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ABSTRACT

Seven different high current conductors for fusion applications, made of High Temperature Superconducting stacked tapes, have been successfully tested in the
Quench Experiment campaign supported by EUROfusion and carried out in SULTAN. The aim of this extensive experimental campaign is to explore the quench
initiation and propagation in different conditions as well as different conductor design. The measurements show that there is a common behaviour to all layouts, i.e.,
the DC performance of such conductors have degraded after the quench test campaign, and more systematic DC experiments showed that it is likely that a tem-
perature peak beyond 150 K on the stack may lead to the degradation. These results are analyzed and discussed in the present work. This allowed identifying a
reference threshold for the safe operation in a real magnet. Through a simple analytical model, based on the assumption of adiabatic quench propagation, the
projection to the expected performance in the magnet configuration is carried out, focusing on the maximum hotspot temperature reached, depending on the layout.
It is shown that conductors with a larger effective heat capacity, although having a smaller quench propagation velocity, end up having lower hotspot temperature.

1. Introduction

High temperature superconducting (HTS) materials are currently
being used to build conductors and magnets relevant for fusion appli-
cations, i.e., carrying high current to generate high magnetic fields. The
research and development process worldwide is targeting conductors,
which are needed for pulsed magnets, as well as non-insulated magnets,
which may be feasible for steady operation. Several conductor designs
have been proposed and tested, such as those based on the twisted-
stacked tapes approach [1,2,3] or on the CORC approach [4], while
there are only few examples of (large) non-insulated magnets [5].

The necessity to use insulated conductors to wind pulsed magnets
poses the problem of quench detection and protection, which is well
known to be a more challenging issue with respect to conductors built
with low temperature superconducting materials, mainly due to the
larger margin of the high temperature counterpart. Furthermore, being a
newer technology, until few years ago, there was a lack of experimental
investigation of the quench behaviour at the (HTS) conductor scale.

For this reason, EUROfusion has started an experimental campaign

focused on the investigation of the quench propagation in HTS con-
ductors, designed by different research units in the EUROfusion con-
sortium itself, because such types of conductors are relevant for the
hybrid design of the EU DEMO Central Solenoid [6]. The first being
tested were those designed and manufactured by the Swiss Plasma
Center (SPC) and the results were analysed in [7] and [8] in terms of
quench propagation velocity (QPV) and hotspot temperature. The data
were also used to calibrate and validated numerical models based on 1D
[8] or 3D [9] approaches. In 2023 and 2024, conductors designed and
manufactured by ENEA were also tested.

An overview of the conductor designs and their main dimensions are
reported in Table 1. All the conductors are based on the stacked-tapes
approach: tens of tapes are stacked together and put electrically in
parallel. Each conductor features a dedicated cooling channel to allow
active cooling through forced flow helium. The conductor design is
based on the Cable-In-Conduit approach for all the samples. All con-
ductors were manufactured using REBCO tapes, except for a BiSCCO
conductor designed and manufactured by SPC [7]. In this work the focus
is on the REBCO conductors.
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In this paper, after a brief description of the experiment in Section 2,
a focus is given -in Section 3- on the evolution of the DC performance of
the conductors tested so far, which all showed degradation after the
quench test campaign. Through a simple analytical method, summarized
in Section 4 and validated against the available data, the projection to
the magnet-relevant conditions is presented and discussed in Section 5,
allowing a thorough comparison between all the layouts tested so far.

2. Description of the experiment

The tests were carried out in SULTAN [10], which was upgraded to
provide a maximum of 15 kA at 10 V. The sample is made by two 3.6 m
long conductors, which are connected electrically in series through a
joint (hairpin configuration) and cooled in parallel, so that they can be
operated at different temperature at the same time. A background
magnetic field can be provided by the facility. The portion of the
conductor where the magnetic field is the largest (up to a maximum
value of 10.9 T) and uniform over 40 cm is called High Field Zone (HFZ),
see Fig. 1(a). Thus, the quench is expected to start propagating in this
region. The conductor designs and their instrumentation are briefly
recalled in the remaining part of this Section.

