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Abstract: High-temperature superconductors (HTS) are being increasingly used for magnet ap-
plications. One of the known challenges of practical conductors made with high-temperature
superconductor materials is a slow normal zone propagation velocity resulting from a large supercon-
ducting temperature margin in combination with a higher heat capacity compared to conventional
low-temperature superconductors (LTS). As a result, traditional voltage-based quench detection
schemes may be ineffective for detecting normal zone formation in superconducting accelerator
magnet windings. A developing hot spot may reach high temperatures and destroy the conductor
before a practically measurable resistive voltage is detected. The present paper discusses various
approaches to mitigating this problem, specifically focusing on recently developed non-voltage
techniques for quench detection.
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1. Introduction

Since their initial discovery in 1986, high-temperature superconductors [1] have made
a long way toward practical use in applications, such as record-field solenoids [2–4], energy
storage [5], fault current limiters [6–8] and transmission lines [9,10]. More demanding
applications, such as high-field magnets for particle accelerators, are presently on the
horizon [11–15], where HTS conductors will operate close to their stress limits, and will
have to satisfy necessary mechanical, electromagnetic and thermal stability criteria. One
key aspect of a safe and reliable operation of any accelerator magnet is the ability to sustain
and mitigate spontaneous quenching—a phenomenon where one or several superconduct-
ing strands suddenly transition into a normal state. In magnets built using conventional
low-temperature superconductor conductors, such as NbTi or Nb3Sn, quenching would
typically result in a redistribution of the current towards the normal metal (copper) sta-
bilizer, with a simultaneous formation of the normal zone, which quickly expands and
propagates along the length of the conductor and across coil turns. This behavior is driven
by a very low enthalpy margin (~10–100 mJ) of a typical LTS cable conductor: a small local
mechanical or thermal perturbation can drive the entire cable cross-section into a normal
state over a sub-millisecond timescale. As the stored energy of modern particle accelerator
magnets can reach into the MJ level, various systems for quench detection, protection and
energy extraction are normally put in place to prevent the quenching conductor from expe-
riencing thermal damage. HTS conductors on the other end exhibit an enthalpy margin
that is approximately two to three orders of magnitude larger than in LTS [16,17]. An im-
portant consequence is that a mechanical disturbance-driven quenching mechanism typical
for LTS-based magnets is highly unlikely to take place in their HTS-based counterparts.
Regardless, normal zones may potentially develop in HTS conductors due to a localized
thermal load (radiation heat, beam energy deposition, AC losses, inductive coupling with
another quenching magnet system, etc.) or due to microscopic conductor defects that either
pre-existed from manufacturing or suddenly or gradually developed under mechanical
stress. With respect to quench detection, the large operational margin of HTS plays a nega-
tive role, as it causes the normal zone to propagate very slowly [18–20], making it difficult
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to detect quenching using standard voltage-based detection techniques. Therefore, various
alternative non-voltage techniques for quench detection in HTS are being developed. In
this paper, we will review some of these latest developments and discuss the prospective
of using new and existing quench detection techniques in order to provide an adequate
level of protection for future HTS-based magnets for particle accelerators.

2. Quench Development in HTS Conductors

In the following, we will make a basic overview of a quenching behavior in rare-earth
barium-copper-oxide (ReBCO) HTS conductors, emphasizing their important differences to
LTS with respect to quench development timescales. One of the key practical characteristics
of the resistive transition at the critical current density Jc is the so-called n-value, defined
as an exponent in the equation:

E = E0

(
J

Jc(T)

)n
(1)

where E0 is the criterion associated with the minimal experimentally detectable electric field
in a developing normal zone. It is typically taken as 10−4 V/m for practical purposes. One
should note that the “true” n-value is associated with thermally activated flux creep [21]
exponent n = U0/T, where U0 is the creep activation energy. Furthermore, as pinning
mechanisms vary with magnetic field strength B, the angle relative to tape c-axis θ and
temperature T, the practical n-value is not a constant but a function of all those parameters
n = n(B, θ, T). In LTS conductors, n is typically in the range of 50–80, representing a
sharp “on-off” resistive transition at current sharing temperature Tcs: all current flows
in the superconductor at J < Jc(B, Tcs), and switches fully into a normal metal stabilizer
at J > Jc(B, Tcs), having an Ohmic relation between E and J. A flux-flow regime may
potentially exist in this case, though only in a narrow interval of currents J ∼ Jc. At the
same time, the critical current Ic of the conductor is spatially modulated by the magnetic
field distribution. This modulation, in combination with spontaneous energy released in
the coil winding due to various mechanical events (conductor motion, epoxy cracking,
de-lamination, etc...), normally defines quench locations in LTS magnets. In contrast, in
HTS superconductors, n ≈ 40 − 50 can be measured at liquid helium temperature, but
reduces gradually to 20 − 30 at liquid nitrogen temperature and even further when in
proximity of the superconducting transition. Measurements of both the critical current
density and n-value for the ReBCO coated conductor placed in the 15 T perpendicular field
were reported in [22]. A lower n-value means the transition at Ic is becoming more gradual,
and the transport current can be shared between the HTS superconductor in the resistive
(flux-flow) regime and the metal stabilizer layer (see Figure 1) in the extended (B, T)
interval for T < Tc(B). As it is common to have local Ic variations up to 10–15 percent
along the length of the coated conductor, a predefined pattern of weak spots can emerge,
where current sharing and heat dissipation will take place. It is instructive to estimate
numerically the expected behavior of the HTS coated conductor in terms of a hot spot
temperature as a function of time for various initial I/Ic and n. For simplicity, we conduct
it in adiabatic regime using the well-known approach by Wilson [23]:∫ TH

