTEMBER 2022

4701705

Ultrasonic Waveguides for Quench Detection
in HTS Magnets
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Abstract—High-temperature superconductors (HTS) are expected to have a major impact on the development of future particle
accelerators and fusion energy systems. One of key challenges
associated with HTS is a slow propagation of the normal zone
that complicates early detection of thermal runaway (quench) in an
HTS magnet using voltage-based techniques. Furthermore, fusion
systems require field ramping rates up to several T/s under strong
time-varying ac magnetic fields imposed on the conductor which
makes voltage-based quench detection difficult or impractical. We
propose an alternative non-voltage quench detection solution based
upon monitoring ultrasonic wave propagation in a solid fiber-like
flexible waveguide. The latter can be co-wound with the superconducting cable and carry acoustic waves over long distances.
Acoustic waveguides allow for measuring local variation of strain
or temperature in a way similar to optical fibers. However, unlike
fiber-optic sensors, mechanical waveguides are constructed of robust materials and eliminate the need for expensive and complex
signal receivers and data processing equipment. We will present our
early developments in cryogenic ultrasonic waveguide technology,
and discuss preliminary experiments conducted towards validating
it for future use in practical HTS magnets.
Index Terms—High-temperature superconductor magnets,
quench, quench detection, ultrasonic waveguide, acoustic
thermometry.

I. INTRODUCTION
ECENT progress in development and large-scale production of high-temperature superconductor (HTS) conductors enabled their increasing application in high-field magnets
for high energy physics [1]–[4] and future fusion energy applications [5]. Among various challenges associated with the
use of HTS conductors is the velocity of quench propagation
that is one to two orders of magnitude lower in HTS than in
their low-temperature superconductor counterparts [6], [7]. In
applications like fusion where a significant ac background noise
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can be present due to plasma currents or where magnetic field
needs to be ramped at high rate, the low velocity of quench propagation makes it difficult to detect a quench development timely
using regular voltage-based quench detection techniques. This
increases a probability of incurring thermal damage within HTS
coils, and calls for a development of alternative quench detection
techniques. Even in a situation where sensitive enough voltagebased quench detection is in place, achieving redundancy of
quench detection can be important for critical applications.
Among various non-voltage quench detection and localization
methods for HTS conductors and magnets, optical methods
based on either discreet Fiber Bragg Gratings (FBG) sensors [8]
or continuous ones based on Rayleigh back-scattering [9], [10]
are well known. A clear advantage of using a continuous fiber
sensor is that it allows for a distributed measurement of temperature along the entire length of superconducting coil winding and
precise localization of the developing hot spots. However, known
disadvantages are a fragility of the optical fibers, high costs of
optical interrogators and need for a substantial computational
power for monitoring long conductor lengths.
Another existing non-voltage quench detection technology
is based on acoustic thermometry. The approach has been first
pioneered in the 80’s when various acoustic characteristics of
superconducting magnets, such as mechanical resonances [11]
or transfer function [12] were studied as function of hot spot development and quench. More recently, a diffuse wave ultrasonic
approach to quench detection was demonstrated [13], [14] that
relies on the temperature dependence of the diffuse ultrasonic
wave (coda) [15] caused by the temperature dependence of the
speed of sound. While this method works well for small coils and
short (∼1 m) length of HTS conductors, it becomes more challenging to apply to large magnets with a significant volume of the
supporting mechanical structural element, as ultrasonic waves
may then get a ”shortcut” propagating through such structure,
thus reducing sensitivity to hot spot development in the HTS
conductor. An alternative approach would combine advantages
of a distributed sensor like the optical fiber with simplicity and
low implementation cost of the ultrasonic approach. Hence, in
this work we propose the use of guided acoustic waves for detection of localized heating in HTS conductors. We demonstrate a
practical implementation of the acoustic waveguide technology
for temperature monitoring at cryogenic temperatures, and show
preliminary results on using it for detection of quenches in a
sample of HTS Conductor on Round Core (CORC) wire [16].
II. TECHNOLOGY
A. Acoustic Wave in a Solid-State Waveguide
When an acoustic / ultrasonic wave is excited in a solid
mechanical structure of extended dimensions, certain wave
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Fig. 1. Dispersion plots for brass acoustic waveguides of 4 mm diameter (top plot) and 0.4 mm diameter (bottom plot) calculated assuming material parameters: density r = 8600 kg/m3 , longitudinal sound velocity of
vl = 4700 m/s and shear sound velocity vs = 2100 m/s. For the smaller
diameter waveguide, the number of guided wave modes in the frequency range of
0–3 MHz is drastically reduced. Also, there exists a much wider range of nearly
non-dispersive propagation for the longitudinal and flexural modes.