The ENEA conductors are based on the slotted-core concept pre-
sented in [2]. In these conductors, tapes are stacked, without being
soldered, and placed in the slots of an aluminum core. On top of the
stacks, aluminum fillers are fitted in order to provide compression on the
stacks. The cable is then jacketed in an aluminum conduit, which pro-
vides containment for the helium. In the SULTAN experiment, an
additional external stainless-steel 1 mm thick conduit was added. This
was made for both providing additional mechanical reinforcement and
ensuring helium tightness at the terminations. Also, the slots of all the
tested conductors are untwisted. The aluminum conduit for all the
conductors was 1.25 mm thick, while the core has an external diameter
of 22.6 mm. To provide active cooling to the conductor, a central
channel (7 mm in diameter) in the core is present. The coolant can also
flow in the voids in the slots between the core and the stacks as well as in
the small channels around the external side of the core, see the cross-
section of the ENEA conductor in Fig. 1(b).
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The three ENEA conductors tested differ in the following way: from
the design point of view, A1 and A2 were identical, with 76 tapes
inserted in 4 out of the total 6 slots and all the stacks are oriented with a
tilt of 30° between the background field and the tapes c-axis, see Fig. 1
(b). In B1, all the slots were filled, each with 13 tapes. The orientation of
the conductor is the same, thus 2 of the 6 stacks in B1 are oriented with
the ab plane parallel to the background field. From the instrumentation
point of view, in all the conductors, voltage taps were placed on the
external side of the stainless steel conduit (V in Fig. 1(a)). In addition,
five taps were placed in contact with the core in the HFZ, each at a
distance of 10 cm from the other (V# pis in Fig. 1(a)). The latter, in the
HFZ, are 5 cm staggered with respect to those on the external jacket, see
again Fig. 1(a). Concerning the temperature, in all the conductors it was
measured on the external jacket (sensor X), but in Al and B1 additional
sensors were added protruding them through the two jackets to measure
the temperature on top of two different stacks (sensor Y, labelled Tyx*,
see Fig. 1(a)). The helium temperature was also measured at different
locations (sensor Z), see Fig. 1(b), through helium-tight temperature
sensor protruding up to the central channel. The temperature in A2 was
measured only on the external jacket.

The quench experiment is performed by heating the helium (through
electric heaters on the feeding pipes) flowing in the investigated
conductor (it was possible to fire the heaters independently, thus
bringing to quench only one of the two conductors constituting the
SULTAN sample) by monitoring the voltage and temperature evolution
until the quench is triggered. The quench run is then stopped (by turning
off the current) as soon as a given voltage threshold is reached. The
sequence of quench tests was performed increasing this voltage
threshold, in order to reach progressively larger hot-spot temperatures.

The four different REBCO conductors designed and tested by SPC are
named as Reference, Non-twisted, Solder-filled and ASTRA. The first
three are made of three strands. Each strand is made by a stack of tapes
(yellow squares in Table 1), which is tightly enclosed in a copper profile
(orange regions in Table 1), whose outer diameter is 8.5 mm. The sol-
dering of the stacks and the copper profiles is performed after the
twisting of the strand (HTS stack + copper profiles). In the Reference
and Solder-filled conductors, the strands and the triplet are twisted with

Table 1
Overview of the cross-sections of the tested conductors so far.
Conductor Reference/Non-twisted Solder-filled ASTRA ENEA Al1/A2 ENEA B1
Stabilizer material Copper Aluminum
Astabilizer [mm?] 150 150 144 255 292
Ajacket [mm?] 715 652 360 (94 + 82)* (94 + 82)*
Number of stacks 3 3 1 4 6
Number of tapes per stack 25 25 21 19 13
Twisting Reference: yes Yes No No No
Non-twited: no
Ic (B,T) [kA] Reference: 14.5 (4 T, 5.6 K) 148 (7 T,7 K) 10.2(9T, 6 K) A1:9 (109 T, 20 K) 12.5(10.9 T, 20 K)
Non-twisted: 13.9 (7 T, 7 K) A2:12.2(10.9T, 15K)
Number of quench runs Reference: 9 18 21 Al:8 10
Non-twisted: 15 A2:3
Quench conditions Reference: 8x(3.5 T, 15 kA) 16x(6.5 T, 15 kA) 3x(0T, 11 kA) Al: 6x(7 T, 15 kA) 7x(7 T, 15 kA)

# runs x (B, I) 1x(9 T, 9.5 kA) 2x(10.9 T, 11 kA) 3x(0 T, 15 kA) 1x(10.9 T, 12 kA) 1x(9 T, 15 kA)
Non-twisted: 13x(6 T, 15 kA) 3x(6 T, 9 kA) 1x(10.9 T, 15 kA) 1x(10.9 T, 12 kA)
2x(10.9 T, 11 kA) 2x(6 T, 12 kA) A2:2x(10.9 T, 12 kA) 1x(10.9 T, 13 kA)