0

c(T)
ρ(T)

dT =
1 + r

r

∫ ∞

0
J2(t)dt (2)

where c(T) and ρ(T) are temperature-dependent heat capacity and resistivity, respectively,
TH is hot spot temperature, r is copper fraction of the conductor and J is current density.
For the ReBCO tape conductor we can assume:

r =
dCu

dReBCO
(3)

where dCu and dReBCO are thicknesses of the copper and superconductor layer, respectively.
Substrate resistivity can be ignored here, since the resistivity of the copper stabilizer is
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significantly less than that of the substrate (Hastelloy or stainless). The temperature-
dependent resistivity of the stabilizer that includes contributions from Cu layers and the
substrate is:

ρst(T) =
ρCu(T)ρs(T)(ds + dCu)

ρCu(T)ds + ρs(T)dCu
(4)

where ρCu(T) and ρs(T) are temperature-dependent resistivities of the Cu layer and the
substrate, and dCu and ds are their respective thicknesses. For the net heat capacity, ignoring
the thin ReBCO layer, we obtain:

c(T) =
cCu(T)dCu + cs(T)ds

dCu + ds
(5)

where cCu(T) and cs(T) are temperature-dependent heat capacities of the Cu layer and
the substrate. Since current sharing between the superconductor and stabilizer layers
is sustained across a significant portion of the temperature range, no current sharing
temperature can be defined in the case of HTS, and we assume that the current flows in
parallel in the superconductor and the stabilizer, leading to an equal voltage drop across
both layers. This simple approach ignores interlayer resistance and the possible inequality
of the superconductor and stabilizer potential due to a difference in the current sharing
length [24]. The net resistivity of the tape conductor is then:

ρ(T) =
ρst(T)ρReBCO(T)(dReBCO + dst)

ρst(T)dReBCO + ρReBCO(T)dst
(6)

where

ρReBCO(T) =
E2

0wdReBCO(T)
Ic(T)

(
I

Ic(T)

)n−1
(7)
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For the temperature dependence of the critical current Ic(T) and n-value n(T), we use
polynomial fits to the experimental data of [22]. The equation for the ρReBCO(T) can then be
solved numerically for any given (I/Ic(T), n(T)) using the Newton–Raphson method. For
the temperature dependence of the heat capacity of the copper stabilizer cCu(T), and also
the heat capacity cs(T) and resistivity ρs(T) of the substrate (assuming it to be SS304 stain-
less steel), the interpolated values were used. For the stabilizer layer, we assumed residual
resistance ratio RRRCu = 24, ignored the magneto-resistance contribution and used known
analytic dependence [25] to calculate the temperature-dependent resistivity ρCu(T). Based
on the manufacturer’s specifications, the following conductor parameters were assumed:
tape width: w = 4 mm, ReBCO layer thickness: dReBCO = 1.6 µm, copper stabilizer layer
thickness dCu = 50 µm, substrate thickness ds = 50 µm, Ic(4.2 K, 15 T) = 1900 A, n = 40 and
E0 = 1 µV/cm.

