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Abstract: High-temperature superconductors (HTS) are being increasingly used for magnet appli-
cations. One of the known challenges of practical conductors made with high-temperature super-
conductor 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 de-
manding 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 su-
perconducting strands suddenly transition into a normal state. In magnets built using
conventional low-temperature superconductor conductors, such as NbTi or NbsSn,
quenching would typically result in a redistribution of the current towards the normal
metal (copper) stabilizer, 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 experiencing thermal damage. HTS conductors on the
other end exhibit an enthalpy margin that is approximately two to three orders of magni-
tude larger than in LTS [16,17]. An important consequence is that a mechanical disturb-
ance-driven quenching mechanism typical for LTS-based magnets is highly unlikely to
take place in their HTS-based counterparts. Regardless, normal zones may potentially de-
velop 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
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suddenly or gradually developed under mechanical stress. With respect to quench detec-
tion, the large operational margin of HTS plays a negative role, as it causes the normal
zone to propagate very slowly [18-20], making it difficult to detect quenching using stand-
ard voltage-based detection techniques. Therefore, various alternative non-voltage tech-
niques 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 charac-
teristics of the resistive transition at the critical current density J. is the so-called n-value,
defined as an exponent in the equation:

] n
) W

where E; is the criterion associated with the minimal experimentally detectable electric
field in a developing normal zone. It is typically taken as 10 V/m for practical purposes.
One should note that the “true” n-value is associated with thermally activated flux creep
[21] exponent n = U,/T, where Uy is the creep activation energy. Furthermore, as pin-
ning mechanisms vary with magnetic field strength B, the angle relative to tape c-axis 0
and temperature T, the practical n-value is not a constant but a function of all those pa-
rameters nn=n(B, 0, T). In LTS conductors, n is typically in the range of 50-80, representing
a sharp “on-off” resistive transition at current sharing temperature T: all current flows
in the superconductor at /| < J.(B,T,s), and switches fully into a normal metal stabilizer
at /| > J.(B,T.), 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~ J.. At the
same time, the critical current I, 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 -
value for the ReBCO coated conductor placed in the 15 T perpendicular field were re-
ported in [22]. A lower n-value means the transition at I, 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 < T.(B). As it is common to have local I, 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 numeri-
cally the expected behavior of the HTS coated conductor in terms of a hot spot tempera-
ture as a function of time for various initial //I, and n. For simplicity, we conduct it in
adiabatic regime using the well-known approach by Wilson [23]:
T ®
f <M 4y = ﬂf J2()dt @)
o P r o Jo

where ¢(T) and p(T) are temperature-dependent heat capacity and resistivity, respec-
tively, Ty is hot spot temperature, r is copper fraction of the conductor and | is current
density. For the ReBCO tape conductor we can assume:

dCu

dReBCO
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where d¢, and dg.pco are thicknesses of the copper and superconductor layer, respec-
tively. Substrate resistivity can be ignored here, since the resistivity of the copper stabilizer
is 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:

pst(T) — pCu(T)ps(T)(ds + dCu) (4)

pCu(T)ds + ps(T)dCu
where p¢, (T) and ps(T) are temperature-dependent resistivities of the Cu layer and the
substrate, and d¢, and d; are their respective thicknesses. For the net heat capacity, ig-
noring the thin ReBCO layer, we obtain:
C(T) — CCu(T)ddCu:dCs(T)ds (5)
Cu s
where ¢, (T) and c¢;(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 tem-
perature can be defined in the case of HTS, and we assume that the current flows in par-
allel 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:
Pst(T)Prepco(T)(drepco + dst)

T) = 6
p(D) Pst(T)drepco + Prepco(T)dst ©)
where
E§wdpepco(T) ( 1 )n_l
T) = )
Presco(T) 1.(T) 1.(T)
YBCO Cu I

[irgco =16 Hastelloy dy = 50 um + dgy=50 um

!

w=4mm
Figure 1. A simplified cross-sectional view of the ReBCO tape conductor.