modes are able to propagate long distances along that structure.
These modes are usually called guided waves, and they are
often employed to detect mechanical flaws in pipes, cables
and other similar extended structures supporting the guided
wave propagation [17]. The simplest example of an acoustic
waveguide is a solid metal rod (or wire), where guided wave
propagation can be analytically described with the Pochhammer
equation [18], [19]. Three kinds of guided waves: longitudinal,
flexural and torsional can co-exist in a metal rod. If the phase
velocity of the guided acoustic wave is plotted as a function
of the excitation frequency, an extended frequency range can
be identified for the longitudinal and torsional modes where
dispersion is negligibly small. Therefore, acoustic excitations
within that frequency range can propagate along the waveguide
with a very little distortion, preserving high fidelity of the
transmitted signal. In Fig. 1 dispersion plots calculated using
GUIGUW software [20], [21] are shown for cylindrical brass
waveguides of two different diameters, illustrating emergence
of non-dispersive transmission in the thinner waveguides in
a broad frequency range. While the torsional mode is fully
non-dispersive independently of the waveguide diameter, it is
somewhat difficult to excite efficiently in a thin wire using simple
piezoelectric transducers. Therefore, in this work we employ
the longitudinal mode for thermal sensing; this mode is nearly
non-dispersive for a broad range of ultrasonic frequencies in
waveguides of practical ∼0.1–1 mm diameters, and has a higher
propagating velocity compared to other modes.
B. Thermal Sensing Using Acoustic Waveguides
Thermal sensing using acoustic waveguides is generally a
well-established method [22], [23]. It relies on the dependence
of the sound velocity on temperature that is typically of the order
of 10−4 K−1 for many common metals. To measure temperature

Fig. 2. (a) Detection of a hot spot along along the acoustic waveguide in
transmission mode, by monitoring the delay in the pulse arrival due to the
temperature dependence of the sound velocity. (b) Detection of hot spots in
reflection mode. A time interval between the reflected pulses varies with the
temperature of the corresponding waveguide segment, and is independent on
the variations outside of that segment.

variation along the waveguide, various schemes may be used.
The simplest one is to repeatedly monitor propagation time of
an acoustic pulse in transmission mode, thus measuring variation
of the sound velocity averaged over the entire waveguide length
(Fig. 2(a)). A more sophisticated approach involves placing a
number of acoustic reflectors along the waveguide, and measuring arrival time variation of the reflected acoustic pulses
(Fig. 2(b)). In this way, local temperature changes within a segment between a given pair of reflectors can be measured independently of the variations occurring elsewhere in the waveguide.
This approach was adopted in the past to measure temperature
distribution in extreme environments [24].
Several practical aspects should be considered when applying
this technology at cryogenic temperatures and within a superconducting magnet structure. First of all, a cryogenic liquid
(liquid nitrogen or liquid helium) may be surrounding the entire
waveguide or a portion of it, which may lead to a leakage of the
ultrasonic wave into the surrounding liquid resulting in attenuation of the signal. For example, in a 1 mm diameter titanium
waveguide for the axially-symmetric lowest-order longitudinal
mode L(01) at 2 MHz the attenuation coefficient Ki is ∼20 m−1
and the ultrasonic wave can propagate only several centimeters
before complete leakage into the liquid nitrogen. However, at
200 kHz the attenuation coefficient Ki ∼ 0.077 m−1 and the
propagation length increases to several meters. In liquid helium
the leakage is about an order of magnitude less due to lower
density and sound velocity values (assuming density ρLN2 =
0.804 g/cm3 , ρLHe = 0.125 g/cm3 , and velocity vLN2 = 0.857
mm/μs, vLHe = 0.18 mm/μs).
A waveguide integrated with the magnet winding will be
curved, and its wavenumber kR can be then presented as KR =
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Fig. 3. (a) A sketch showing use of a shear wave piezo-transducer for exciting
longitudinal acoustic waves in a wire waveguide. (b) A waveguide transmitter
using a demountable pin connector. (c) A waveguide receiver built with a shear
piezo-transducer integrated with a MOSFET-based cryogenic preamplifier in a
single printed circuit board.