In Figure 2, results for the hot spot temperature evolution as a function of time are
shown for the value of the operational current of 1500 A (∼0.8 Ic), and various levels of Ic
degradation, starting from Ic = 0 (which would be the case equivalent to a crack formation
across the entire width of the superconducting layer) to its nominal Ic(4.2 K, 15 T) value.
Remarkably, it would only take 5.5 ms for the hot spot to reach 500 K in the case of Ic = 0.
It is notable that in the case of only partial Ic degradation, the temperature initially rises
very slowly; it stays elevated above the background for just a few degrees Kelvin, followed
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by a quick thermal runaway that is nearly as quick as in the case of Ic = 0. As evidenced
by the plots in Figure 2, a lower n-value is associated with the extension of this regime
in the temporal and temperature scales. Such behavior is consistent with a formation
of a flux-flow zone within the conductor that can persist over longer times or become
“stagnated” if conditions are not purely adiabatic and heat is constantly removed from the
conductor. It is also in contrast to that of LTS conductors, where the voltage rise is typically
associated with a formation of the normal zone that either shrinks or expands rapidly,
without exhibiting an intermediary stable configuration for the hot spot. While voltage
developed in the “slow” regime can be very low, the advantage of its persistence may be
taken, and multiple voltage measurements can be averaged together to improve sensitivity
of the quench detection [26]. In order to estimate the voltage developing across the hot spot,
normal zone propagation velocity (NZPV) should be considered. Measurements of NZPV
in ReBCO conductors have been reported by several groups. In [27], NZPV was measured
for the YBCO coated conductor in a self-field at 80 K, at the condition of minimum energy
required to initiate the propagation. The dependence of NZPV upon I/Ic in this case is
nearly linear, having NZPV ≈ 7.5 mm/s at 95% of the critical current. In [28], NZPV of
the coated conductor was measured at 4.2 K in a self-field, yielding ≈ 4 mm/s at 56% of
Ic. At a lower temperature and high field conditions of 14 T relevant to high-field magnet
applications, detailed measurements of NZPV were reported in [29], where I/Ic = 1 NZPV
was found to be in the range of 20–400 mm/s for the corresponding temperature range of
27–43 K. For the intermediate temperature of 40 K and more practical value of I/Ic ~0.7, the
measured NZPV was ~20 mm/s. In LTS conductor windings, resistance develops mainly
due to quench propagation: the normal zone grows in size both along the conductor
and, transversely, across the winding turns, as sketched in Figure 3. In contrast, in the
HTS conductor coil windings resistance develops mainly due to heating of a localized hot
spot. When using the 20 mm/s value for NZPV as discussed above, one could expect
in our simulated case the normal zone to expand no more than ~0.11 mm linearly along
the conductor over the time interval of the thermal runaway in the case of Ic = 0. By
combining this number with the conductor resistivity at 500 K, one would obtain ∼ 24 mV
of voltage drop across the normal zone heated to 500 K. Our estimate clearly highlights
challenges to the voltage-based detection of HTS-based high-field accelerator magnets.
Firstly, voltage detection threshold of 24 mV is at the low end of what is presently used
for large LTS accelerator magnets; having a lower threshold is often impossible, due to
significant electromagnetic background noise present during the operation of such magnets
and power electronics that are connected to it. However, the most important factor is
the time needed for quench validation and energy extraction, which cannot be reduced
to match this conductor-defined time margin, as the former is ultimately limited by the
magnet size and its stored energy. A typical timeline for magnet energy extraction is shown
in Figure 4, where detection time τd depends upon the sensitivity and thresholds of the
quench detection system, and “validation time” τv is defined by the hardware. Typically,
for LTS accelerator magnets, (τd + τv) = 7 − 15 ms. Stored energy is normally converted
into heat dissipated over winding resistance and any additional “dump” resistor added to
the magnet circuit. Characteristic extraction time τe depends upon the magnet winding
inductance and the sum of the winding resistance and the dump resistance, and magnet
current decay can be written as follows:

I(t) = I0 e
−t
τe = I0e

−t(Rmag(t)+Rdump)
L (8)
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As magnet inductance L scales with the magnet size, τe can be reduced either by
increasing Rmag(t) by some active means, such as the use of protection heaters [30] or
induced coupling losses [31], or by increasing Rdump. Realization of active protection for
HTS is difficult due to the large enthalpy margin. Increasing the dump resistor value
proportionally increases the voltage developing across the magnet during the extraction,
and the latter is limited by the insulation breakdown limits and onset of gas discharge in
the cryogenic environment. Also, cabling of HTS conductors is a common way of reducing
magnet inductance while increasing its operational current.

A typical extraction time of large LTS magnets is 100s of milliseconds. Thus, it is
clear that the quick thermal runaway of a “standard” ReBCO conductor appears to be a
major factor limiting the protection margins of large HTS magnets. Various approaches
undertaken to overcome this problem can be separated into three major categories: the
development of new and more sensitive detection techniques, conductor modification and
the development of new protection methods. In the rest of the paper, we will mainly focus
on the quench detection topic, while briefly reviewing relevant activities on conductor
modification and protection.

3. Non-Voltage Quench Detection Techniques

In this section, the most prominent non-voltage techniques aimed at the detection of
a normal zone development in HTS conductors are discussed. They are summarized in
Table 1 below:

Table 1. A summary of non-voltage quench detection techniques.