For the temperature dependence of the critical current I.(T) and n-value n(T), we
use polynomial fits to the experimental data of [22]. The equation for the pgepco(T) can
then be solved numerically for any given (I/I.(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 ps(T) of the substrate (assuming
it to be 55304 stainless steel), the interpolated values were used. For the stabilizer layer,
we assumed residual resistance ratio RRR¢, = 24, ignored the magneto-resistance con-
tribution and used known analytic dependence [25] to calculate the temperature-depend-
ent resistivity pc, (T). Based on the manufacturer’s specifications, the following conductor
parameters were assumed: tape width: w = 4 mm, ReBCO layer thickness: dgepco =
1.6 um, copper stabilizer layer thickness dc. = 50 um, substrate thickness dg = 50 pm,
1.(4.2K,15T)=1900 A, n = 40and E, = 1 pV/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 I.), and various levels of
I, degradation, starting from I, = 0 (which would be the case equivalent to a crack for-
mation across the entire width of the superconducting layer) to its nominal
1.(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 I, = 0. It is notable that in the case of only partial /. degradation, the
temperature initially rises very slowly; it stays elevated above the background for just a
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few degrees Kelvin, followed by a quick thermal runaway that is nearly as quick as in the
case of I, = 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 con-
sistent 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 con-
stantly 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 to-
gether 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 con-
sidered. 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 depend-
ence of NZPV upon I/I; 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 I.. 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, =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/I. ~0.7, the measured NZPV was ~20 mm/s. In LTS con-
ductor 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 I, =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 7, depends upon the sensi-
tivity and thresholds of the quench detection system, and “validation time” 7, is defined
by the hardware. Typically, for LTS accelerator magnets, (t4 + 7,,) =7 — 15 ms. Stored en-
ergy is normally converted into heat dissipated over winding resistance and any addi-
tional “dump” resistor added to the magnet circuit. Characteristic extraction time 7, de-
pends 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:

-t —t(Rmag(t)+Raump) (8)

I1(t) = Iy e =Iye L
As magnet inductance L scales with the magnet size, 7, can be reduced either by in-
creasing Rmag(t) by some active means, such as the use of protection heaters [30] or induced
coupling losses [31], or by increasing Raump. Realization of active protection for HTS is
difficult due to the large enthalpy margin. Increasing the dump resistor value proportion-
ally 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



Instruments 2021, 5, 27 5 of 18

cryogenic environment. Also, cabling of HTS conductors is a common way of reducing
magnet inductance while increasing its operational current.
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Figure 2. Top panel: results of the hot spot temperature simulations for two different n-values plot-
ted in log-log scale. Bottom panel: selected curves for n=40 plotted in the linear time scale.
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Figure 3. A sketch comparing normal zone propagation specifics in LTS and HTS coils.
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Figure 4. A typical energy extraction timeline and its characteristic time for an accelerator magnet.

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 under-
taken to overcome this problem can be separated into three major categories: the devel-
opment 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 mod-
ification 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.

Quench Antennas

M tic Techni
agnetic Tecniques Hall Sensor Arrays

Fiber Bragg grating sensors

Rayleigh scattering

Optical techniques
P 1 Raman scattering, Brillouin scattering and

specialized fibers

Passive (acoustic emission)

Acoustic techniques
4 Active (diffuse wave ultrasonics)

Capacitive techniques Boiling of cryogenic liquids

Impedance change

RF-based techni
ased techiques 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
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 con-
ductor 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
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very early onset of the flux-flow regime. In addition, for Rutherford and CORC®-type ca-
bles, the current follows a “solenoidal” path along the cable strands in the superconduct-
ing 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 calcu-
lating 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 an-
tenna.

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 im-
balances occurring in the space between current-carrying ReBCO conductors. In the su-
perconducting 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 compen-
sated, due to the corresponding components of the two currents in neighboring tapes be-
ing 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 for-
mer 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, al-
lows measuring even minute resistance in the superconducting path, down to thermally
activated flux creep levels corresponding to electric fields of 10 V/cm or lower. In prac-
tice, 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 ac-
celerator 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 tech-
nique 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 for-
mer. The termination of the CORC® cables is made in such a way that individual tapes are
soldered 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 distrib-
uted terminal, the quenching onset can be readily detected by observing the current den-
sity (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
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try), 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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Figure 5. (a) A sketch illustrating the principle of Hall sensor-based quench detection. A Hall sensor placed in the gap
between two ReBCO conductors can detect onset of the normal zone in one of those by measuring field imbalance (adopted
from [44]). (b) A practical implementation of same technique in a form of a Hall array embedded in the current terminals
of the CORC® cable. Quench onset is detected through a local redistribution of current flow inside the terminal (adopted

from [45]).