2x(9 T, 9 kA) 1x(10.9 T, 15 kA)
2x(9 T, 12 kA)

2x(10.9 T, 9 kA)
3x(10.9 T, 12 kA)
1x(10.9 T, 15 kA)

*Sum of the aluminum + stainless steel jackets.
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Fig. 1. (a) Schematics of the diagnostics implemented in the A1 conductor in the High Field Zone (HFZ) region: voltage taps placed on the external jacket (V4) and on
the slotted-core (V4 p;s) are shown. Temperature sensors (T4*) are arranged as shown in the cross-section in (b); T4 indicates locations where a temperature sensor
was placed on the external jacket only. The direction of the background field is also shown.

a twist pitch equal to 400 mm and 1 m, respectively. The triplet is then
jacketed in an 8.5-mm-thick stainless steel conduit (grey region in
Table 1). The remaining voids between the round strands (light blue
region in Table 1) are available for the forced flow helium which is used
to cool the conductor or to induce the quench during the Quench
Experiment. In the case of the Solder-filled conductor, part of the void
space inside the jacket is filled with solder to increase the area of heat
transfer between the cable and the jacket (with respect to that of the
other two conductors). The ASTRA conductor is made of a single stack of
tapes oriented parallel to the background magnetic field. The stack is
soldered and placed in a U-shaped copper profile. Unlike the other
conductors, the cooling of the stack is indirect, i.e., heat flows through
the top and bottom copper bars to reach the segregated helium cooling
channel, see the cross-section in Table 1. The ASTRA conductor was the
only one equipped also with cartridge heaters (each 25 mm long and 3
mm in diameter) embedded in the jacket to induce the quench, while for
all the other conductors it was induced increasing the helium inlet
temperature. Concerning the diagnostics of these conductors, voltage is
measured on the external jacket with voltage taps placed at a distance of
10 cm in the HFZ. Temperature was measured both on the external
jacket as well as with helium-tight sensors protruding through the jacket
to measure the temperature of the helium stream. In addition, in ASTRA,
temperature sensors were added protruding through the jacket and
measuring the temperature close to the copper profile which contains
the stack. Further details on the design, diagnostics and measurements
performed on the SPC conductors can be found in [7,10] and [11].

3. DC performance evolution

The evolution of the conductor performance after the quench
experiment with respect to that before the experiment has been moni-
tored for all the tested conductors. The performance is discussed in terms
of critical current, Ic, current sharing temperature, Tcs, and their
degradation (reduction) after the quench experimental campaign.

During the tests performed on the SPC conductors, the DC perfor-
mance (I¢ and/or Tcs) was measured before and after the quench tests
[11]. Note that the Reference conductor was found to be degraded (~20
% reduction of the I¢) before starting the actual SULTAN test. To track
the DC performance evolution, during the tests of the ENEA conductors
(in particular, Al and B1), a T¢s test was performed before each quench
test.

Fig. 2 reports the ratio of the critical current at the end of the quench
experimental campaign with respect to the pristine sample, plotted as a
function of the maximum hotspot temperature reached during the
quench test. Note that the maximum hotspot temperature reported in
Fig. 2 corresponds to that reconstructed from the voltage measurement,
which is closer to the actual maximum temperature reached during
quench with respect to the maximum measured temperature, as the latter
depends on the quality of the thermal contact of the temperature sensors
with the hotspot region. This aspect is further discussed and detailed
quantitively in Section 4.

Focusing on the REBCO SPC conductors (Reference, Non-twisted,
Solder-filled and ASTRA), it looks that a correlation between the
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Fig. 2. Ratio of the critical current after -with respect to that before- the quench experiment and the corresponding maximum “virtual” hotspot temperature
(reconstructed from the voltage measurement, see Section 4 for the details) reached in the experimental campaign, for each conductor tested.
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maximum temperature reached in the test campaign and the amount of
degradation is present: the larger the hotspot temperature, the larger the
performance degradation.

In terms of I¢ reduction, the only reliable point of the ENEA con-
ductors is that of A1, because the results coming from A2 are not clear in
their interpretation and the I¢ of B1 was measured in different condi-
tions at the end of the test.