Magnetic Techniques
Quench Antennas

Hall Sensor Arrays

Optical techniques

Fiber Bragg grating sensors

Rayleigh scattering

Raman scattering, Brillouin scattering and specialized fibers

Acoustic techniques
Passive (acoustic emission)

Active (diffuse wave ultrasonics)

Capacitive techniques Boiling of cryogenic liquids

RF-based techniques
Impedance change

Time–frequency domain reflectometry

3.1. Magnetic Techniques

A well-known technique used for low-temperature superconductor magnets is based
upon sensing the temporal variation of the magnetic field in the vicinity of a developing
quench. Firstly, the initial hot spot is unlikely to be distributed symmetrically with respect
to the conductor cross-section. This is because at the origin of such a zone, a local material
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defect of the HTS conductor could be present, or the magnetic field in that location could
be higher compared to the rest of the conductor. Once a resistive zone appears, the current
flow redistributes outwards from this zone, becoming asymmetric with respect to the
conductor central axis. If the HTS conductor is a multi-strand cable (of Rutherford [14,32],
Roebel [33,34], CORC® [35,36], twisted stack [37] or other type), then the redistribution is
generally also a function of inter-strand resistance, and a complex current flow pattern may
form as a result. It should be noted that in the case of good current sharing (i.e., very low
inter-strand resistance), current inhomogeneity is expected to be most apparent at a very
early onset of the flux-flow regime. In addition, for Rutherford and CORC®-type cables,
the current follows a “solenoidal” path along the cable strands in the superconducting
state, but flows straight through the normal zone. Therefore, the solenoidal current path is
effectively “interrupted” at the normal zone location. This is discussed in more detail in [38].
The described transient current redistribution can be detected by a properly positioned
array of magnetic sensors.

One known technique [39,40] uses an array of inductive pickup coils, usually called a
“quench antenna”. A comprehensive analysis of quench antenna signals expected from
a developing quench was performed in [41]. Quench antennas have been used quite suc-
cessfully for identifying quenches in various LTS high-field magnets. Analyses of current
redistribution at the inter-strand level of the Rutherford cable during quench propagation
have been studied in [42,43], both demonstrating that improving inter-strand conductivity
increases quench propagation velocity, and providing a modeling background for calculat-
ing magnetic transients due to such redistribution. For HTS conductors, however, the use
of quench antennas so far has been limited. Slow quench propagation implies lower local
dB/dt and proportionally lower signals generated by an inductive-type quench antenna.

At the same time, the efficiency of the magnetic method for quench detection was
shown in [44], where a miniature Hall sensor was used to detect current distribution
imbalances occurring in the space between current-carrying ReBCO conductors. In the
superconducting state, all HTS tapes comprising the cable carry are approximately the
same current, and therefore the normal field component at the sensor location is fully
compensated, due to the corresponding components of the two currents in neighboring
tapes being equal in magnitude and opposite in direction. As the critical current of one
tape is reduced because of a local hot spot, the excess current flows into the other tape.
Such redistribution produces an unbalanced out-of-plane magnetic field in the gap region,
as sketched in Figure 5a. Such a field is readily detectable with an appropriate Hall sensor
placed at a convenient point at the middle line between the two tapes; for instance, near
one of the current terminals. The key advantage of monitoring the redistribution of the
current instead of the appearance of the resistive voltage is that the sensitivity of the former
method is much higher, being defined by the ratio of the currents flowing in the quenching
and non-quenching conductor strands, while the voltage technique relies on measuring the
absolute value of the dissipation. The magnetic technique, in principle, allows measuring
even minute resistance in the superconducting path, down to thermally activated flux
creep levels corresponding to electric fields of 10−10 V/cm or lower. In practice, current
redistribution between parallel conducting paths occurs at whatever minute manifestation
of resistance in either part, and precedes the appearance of a practically detectable voltage.
The intrinsic difficulty of using this method for monitoring a large accelerator magnet
comes from the fact that the conductor in the winding needs to be split along the length
into at least two currents carrying sub-elements that are joined at the terminals but exhibit
no mutual current sharing along the winding. Besides, the stray field of the magnet
may interfere with the Hall sensor measurement of current redistribution, although this
effect can be mitigated by performing differential measurements with an array of Hall
sensors installed at various locations near coil terminals. Recently, the technique has
been applied successfully to detect early onset of quenching in a ReBCO-based CORC®

cable [45], where multiple tapes are wound together around a solid copper former. The
termination of the CORC® cables is made in such a way that individual tapes are soldered
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to the common tubular terminal at different axial locations along that terminal in order to
distribute current uniformly. If a Hall sensor array is placed along this distributed terminal,
the quenching onset can be readily detected by observing the current density (and thus
a corresponding magnetic field distribution) shifting away from the tape that is being
quenched (See Figure 5b). It should be noted that the, technique works on a single CORC®

conductor only because current sharing between tapes is typically rather poor and most of
the redistribution occurs within the terminals. However, in a case where several individual
CORC® conductors are used to form a cable (cable-in-conduit geometry), the approach
is expected to be efficient for any practical length. This has been recently demonstrated
experimentally [46]. Further experiments aimed at justifying this approach for long lengths
of HTS cable are currently in progress.
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3.2. Optical Techniques