√
K 2 − R2 where K is the wavenumber of straight waveguide
and R is a bending radius. The critical frequency at which guided
waves become evanescent can then be estimated as f = ν/2πR
[25]. For a copper waveguide with the phase velocity ν = 3.71
mm/μs the critical frequency for R = 20 mm is f = 30 kHz which
is much lower than the expected operating frequency of several
hundred kHz and guided waves should propagate through such
bending radius without experiencing additional attenuation.
Performance of a practical quench detection depends on a
good thermal link between the superconducting cable and waveguide. At the same time mechanical contact between these two
objects should be minimal, in order to avoid ultrasonic wave
leakage. This challenge may be potentially addressed by anchoring the waveguide to the conductor only at pre-defined reflection
points of the waveguide, while making the reflectors from a
high thermal conductivity material. Alternatively, a light powder
or very soft yet thermally conductive material may be used to
create a distributed random contact between the waveguide and
conductor that would not support shear stresses associated with
the longitudinal wave propagation.
C. Practical Implementation
We implemented our waveguide systems using bronze
wires of various lengths and diameters driven by shear-mode
piezoelectric transducers (Thorlabs, type PL5FB) (Fig. 3(a)).
When a waveguide is soldered to a shear-mode piezoelectric
plate, the longitudinal mode is preferentially excited. An alternative method to direct soldering of the waveguide is use of a
demountable pin connector, as shown in Fig. 3(b). We found
that such connectors do not introduce substantial attenuation
or notable unwanted distortions into the acoustic signal. To
ensure a better signal-to-noise ratio, we use cryogenic amplifiers
integrated with the receiver transducers; the amplifier is based
on a single MOSFET transistor and is similar in design to the
one described in [26]. We apply rectangular pulses of 50–200
V in amplitude with a duration of 2-4 ms to the TX transducer
using OSUN200 ultrasonic pulser, and record received signals
in transmission mode using Picoscope 4824 USB oscilloscope.
The data is then processed to determine the initial propagation
time of the ultrasonic pulse through the waveguide, and a crosscorrelation-based technique [13] is used to monitor its time shift
continuously as ultrasonic pulses are being applied at a rate of

Fig. 4. (a) A sketch showing a test setup used to investigate thermal sensitivity
of the waveguide at the ambient temperature conditions. (b) The RX waveform
showing arrival of the signal and its multiple reflections from waveguide ends.
Wave packets outlined in the plots with vertical markers correspond to an initial
arrival of the longitudinal wave (1st ) at time t0 and the secondary arrival after
the wave is reflected back from the TX transmitter side (2nd ) at 3t0 . (c) Time
shift measured as a response to powering up the spot heater at 100 mW for ∼20
s. Time shift accumulates with every pass of the wave along the waveguide thus
yielding larger amplitude when secondary arrival wave packet was monitored.