Looking at the amount of degradation of each conductor, it is evident
that the ENEA conductors degraded more than those designed and
manufactured by SPC: ENEA A1 degraded more than, e.g., the Reference
conductor, which reached a similar hotspot temperature. The detailed
understanding of this degradation mechanism and the motivation of the
different quantitative behaviour between the SPC and ENEA conductors
would require a thermo-mechanical analysis which is beyond the scope
of this work. An integrated platform has been developed and presented
in [12], coupling a thermal-hydraulic model, where the actual tem-
perature profile during quench propagation is computed, and a 3D
thermo-mechanical model. First results show that the secondary strain
induced by the localized thermal expansion in the stack may lead to
superconductor performance degradation. In the case of ENEA con-
ductors, the higher coefficient of thermal expansion of the aluminum
core with respect to that of the stacks leads to a larger peak strain in the
tapes; however, this is partially mitigated by the absence of solder [12],
allowing the stack to have a slightly different deformation with respect
to the core.

Summing up these results, it looks that these kinds of conductors, i.e.,
those based on the stacked-tape concept, may safely resist up to a hot-
spot temperature of roughly 150 K: above this value, they may start
degrading.

As mentioned, the conductor performance, in terms of Tcs, were
measured after each quench test performed in the conductor ENEA Al
and Bl. The T¢s has been retrieved fitting the data measured by the
voltage taps V5-V6 and T3X see Fig. 1(b), with the power law E = Ep +
Ec(T/Tcs)™, where the electric field E is obtained simply dividing the
voltage measurement by the distance between the taps (10 cm), Ep is a
constant offset which includes the systematic offset of the measurement
as well as potential resistive contribution, the critical electric field E¢ is
1 pV/cm, T is the measured temperature and T¢s and m are the fitting
parameters.

The systematic measure of the Tg is useful in understanding whether
a gradual degradation is caused by each quench or there is a threshold
beyond which the performance starts degrading. Fig. 3 shows that the
Tcs performance of Al (measured at 15 kA, 10.9 T) is stable until a
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hotspot temperature of ~ 135 K is reached. One final quench experiment
reaching ~ 200 K was carried out and the performance had clearly
degraded, also confirmed by I measurements performed after this last
quench experiment. The same trend is observed for B1: its T¢g (measured
at 13 kA, 10.9 T) remained stable within ~ 0.5 K up to a quench with an
hotspot temperature of ~ 180 K. After a quench reaching ~ 220 K, the
Tcs decreased by more than 2.5 K. Additional Tcg tests after the last
quench showed that it stabilized again in the range 10.5-11 K, con-
firming that the quench was actually the root cause of that degradation.
The first point in Fig. 3 for Al reports the Tcs measured before the
first quench. It is clear that after the first quench, even though the
hotspot temperature was quite low (~45 K), the T¢s decreased notice-
ably and then it remained stable as discussed previously. A possible
explanation of this behaviour is that the first quench may have affected
the current redistribution in the bottom joint of the sample, which is
close to the HFZ, where the T¢gs is measured. An alternative explanation
is that the first quench may have caused, through a mechanical move-
ment, an adjustment of the tapes in the stacks and/or of the stacks in the
slots, as they are not soldered. Therefore, it is advisable, when executing
such experiments, to perform at least an additional Tcg test after the first
quench to quantify this initial variation of T¢s. Nevertheless, the focus
here is on the impact of increasing hotspot temperatures reached during
the quench on the conductor performance, therefore the interest on the
variation of the Tcg after the first quench with a low hotspot is limited:
subsequent quenches (after the first), with increasing hotspot tempera-
tures, show no impact on the conductor performance, thus it is reason-
able to assume that the mechanism that caused the initial drop of Tcg is
different with respect to that causing the last drop of T¢s, which instead
appears to be related to the hotspot reached during the last quench.

4. Quench analysis

The analysis of the quench experiments is performed according to an
analytical model based on the adiabatic assumption to compute the
maximum temperature evolution once the quench has started propa-
gating. The method is based on a slightly modified version of that
already used in [7] and it is validated against local voltage measure-
ments. This method is historically used to size the stabilizer cross-section
in LTS conductors [13]. Then, it is used to assess the performance of a
magnet wound with conductors similar to those tested in the experi-
mental campaign. The maximum temperature computed in case of
magnet operation is then compared to the 150 K limit introduced in
Section 3 to assess which design may perform better and give hints on
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Fig. 3. Evolution of the current sharing temperature Tcs in the conductor ENEA A1l and B1 after the value of hotspot temperature reported on the x-axis was reached

in a previous quench test.
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future design developments in this regard.
Assuming adiabatic quench propagation, the heat balance equation
can be written as