3.2. Optical Techniques

A variety of techniques using optical fibers have been proposed for HTS quench de-
tections. 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 var-
iation 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 sensitiv-
ity of ~ 1K 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 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 measure-
ment 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
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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 exam-
ple, the use of Raman scattering [55] and Brillouin scattering [56-58] seems promising.
Optical techniques would typically suffer from insufficient thermal sensitivity at lower
temperatures, due to reduction of the coefficient of thermal contraction for nearly all ma-
terials 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 tech-
nically possible to extend the sensitivity range down to lower temperatures using spe-
cially 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 mag-
nets 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 suc-
cessfully 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 mag-
nets, 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 pur-
poses. 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 expan-
sion, 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 signifi-
cant 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 temper-
ature variations are of the order of 1 K or less, which would be practical for quench detec-
tion. It is possible that new developments in cryogenic electronics will enable such tech-
nology 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 detec-
tion 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 gradu-
ally 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 trans-
fer 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 gas-
eous bodies, where thermally induced variations of the sound velocity c(T) can be read-
ily 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
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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 ¢(T) variation, as well as multi-
ple 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 =
JE/p, and its temperature dependence is dominated by that of the Young’s modulus E(T)
rather than a much smaller density variation p(T). The former can be approximated as
[78]:

E(T) = Eo—s/(e"/" - 1) ©)
where E| is the Young’'s modulus at zero Kelvin temperature, and s and 7 are adjustable
parameters. For common metals and alloys at liquid nitrogen temperature (77 K), the rel-
ative change (E(T + AT) — E(T))/E(T) is thenjust 10-100 ppm, yielding a sound velocity
change per degree that is 2-3 orders of magnitude less than liquids or gases. Another sig-
nificant complication is that a large variety of wave modes exist in solids, including com-
pression, 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 in-
terfaces. This complication, however, can be turned into an advantage if a multiply scat-
tered wave is used to conduct the measurement. A principle of this method and its reali-
zation in practice are shown in Figure 6. When a short (~1 us) acoustic pulse is emitted
into the coil under test with a piezoelectric transducer, the signal received by another
transducer 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 sec-
ondary 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 sig-
nal 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 geo-
physics, 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 prac-
tice, an excitation pulse is applied to the coil at to, and a fixed portion of the transient
waveform of a duration twis acquired, starting at o + At. The first acquired waveform f;(t)
is stored as a reference, and then cross-correlated with every subsequently acquired wave-
form fi(t) to find:

to+At+ty
FO=[ - 0f0d (10)
to+At

The relative time shift 7; is then calculated, corresponding to the absolute maximum
of each Fi(t) inthe [-0.5t,,0.5t,] interval, such as that F/(z;) = 0; F/'(t;) < 0. Thermal
sensitivity is expected to be proportional to At [81], and thus one can benefit from the
large mechanical Q-factor of the coil by increasing At further into the “tail” of the coda.
Some recent examples of applying this technique for detecting hot spots in HTS conduc-
tors 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 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 insensitive 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
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windings will be reduced. As an alternative to sending the wave directly into the coil un-
der 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 separated by an insulation layer that is partially or fully impregnated with the cryo-
genic 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 gase-
ous 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 corre-
sponding variation of electrical capacitance is observed. The low heat of evaporation in
combination with a narrow 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 ] has been readily observed, and upon approaching a thermal runaway, the capaci-
tance variation becomes an extremely sensitive indicator of dissipation, capable of detect-
ing heat at levels that are hard to measure with the traditional voltage-based detection or
other non-voltage methods.

3.5. RF-Based Techniques
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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 imped-
ance. 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 demon-
strated, for example, in [97], where the increase of the copper stabilizer cross-section in
the ReBCO conductor from 0.16 mm? to 0.4 mm? yielded a two times reduction of the hot
spot temperature in the current dump experiment on an HTS insert coil. An obvious draw-
back of this approach, however, is that the proportionally reduced engineering current
density of the conductor reduces the magnet performance. Instead of increasing the stabi-
lizer 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 mar-
gin. The observed improvement is, however, somewhat limited, and may still be insuffi-
cient to enable the use of conventional voltage-based quench detection schemes. An inter-
esting approach to increasing the NZPV in coated conductors by means of increasing in-
terfacial resistance between the superconductor and stabilizer was proposed in [100] and
further developed in [101]. Effects of the interfacial resistance on the current transfer be-
tween the superconductor and the stabilizer layer were studied in detail by Levin et al.

[24], who showed that the current diffusion length L = /Rint d,/p,, where Ry, is the in-

terfacial resistance and d,, and p, are stabilizer thickness and normal state resistivity, re-
spectively; 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 detec-
tion 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 con-
ductor, 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 neigh-
boring 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 I, 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 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
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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 vol-
ume, 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 heat-
ing 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 propaga-
tion 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-in-
duced 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 protect-
ing 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 oscilla-
tions at ~100 Hz frequency, AC loss heating is expected to be approximately 1 W/m, or
~2.5 W/em?® 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 per-
formed for the Hall sensor-based quench detection in [44], but the geometry is being ex-
plored for protection against quench damage. Upon detecting a quench, a current pulse
(in excess of 1;) 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.

6. Summary
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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 simultane-
ously, 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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