A variety of techniques using optical fibers have been proposed for HTS quench
detections. All of them rely on detecting a change in the optical properties of the fiber,
due to either a local thermal expansion (hence temperature sensing) or thermally induced
variation of strain. Discreet sensors based on fiber Bragg gratings (FBGs) [47–50] have
been found to perform well at cryogenic temperatures and detect variations of temperature
and strain. Gratings are integrated along the length of the fiber path and interrogated
optically in order to measure thermally induced local variations of their period. A thermal
sensitivity of ~1 K at around 20 K base temperature has recently been reported [50]. FBG
sensors have been successfully integrated into large accelerator magnets for monitoring
strain [47], and the use of FBGs appears promising for quench detection in fusion magnet



Instruments 2021, 5, 27 9 of 18

cables [51]. A clear drawback of using FBGs for quench detection, however, is that their
discrete nature does not couple well with the low NZPV of the HTS conductor.

Continuous fiberoptic sensors based on Rayleigh scattering [52–54] are an attractive
alternative to their discreet counterparts, as they allow for both a distributed measurement
of temperature along the entire length of superconducting coil winding and for the precise
localization of the developing hot spots. For this technique, thermal sensitivity scales
inversely with the probed length of the optical fiber, and thermal sensitivities greater
than 7 K/cm [52], as well as a minimally detectable size of the normal zone of less than
5 mm [53], have been reported. It should be noted, however, that distributed optical
sensing requires substantial computational power to achieve real-time quench detection in
long lengths of HTS conductor.

Other optical methods for continuous thermal sensing are being explored; for example,
the use of Raman scattering [55] and Brillouin scattering [56–58] seems promising. Optical
techniques would typically suffer from insufficient thermal sensitivity at lower temper-
atures, due to reduction of the coefficient of thermal contraction for nearly all materials
when approaching absolute zero, and, practically, at temperatures below 15–20 K. While
most of the optical quench detection experiments were conducted at 77 K, it is techni-
cally possible to extend the sensitivity range down to lower temperatures using specially
designed optical fibers. Improving the sensitivity of FBG and Rayleigh sensors at low
temperatures may be achieved by utilizing various special coatings for the sensing fiber
that have a larger thermal expansion coefficient than the original fiber material [59] in the
low temperature range.

3.3. Acoustic Techniques

Whenever a mechanical disturbance occurs in a superconducting magnet, it results
in a burst of acoustic emission (AE). Sources of acoustic emission in superconducting
magnets are well summarized in [60–62]. Passive listening to magnet AE and analysis
of the acoustic data in terms of arrival delays, frequency content and amplitude have
been successfully used to diagnose low-temperature superconducting magnets in the
past [63–66], and this field is continuing to stay in active development. In application
to the HTS magnets, however, the use of passive acoustic diagnostics so far has been
limited. As discussed earlier, mechanical disturbances are not expected to cause quenching
in HTS magnets, and AE caused by those disturbances may be not particularly relevant
for diagnostic purposes. At the same time, hot spot development results in a number
of secondary acoustic effects, such as micro-mechanical motion along various interfaces
due to thermal expansion, dislocation motion and cryogenic liquid boiling. Onset of AE
due to these sources has indeed been reported for HTS conductors [67–72], but only for
cases where a significant overcurrent was supplied to the conductor and heating was quite
substantial (such as in a superconducting fault current limiter [73]). It remains unclear
at the moment if passive AE sensing can be reliably used for the detection of hot spots
where local temperature variations are of the order of 1 K or less, which would be practical
for quench detection. It is possible that new developments in cryogenic electronics will
enable such technology in the future. Even so, given that AE may be also produced by
purely mechanical means unrelated to quenching, passive AE monitoring has not yet been
developed into a viable quench diagnostic technique for HTS coils. In addition, speaking
of quench detection specifically, AE monitoring cannot fulfill such a role even for LTS coils
because the conductor transitioning into a normal state upon reaching its (B, T) margin is
not expected to emit acoustic waves at all.