Tmax C(T) S t 5
dT = / I(t)*dt (€Y

A AL
where the heat capacity C(T)S is defined as C(T)S = (p¢pS) puier +

fe (pcps)jacket, where p is the mass density, ¢, is the temperature-

dependent specific heat capacity and S is the cross-section, computed
for both the stabilizer (copper for the SPC conductors, aluminum for the
ENEA conductors), f is a parameter (between 0 and 1) which depends on
how much heat capacity of the jacket is available, i.e., thermally
coupled, with the stabilizer; R(T) is the resistance per unit length,
computed as R(T) = (p4(T)/S)sapiizer» Where pg(T) is the temperature-
dependent electric resistivity of the stabilizer (in case of copper, the
dependence on the magnetic field and on the RRR is also taken account)
[14], while in the case of the aluminum core of the ENEA conductors the
resistivity was directly measured; I(t) is the time-dependent current
carried by the conductor (which, in the case of the quench test in SUL-
TAN, was held constant before dumping it); T; and T4y are the so-called
transition temperature [15] and maximum temperature reached at each
instant t. The transition temperature T is not known a priori, although
several possible approximations based on the current sharing tempera-
ture T¢s and critical temperature T¢ were proposed. In this case, T; can
be retrieved from the measured quench propagation velocity.

The latter, according to the derivation presented in [15] and used in
[7], is defined as

R(T;) o k(T;) e S

PV=1I1|——F————"——
Q C(T,)S e [; C(T)SAT

@

where k is the temperature-dependent thermal conductivity of the sta-
bilizer and Ty is the operating temperature far away from the normal
propagating zone. T; in the range of 30-45 K are obtained for the con-
ductors analyzed from the QPVs reported in Section 5.

Unlike the approach presented in [7], the maximum temperature
considered in Eq. (1) is not the largest measured temperature measured
by sensors, but that reconstructed from the voltage measured. The latter
gives a more accurate approximation of the actual maximum tempera-
ture reached in the quenched region throughout the quench propaga-
tion. The reconstructed, also called “virtual”, temperature is derived
from the local voltage measured in the high field zone according to

Vira(t) = pulT(0)) o g o1 ®

where p,;(T) is the temperature-dependent stabilizer resistivity, L is the
distance between the voltage taps (typically 10 cm), S is the stabilizer
cross-section. From the experiment, Vygz(t) and I are measured, L and S
are known geometrical quantities and the stabilizer resistivity is known
as well. Thus, Eq. (3) can be solved for T(t) with an implicit equation
solver. The assumptions behind Eq. (3) are mainly that the whole sta-
bilizer is assumed to be at the same temperature and the current is only
carried by the stabilizer itself. The first has also been verified experi-
mentally (measuring the temperature as close as possible to the stack
and/or its surrounding material, such as copper) and numerically with a
3D model [9], since the stabilizer has a good thermal contact with the
stack of tapes and it has a quite good thermal diffusivity, leading to a
good homogenization of the temperature across the stabilizer itself. The
second assumption implies that the method can be applied above T}, i.e.,
when the current is not flowing in the superconductor anymore. On the
other hand, in the case of the SPC conductors, having a large steel jacket
cross-section, a fraction of the current begins flowing in the jacket as
well, however at the maximum temperature it is expected to be around
10 %, thus as a first approximation it can be considered to be flowing
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entirely in the stabilizer.

The comparison between the “virtual” temperature computed from
Eq. (3) and the actual measured temperature in different conductors is
reported in Fig. 4, as a function of ¢ = j(; I(t)2dt, as q is proportional to
the energy deposited during the quench propagation. It is clear that,
when the temperature is measured far from the location where the
hotspot is expected (i.e., in the copper around the stacks for the SPC
conductors or on the stack themselves for the ENEA conductors), a
temperature much lower than the “virtual” one is measured. On the
other hand, in the case of the ENEA conductors, where the temperature
is measured very close to the stacks, see Fig. 1(b) or in the case of the
ASTRA conductor, where there is a temperature sensor close to the
copper profile around the stack, both the measured and “virtual” tem-
peratures agree quite well. This confirms that the “virtual” temperature
gives a reliable assessment of the actual hotspot temperature reached
during the experiment.