50 Hz. Temperature rise along the waveguide leads to a positive
time shift ( = delay) in the received waveform.
III. AMBIENT TEMPERATURE TESTS
We have constructed a simple setup to test thermal sensitivity
of the acoustic waveguide at ambient temperature. A Cu-Be
alloy wire of 0.076 mm diameter and 1.05 m length was used
as a waveguide, and it was suspended inside a 1/2 inch ID
fiberglass tube. The TX transducer was installed at one end
and the amplified EX transducer at the other. At the middle of
the waveguide a spot heater made of a 0.125 W 50 W resistor
wrapped with copper foil was mounted; the waveguide was
thermally anchored to this spot heater using thermal grease
compound (Dow Corning 340). The setup is shown in Fig. 4(a).
In the first test, rectangular voltage pulses of 75 V in amplitude
and 3.5 ms in duration were applied at a 50 Hz repetition rate
to the RX transducer. The resulting RX waveform shows wave
packets distinctly separated in time, corresponding to the arrival
of the main longitudinal wave at time t0 , as well as its reflections
from the spot heater (arriving at 2t0 , 4t0 , etc.) and from the TX
end of the waveguide (arriving at 3t0 , 6t0 , etc.). The frequency
content of the packets is dominated by post-pulsing ringing
of the TX transducer. To perform temperature measurements,
we monitored a portion of the 1st arriving wave packet (direct
arrival) and the first reflection from the TX end of the waveguide.
The latter packet travels the waveguide length three times, and
therefore arrives to the RX transducer three times later than the
directly incident wave. When the spot heater is powered at ∼3
V, it dissipates 100 mW of power, and over a duration of about

Authorized licensed use limited to: UNIVERSITY OF COLORADO. Downloaded on April 30,2022 at 08:38:46 UTC from IEEE Xplore. Restrictions apply.

4701705

IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 32, NO. 6, SEPTEMBER 2022

Fig. 5. (a) The RX waveform showing multiple end reflections of the longitudinal wave in the waveguide. Small amplitude reflections appearing in-between
main reflection peaks are likely caused by a remaining minor deformation of the
waveguide wire at the former spot heater location. The monitored wave marked
with the vertical lines corresponds to the 5th arrival (after making full four back
and forth reflections). (b) The time shift measured in response to applying 20
mA dc current, yielding ∼6 mW of heating power in the waveguide.

20 s its temperature stabilizes at ∼9 k above the ambient, as
was measured using an infrared point thermometer. A distinct
time shift associated with the local heating was measured in this
experiment, yielding a magnitude of ∼ 4.2×10−8 s for the direct
wave and ∼1.35×10−7 s for the end-reflected one. The latter
time shift is approximately three times larger than the first one,
as expected given the fact that the reflected wave accumulates
its thermally-induced delay three times when travelling along
the waveguide three times; forward, back and forward again.
In the second test, we separated the waveguide wire from
the spot heater, and applied constant current to it in order to
induce uniform heating. This was done by connecting a current
source (Stanford Research Instruments CS580) between the TX
and RX termination points of the waveguide. Data from this
experiment is shown in Fig. 5. For the applied current of 20 mA
the end-to-end voltage measured across the waveguide was 295
mV, yielding 6 mW of heat dissipation. The measured time shift
is ∼2.2- 2.5×10−8 s.
A simple comparison between the two tests can be made.
The 5th wave arrival corresponds to nine end-to-end wave
travels along the waveguide, while the 2nd arrival corresponds
to three end-to-end travels. This yields an expected factor of
3 in sensitivity improvements for the second test. Then, assuming time shift is directly proportional to the applied heating power, its expected value in the second test should be
(1.35×10−7 s) × (6 mW/100 mW) × 3 = 2.43×10−8 s. This
value is indeed very close to the one measured in experiment.
Room temperature tests are thus mutually consistent, and provide a good estimate for the expected sensitivity of the technique
towards quench detection applications.
IV. QUENCH DETECTION TEST
A. Experimental Setup
To test the technique at realistic cryogenic conditions, a setup
shown in Fig. 6(a) was built, aiming at detecting heating and
ultimately quenching in a 50 cm-long sample of CORC HTS