It appears more practical to track changes in the coil or the conductor that are caused
by the localized heating. Unlike AE bursts, those changes are expected to develop gradually
with temperate rise, and once detected, can be treated as a reliable indicator of heating
in a fashion similar to the resistive voltage. In order to accomplish this, active acoustic
techniques are being developed that employ externally generated acoustic waves for
probing changes in the coil. Attempts were made in the past to monitor the acoustic
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transfer function of the magnet coil and accomplish hot spot detection based on variations
of that function [74–76]. As it is a priori unknown in what frequency range transfer
function variation may be expected, such a method does not seem to be very practical.
At the same time, acoustic thermometry is presently well-established in application to
liquids and gaseous bodies, where thermally induced variations of the sound velocity c(T)
can be readily measured. It is usually accomplished by generating an acoustic pulse and
measuring its time of travel across the body. Piezoelectric transducers can be used for
transmitting and receiving such pulses, having either two transducers—a transmitter and
a receiver placed at the opposite sides of the body—or a single transducer operating in
a pulse-echo mode [77]. However, this simple approach is difficult to implement for an
arbitrary-shaped solid object due to a much smaller magnitude of c(T) variation, as well
as multiple reflections and mode conversions taking place inside the object; for example,
in a quasi-one-dimensional solid rod where the transverse sound velocity is given by
v =

√
E/ρ, and its temperature dependence is dominated by that of the Young’s modulus

E(T) rather than a much smaller density variation ρ(T). The former can be approximated
as [78]:

E(T) = E0 − s/(eτ/T − 1) (9)

where E0 is the Young’s modulus at zero Kelvin temperature, and s and τ are adjustable
parameters. For common metals and alloys at liquid nitrogen temperature (77 K), the rela-
tive change (E(T + ∆T)− E(T))/E(T) is then just 10–100 ppm, yielding a sound velocity
change per degree that is 2–3 orders of magnitude less than liquids or gases. Another
significant complication is that a large variety of wave modes exist in solids, including
compression, shear, twist and Lamb surface waves. These wave modes exhibit different
group velocities [79] and can evolve from one mode to another along the body surfaces
and interfaces. This complication, however, can be turned into an advantage if a multiply
scattered wave is used to conduct the measurement. A principle of this method and its
realization in practice are shown in Figure 6. When a short (~1 µs) acoustic pulse is emitted
into the coil under test with a piezoelectric transducer, the signal received by another trans-
ducer at the opposite coil end will exhibit multiple oscillations and typically extend along
the time axis for several milliseconds. Such an extended wave packet is called “coda” and
is a result of multiple scattering, mode conversions and interference of secondary waves
on their path to the receiver. An advantageous property of a coda wave is that it would
“sample” the coil winding multiple times before reaching the receiver. Therefore, every
time the wave passes through a thermally disturbed region, it acquires a small additional
delay, leading to the accumulation of the phase shift of the received signal relative to the
reference coda acquired prior to the occurrence of thermal disturbance. For the first time,
the nature of coda waves was discussed in [80] in connection to geophysics, and their
ability to diagnose minute thermal changes in the medium was noted in [81]. In order to
quantify thermally induced local variations of sound velocity in practice, an excitation
pulse is applied to the coil at t0, and a fixed portion of the transient waveform of a duration
tw is acquired, starting at t0 + ∆t. The first acquired waveform f0(t) is stored as a reference,
and then cross-correlated with every subsequently acquired waveform fi(t) to find:

Fi(t) =
∫ t0+∆t+tw

t0+∆t
fi(t− x) f0(t)dx (10)

The relative time shift τi is then calculated, corresponding to the absolute maximum
of each Fi(t) in the [−0.5tw, 0.5tw] interval, such as that F′i (τi) = 0; F′′i (τi) < 0. Thermal
sensitivity is expected to be proportional to ∆t [81], and thus one can benefit from the large
mechanical Q-factor of the coil by increasing ∆t further into the “tail” of the coda. Some
recent examples of applying this technique for detecting hot spots in HTS conductors are
experiments on a HTS tape stack [82], as well as a single ReBCO tape and coils wound with
CORC® cable [83]. A similar waveform monitoring approach was proposed in [84] for the
thermal mapping of biological tissues with medical ultrasound. Acoustic thermometry
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has an important advantage of being non-invasive, as both receiving and transmitting
transducers can be placed along the outer surfaces of the magnet. It is also largely insen-
sitive to electromagnetic and mechanical noise in the system, in contrast to the passive
acoustic quench detection. A known complication may be to ensure that the acoustic energy
applied to the coil is sufficiently high in order to achieve good sensitivity while letting the
coda sample the coil winding without cross-cutting through some non- essential structural
coil elements. In the latter case, sensitivity to localized hot spots in the windings will be
reduced. As an alternative to sending the wave directly into the coil under test, acoustic
waveguides [85–87] can be potentially explored to carry acoustic waves along the windings
and detect hot spots in a manner similar to a fiber optic technique, but using acoustic pulses
instead of optical ones. Several advantages over optical techniques can be anticipated, such
as a much more robust and less expensive sensor and acquisition hardware, as well as an
ability to separate stress and thermal responses using frequency-based methods [88].
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Figure 6. (Left) Principle of active acoustic thermometry: diffuse ultrasonic wave (coda) is being monitored for a time shift
caused by local temperature variations in the interior of a monitored object. (Right) Demonstration of the active acoustic
quench detection in a 1.2 m long ReBCO tape conductor in liquid nitrogen, where time shift associated with a hot spot
formation is clearly detected along with the resistive voltage (adopted from [83]).