The amount of heat capacity of the steel jacket actually available
during the quench propagation, lumped in the parameter fin Eq. (1), can
be derived from the evolution of the maximum temperature. The latter
can be either measured (or reconstructed from the measured voltage) or
modelled with a simple 2D thermal model. This is a direct consequence
of the adiabatic assumption done to derive Eq. (1) itself.

The 2D model solves the transient heat diffusion equation, imposing:

as thermal driver, the heat deposition due to Joule effect in the
stabilizer

adiabatic boundary conditions on the external boundaries as well as
on those at the interface with the helium: this assumption is moti-
vated by the fact that we are interested in the phase of the quench
propagation when all the current is already carried by the stabilizer,
thus the helium is supposed to be at very low density, thus not
impacting the heat transfer on the cross-section.

The evolution of the maximum temperature in the case of the Non-
twisted conductor computed for two different cases is reported in
Fig. 5(a). One case refers to a perfect thermal contact between the
copper and the stainless steel, while the other case refers to a thermal
contact interface resistance as measured in [16]. This comparison
highlights that the impact of the contact resistance at the interface be-
tween copper and stainless steel is negligible. It is worth noting here that
the value of the contact resistance should not be compared with that
adopted for the 1D modelling of such conductors, see for example [8],
because that value accounts mainly for the effect of the shape of the
conductor, which cannot be taken into account in the 1D modelling.
Here, it is shown that most of the impact on the parameter f is given by
the actual geometry of the conductor, i.e., in this case the point contact
between the copper and the steel as well as the large value of the steel
thickness, with respect to the actual thermal contact resistance. The
impact of these features on the temperature distribution in the steel is
clearly visible in Fig. 5(b), where the temperature in the steel jacket is
far from being uniform.

Fig. 5(a) shows also that the 2D model computes a maximum tem-
perature in good agreement with the experimental data, meaning that
this simple modelling approach can be used to follow the thermal evo-
lution once the quench has started its propagation. Furthermore, it is
also reported the evolution of the maximum temperature computed with
Eq. (1) with f = 0.12 and it is worth noting that both the experimental
and computed results based on the 2D model would have led to the same
value of f.

The 2D modelling approach is especially useful to retrieve f in the
case of the ENEA conductors. In this case, the tested conductors were
equipped with a thin steel jacket, which was not scaled with respect to
the dimensions expected in the actual full size conductor. Therefore, to
make a fair comparison between the different conductors in the next
section, two different 2D models of the ENEA conductors have been
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Fig. 5. (a) Evolution of the maximum measured temperature compared to that computed with the 2D model with different thermal contact resistance and that
corresponding to f = 0.12. (b) Temperature distribution in the 2D model of the Non-twisted conductor when the maximum temperature reaches 220 K.

developed. A first model implements the same geometry of the con-
ductors that were tested. In this way, the reliability of the model results
was cross-checked against the experimental data, see Fig. 6(a), leading
to a good agreement on the maximum temperature evolution. Next, a
second model was developed, this time implementing the conductor
geometry with a jacket that is compliant with the expected dimensions
of the full size one, i.e., 750 rnmz, see Fig. 6(b). With this model, the
evolution of the maximum temperature was computed and the corre-
sponding f value was retrieved. Also in this case, only a fraction of the
entire -thick- jacket actually contributes to the effective heat capacity: as

reported in Fig. 6(c), a value of f = 0.3 is suitable for the ENEA conductor
if the thick jacket is considered.

The procedure discussed for the Non-twisted conductor was followed
also for the other conductors, obtaining an f = 0.5 for the Solder-filled
conductor, confirming that the larger heat transfer surface between
the strands and the jacket increased the fraction of steel participating to
the effective heat capacity, and an f = 0.55 was obtained for the ASTRA
conductor (mainly because the steel cross-section was roughly half of
that of the other SPC conductors). The same value of f = 0.3 was ob-
tained for the ENEA B1, obtaining the same level of agreement shown in



A. Zappatore et al.

Cryogenics 150 (2025) 104158

(b)

200
—— Exp. (TA1_4Y 2)
—— Comp. 2D P
100
< 9
x 80
©
£ 70
=
60
50
40
30 v - - T
0 5 10 15 20 25
(a) Time [s]
300
—— Comp. 2D
200 LT Comp. f=0.30

Tmax [K]
(o)
o

0 5 10 15

20 25 30 35 40

Time [s] (©)

Fig. 6. (a) Evolution of the maximum measured temperature on the ENEA Al conductor compared to that computed with the 2D model. (b) Geometry of the ENEA
A1 2D model accounting for the thicker jacket. (c) Evolution of the maximum temperature computed with the 2D model with the thicker jacket compared to that

computed analytically with f = 0.3.