Fig. 6. (a) A sketch of the CORC wire testing setup (top) and the photo of the
actual setup (bottom). (b) The RX waveform of the transmitted wave measured
at 77k. The marked portion of the waveform was monitored for time during
current ramping the cable sample. (c) The result of the quench experiment,
showing the sample current, voltage and accumulated time shift as function
of time. A clear rise in time shift is seen at quench (marked with an arrow),
followed by a relaxation towards the base value upon sample cooling down to
the temperature of the nitrogen bath.

conductor in liquid nitrogen. Our choice of CORC wire for this
test was guided by use of such conductor for the HTS accelerator
magnets presently developed at LBNL under the US Magnet
Development Program. The CORC sample, manufactured by
Advanced Conductor Technologies, comprises four 2-mm wide
ReBCO tapes wound around a central copper core. The critical
current of the sample at 77 k determined with 1 mV/cm voltage
criterion is 235 A. We have instrumented this conductor with
a waveguide sensor made out of a phosphor bronze wire 0.22
mm in diameter. The waveguide wire was placed straight along
the entire conductor length, and then secured to it using cotton
threads at ∼5 cm intervals. Then a cotton sheath insulation was
wrapped around the instrumented conductor, and an additional
layer of PTFE tape insulation was wound over it. This arrangement allowed for a good transmission of the acoustic wave along
the mounted waveguide, yet provided some basic heat insulation
to it by reducing heat exchange between the conductor and nitrogen bath, allowing the waveguide to reach higher temperatures
in the event of a quench. The same RX transducer as in the
room temperature test was used, while another RX transducer
was built around a different type of a MOSFET that has a wider
operational frequency bandwidth and lower background noise.
Rectangular pulses of 150 V amplitude and 4 ms duration at a 50
Hz repetition rate was applied at liquid nitrogen temperature to
the TX transducer, resulting in a clean and stable RX waveform
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as shown in Fig. 6(b). However, due to an extended contact area
between the waveguide and the cable, this waveform has a more
complex shape than those obtained in the room temperature tests.
We ramped up the CORC sample current at a constant rate until
quench was detected and the power supply was subsequently
turned off. Conductor current, conductor voltage (plotted in the
logarithmic scale) and time shift are shown in Fig. 6(c) together
as function of the elapsed time. While voltage across the CORC
wire was increasing, a slight increase in time shift was observed
as well, but only for currents that are 10–15 A below the quench.
When quench occurred at 293 A, the sample voltage jumped to
60 mV yielding power dissipation of ∼17.5 W for approx. 0.5
s. This heat release resulted in a clearly detectable time shift
variation of ∼ 1.5×10–7 s, followed by an approximately 20 s
long relaxation towards the base temperature level after turning
off the current. These results clearly demonstrate an ability of
the waveguide sensor to detect a quench. However, for practical
use its thermal sensitivity needs to be increased to be able to
sense pre-quench heating in the conductor more clearly. A better
thermal link between the waveguide and CORC wire is necessary
to achieve this, and further investigation will be carried out in
search for a more suitable waveguide insulation material.
V. CONCLUSION
We investigated use of acoustic guided waves for thermal
sensing in both ambient and cryogenic environments, and developed a cryogenically-robust waveguide thermometry system around shear-wave piezoelectric transducers and integrated
MOSFET-based amplifiers. Sensitivity of this system to localized and large-scale thermal variations have been quantified,
and preliminary experiments were conducted demonstrating
successful use of this technology for detection of quenches in
practical HTS conductor at liquid nitrogen temperature. The
technique has a potential of becoming a robust and less expensive
alternative to the fiber-optics-based quench detection. To enable
its integration with practical HTS magnets, more research is
required on developing a waveguide acoustic insulation that
would efficiently conduct heat but prevent leakage of ultrasonic
waves into the HTS conductor and surrounding structural elements. In the future, we also plan to investigate a pulse-echo
mode of time shift detection, aiming at improving detection
sensitivity while also enabling localization of the developing
hot spots. It appears plausible to place multiple (10+) reflectors
along the waveguide without having a significant degradation
of the reflected signal amplitude. We will further explore this
approach by optimizing reflector density and distribution to
improve localization capabilities of the technique.
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