3.4. Capacitive Technique

Change in capacitance can be employed for quench detection quite successfully for
HTS coils directly immersed into a cryogenic fluid (liquid helium or nitrogen) [89,90]. With
this method, capacitance is monitored between two structural elements of an HTS coil sepa-
rated by an insulation layer that is partially or fully impregnated with the cryogenic liquid.
Electrical permittivity of helium and nitrogen decreases only slightly with temperature
while in a liquid phase, but varies sharply upon a phase change to the gaseous state [91,92].
When locally generated heat at a hot spot partially or fully evaporates the impregnating
cryogenic liquid enclosed between monitored structural parts, a corresponding variation of
electrical capacitance is observed. The low heat of evaporation in combination with a nar-
row gap between structural parts may drive significant variations of capacitance for very
low heat deposition. In liquid helium tests, heat deposition as low as 0.3 J has been readily
observed, and upon approaching a thermal runaway, the capacitance variation becomes an
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extremely sensitive indicator of dissipation, capable of detecting heat at levels that are hard
to measure with the traditional voltage-based detection or other non-voltage methods.

3.5. RF-Based Techniques

A technique probing radio-frequency impedance change caused by quenching has
been reported in [93]. The method may be of interest in a situation where large mechanical
or low-frequency electromagnetic noise is present, and therefore the use of magnetic
or acoustic techniques is less preferable. Another radio-frequency-based technique of
time–frequency domain reflectometry (TFDR) [94–96] has been applied successfully to
monitor the long length of the HTS cable and detect hot spots based on local variations of
impedance. While no TFDR experiments have been conducted on practical HTS coils to
date, the method seems promising as a sensitive and minimally invasive tool for hot spot
detection and localization.

4. Conductor Modification

Modifying conductor geometry is one possible way of improving protection margins
of HTS-based superconducting accelerator magnets. One obvious step that may be under-
taken is to increase the thickness of the metal stabilizer in order to be able to reduce the rate
of heating at the developing hot spot. The effectiveness of this approach is demonstrated,
for example, in [97], where the increase of the copper stabilizer cross-section in the ReBCO
conductor from 0.16 mm2 to 0.4 mm2 yielded a two times reduction of the hot spot temper-
ature in the current dump experiment on an HTS insert coil. An obvious drawback of this
approach, however, is that the proportionally reduced engineering current density of the
conductor reduces the magnet performance. Instead of increasing the stabilizer thickness,
a different metal with a high residual resistivity ratio (RRR) may be used to achieve the
same goal. In [98], an aluminum stabilizer was electroplated on the ReBCO conductor;
high-purity Al can reach RRR > 1000 and 3 mm of 99.999% Al is equivalent by resistivity to
40 mm of electroplated Cu at T < 20 K.

Another viable approach is improving the heat transfer away from the hot spot by
coating the conductor with a material with high thermal diffusivity, as discussed in [99].
The advantage of this approach is a somewhat improved (several times) NZPV and the
possibility to induce an inter-layer quench propagation within the acceptable time margin.
The observed improvement is, however, somewhat limited, and may still be insufficient to
enable the use of conventional voltage-based quench detection schemes. An interesting
approach to increasing the NZPV in coated conductors by means of increasing interfacial
resistance between the superconductor and stabilizer was proposed in [100] and further
developed in [101]. Effects of the interfacial resistance on the current transfer between the
superconductor and the stabilizer layer were studied in detail by Levin et al. [24], who
showed that the current diffusion length L =

√
Rintdn/ρn, where Rint is the interfacial

resistance and dn and ρn are stabilizer thickness and normal state resistivity, respectively;
where it replaces the thermal diffusion length in the heat transfer equation, leading to a
faster quench propagation. This approach allows achieving NZPVs that are comparable
to those of LTS conductors, thus making known conventional quench detection schemes
applicable. On the other hand, this approach reduces the HTS conductor stability margin.
While this is not generally a problem for a very homogeneous HTS conductor, it may
become a problem for a conductor with distributed local defects that will become more
prone to quenching at a lower level of thermal disturbances.