Fig. 6 for ENEA Al, as well as the same value obtained for the Non-
twisted conductor was found for the Reference conductor, as the
twisting of the strands does not have a remarkable impact on the quench
propagation.

The performance of the simplified model, made of Eq. (1) and Eq. (3)
can be cross-checked against the localized voltage measured in the HFZ
during the quench propagation. Fig. 7 shows that the computed voltage
on 10 cm follows closely the measured, thus confirming the reliability of
this approach.

1001 —— Exp. V_HFZ /]
---- Comp. V_HFZ, f=0.50

VvV [mV]

T T T T T T T

-5 0 5 10 15 20 25 30
Time [s]

Fig. 7. Comparison of the measured and computed local voltage in the High
Field Zone for the Solder-filled conductor.

5. Projection to magnet operation

The magnet of interest considered in this Section is the EU DEMO CS
in its hybrid design [17], i.e., equipped with HTS inner layers and LTS in
the outermost layers.

The operating conditions are summarized in Table 2. The voltage
threshold for the quench detection has been set to a conservative value
of 500 mV (ITER will use a threshold of 300 mV [18]). A larger value
than ITER is considered because EU DEMO conductors will be larger
than ITER ones, thus reducing the effectiveness of the ITER-like voltage-
based quench detection. Once the quench has been detected, an addi-
tional time equal to tgelay is considered before starting the exponential
dump of the current (following the characteristic current discharge time
of 7 =15 5). The conductor cross-sections were simply multiplied by four
in order to make them compatible with an operating current of 60 kA
and to be consistent with the foreseen discharge time constant 7 = 15 s.
Note that at the present stage it is not clear what will be the actual
conductor design to be adopted in the coil, as other open issues, i.e.,
performance degradation of the full conductors with electromagnetic
cycles, are still to be solved or tested. Nevertheless, the sub-size con-
ductors have been scaled down with respect to the transport current
foreseen in the actual coil, therefore scaling up their cross-sections looks

Table 2
Operating conditions of EU DEMO CS relevant for
the calculation of the hotspot temperature.

Parameter Value
B [T] 18

1 [kA] 60
7[s] 15
tdelay [S] 1.1
Vihreshold [MV] 500
To [K] 5
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reasonable to estimate their behavior in case of quench during the coil
operation.

To assess the voltage rise and, consequently, the hotspot temperature
during a quench in the magnet configuration, the relation to be used
needs to account for the propagation of the quenched region through the
QPV according to

Viow(t) = 2 0 R (Tiax(t) ) ¢ QPV @ t 0 I(t) “)
where 2 e QPV o t is the length of the normal zone (being QPV the ve-
locity of a single quench front).

The impact of the magnet operating conditions on parameters
computed in the previous Section is mainly on the QPV, because the
conductor is expected to operate with a larger temperature margin, i.e.,
with a smaller ratio of Iop/Ic with respect to that in the SULTAN test.
However, the conductor is expected to operate at a higher magnetic field
(18 T) with respect to that in SULTAN, thus reducing the critical tem-
perature of the superconductor. A larger temperature margin and a
lower critical temperature contribute in opposite way on the QPV, thus
the value adopted in the following analysis is the same as that computed
in Section 4, i.e., those computed from the SULTAN experiment. The
only non-negligible variation of QPV is on the ENEA B1 conductor,
because it had a larger T¢s and it was tested at To ~ 25 K. Therefore,
considering Tp = 5K, a decrease of QPV from 24 mm/s to 18 mm/s
would be achieved for the ENEA B1 conductor. The QPVs for the other
conductors are ~58 mm/s for the Reference and Non-twisted, ~13 mm/
s for the Solder-filled, ~34 mm/s for ASTRA and ~26 mm/s for ENEA
Al and A2.

The comparison of the voltage and hotspot evolution of the different
conductors during quench in magnet operating conditions is shown in
Fig. 8(a). The Reference and Non-twisted conductors feature the fastest
voltage rise, corresponding to the fastest temperature increase. This
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means that the quench is detected first in those kinds of conductors than
on the others, thus the dump starts sooner than in the other conductors.
However, the hotspot temperature in the Reference and Non-twisted
conductors raises more than all the others. This is due to the smaller
effective heat capacity available during quench propagation. Therefore,
the fact that the quench is detected earlier does not compensate the
temperature rise with respect to conductors with larger heat capacity.

The other SPC layouts confirm this trend: the ASTRA conductor has a
coupling coefficient (f) between the copper and surrounding jacket
comparable to that of the Solder-Filled, however, the former features
half of the stainless-steel cross-section. This leads to an effective heat
capacity of ASTRA that is 30 % larger than the Reference and Non-
twisted, whereas it is 34 % smaller than that of the Solder-Filled. The
results reported in Fig. 8(b) are coherent with the trend of the effective
heat capacity: the maximum temperature reached after the same energy
is deposited is the largest for Refence and Non-twisted, intermediate for
ASTRA and the lowest for the Solder-filled. However, as the quench
detection in ASTRA occurs earlier with respect to the others (except for
the Reference and Non-twisted conductors), the final hotspot reached is
comparable to the Solder-filled one, see Fig. 8(c).

Concerning the ENEA conductors, in the magnet configuration they
behave coherently in terms of voltage considering their QPVs: ENEA Bl
has a smaller QPV with respect to ENEA Al, thus, although having a
similar geometry, voltage in ENEA B1 raises slower than in ENEA Al,
detection occurs later and the final hotspot is larger.

Fig. 8(c) shows that for all the conductors the detection occurs above
100 K. Therefore, considering that the current is exponentially dumped
with a time constant of 15 s, there is still a non-negligible amount of
energy that is deposited during the current dump. The consequence is
that all conductors overcome 200 K as hotspot and the Reference and
Non-twisted go beyond 300 K. This means that the current design and
quench detection schemes are such that the criterion identified in
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1200 —— ENEAB1
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1000 —— SPC-ASTRA | o 2°7]
SPC - SF =
S 800 5200
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Fig. 8. Evolution of the (a) voltage and (b) hotspot temperature for the different conductor layouts proposed in magnet configuration. (c) Evolution of the voltage as

function of the hotspot temperature.
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Section 3, i.e., to stay below 150 K, is not fulfilled. Therefore, im-
provements and/or alternative solutions for those aspects should be
pursued.

From the conductor design point of view, the results show that it is
better having a conductor with a large effective heat capacity. The most
convenient way to obtain the latter is to improve the thermal contact
between the copper and stainless-steel, without increasing the
conductor cross-section. Nevertheless, these conductors exhibit large
solid (conductive) cross-sectional area, thus leading to possibly large AC
losses in pulsed magnets with respect to low temperature supercon-
ductors. To counteract this disadvantage, a solution has already been
proposed by different designers [19,20], consisting in sectorizing the
bulky conductive cross-section in order to reduce the effective area
available for eddy currents. Preliminary electro-magnetic tests have
shown promising results, although improvements in the heat removal
capabilities of such bulky conductors could be needed. Furthermore, as
discussed in [21], the field ramp rates expected in the EU DEMO CS are
such that coupling losses are not the primary loss mechanism when
compared to hysteresis losses, thus larger conductive cross-sections
would not increase much the total AC losses.

From the quench detection point of view, several alternative strate-
gies are being investigated, such as fiber optics [22], superconducting
quench detection wires [7] and thermocouple chains [23], which
showed, having being tested in SULTAN, a faster quench detection with
respect to voltage measurement.

6. Conclusions and perspective

The Quench Experiment campaign supported by EUROfusion has
allowed to successfully test seven REBCO conductors based on different
conductor layouts. The analysis of the evolution of the DC performance
before, during and after the experimental campaign shows that a tem-
perature peak above 150 K may lead to DC performance degradation.
This provides a first reference value that conductor designers may refer
to, impacting both the magnet quench detection strategy as well as the
conductor design itself.

The projection to the actual magnet operating conditions confirmed
that the effect of a larger effective heat capacity is beneficial, as it leads
to a lower hotspot temperature. However, this may pose a challenge in
designing a conductor with larger effective heat capacity, but suitable
with the pulsed operations where it is foreseen to be employed. Also,
improvements in the quench detection, that would be beneficial in
reducing the hotspot temperature, are encouraged, as the current com-
bination of conductor design and magnet operating conditions would
lead to too large hotspot temperature with respect to the 150 K threshold
quantified after the quench experiments.

The experimental campaign is still ongoing and other layouts man-
ufactured by other EUROfusion research units are planned to be tested,
thus enriching the experimental database on the quench behavior in
HTS conductors.
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