In multi-tape HTS cables with current sharing between tapes, an important factor
in improving stability and reducing hot spot temperatures is current sharing between
neighboring HTS conductors comprising a multi-tape cable or a coil with no electrical
insulation between turns. The non-insulated (NI) coils have been investigated since the
early work of Hahn [102], where a non-insulated ReBCO coil was shown to carry 2.7 Ic
without burning. Recently, NI coils have become a topic of intense research [103–105]
due to a phenomenal stability to quenching observed in those coils. This stability comes
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with the price of an inability to vary the current in coils at a fast rate, since any excess
current would flow radially between the turns rather than along the conductor length. An
interesting solution to overcome this limitation was proposed and explored in [106,107],
where a layer of a special material exhibiting a thermally driven metal-insulator transition
material is deposited on the tape. It serves as an inter-tape insulation at a low temperature
and becomes highly conductive at an elevated temperature, thus promoting current sharing
between neighboring turns of the coil.

5. Magnet Protection against Damage Caused by Quench
5.1. Protection Heaters

In the LTS accelerator magnet, active protection methods using external heaters [30]
are commonly used to quickly increase the size of the normal zone upon detecting a quench,
and to redistribute the dissipation of the magnet’s stored energy over a large volume, thus
preventing a localized burnout. Typically, protection heaters would have a number of
“heating stations”, where more heat is released per unit area and where quenching will
be initiated (although continuous heating strips are also being used in shorter magnets).
The normal zone, once formed, would then expand between these heating stations and
further increase the coil resistance. In HTS magnets, such an approach may prove difficult
to realize, due to a large enthalpy margin requiring a large amount of heat to be deposited
by the heater in order to initiate quenching. Then, since the propagation velocity is very
low, heating stations should be placed either very close to each other or should form a
continuous heating strip along the entire length of HTS coil winding. Regardless, protecting
the HTS magnet with high-power heaters was shown to be a viable protection option for
high-field HTS solenoids [108]. Protection heater delay times have been evaluated in [109],
indicating some viability of also using this protection method for HTS magnets. It was
found, however, that the heater delay increases with the quench margin, and the use of
heaters at low (<15 T) fields may be increasingly problematic.

5.2. Coupling and AC Loss

Another, more recently developed method of active protection is coupling-loss-
induced quenching (CLIQ) [110], which relies on generating heat in the bulk of the cable
conductor. It is performed by discharging a capacitor into the coil by means of a thyristor
switch, which generates an oscillatory current and associated coupling losses between
the conductor strands. While the method has demonstrated its high effectiveness for
protecting large-scale LTS accelerator magnets [31,111–113], its application to HTS magnets
has so far been very limited. Nevertheless, estimates can be made with respect to the
viability of using AC loss-based protection in general for HTS coils. For example, based
on the reported AC loss data for coated ReBCO conductors in high fields [114], measured
quench energy at similar conditions [115] and assuming the protection device generates
oscillations at ~100 Hz frequency, AC loss heating is expected to be approximately 1 W/m,
or ~2.5 W/cm3 when recalculated for the tape conductor dimensions, which is in the
same range as typical minimal quench energy (MQE). An interesting proposition was
made in [116], where a conductor was split into two equal halves in a similar fashion as is
performed for the Hall sensor-based quench detection in [44], but the geometry is being
explored for protection against quench damage. Upon detecting a quench, a current pulse
(in excess of Ic) is applied to central taps at parallel branches of the split conductor. As
inductance in this case is nearly canceled out along the conductor path, the method can be
applied to long windings and realized in various configurations, such as, for example, a
ReBCO ROEBEL cable with half of its strands electrically insulated from another half, or
two electrically insulated tape stacks or a pair of insulated and twisted multi-filamentary
Bi-2212 wires. Compensated inductance also enables the use of high-frequency currents
for coil protection, which can drastically improve heat deposition and potentially enable
novel protection mechanisms presently incompatible with long magnets due to their higher
inductive impedance.
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6. Summary

Quench detection and protection of HTS high-field magnets for future accelerators is a
standing problem that requires a multi-faceted solution. That solution will likely be based
on a combination of voltage and non-voltage-based approaches realized simultaneously,
to provide a necessary redundancy and sensitivity of the detection. For the non-voltage
methods, recent research efforts by various groups have already offered several promising
new approaches. Furthermore, quench detection and protection capabilities can be further
improved by conductor modifications aiming at faster quench propagation, and by the
realization of novel protection approaches, such as those based on AC losses. Emerging
applications of HTS materials in high-energy physics and fusion energy science will be
driving these developments for the foreseeable future.
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