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Behavior during quenches of a 40 T magnet made
of LTS and HTS parts
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Abstract—In the framework of the SuperEMFL (Super Euro-
pean Magnetic Field Labs) project, we have previously studied
numerous possible pre-designs made of an HTS insert with a LTS
outsert to achieve a central magnetic induction of 32 T and 40 T.
From the most interesting designs, the behavior of the magnet
has been studied during the quench of one of the superconducting
parts, either LTS or HTS one. This study includes a multi-physics
analysis (magnetics, thermics, mechanics) of both parts and has
been led with two different codes, each one based on a very
different protection principle. We showed that the quench of
the LTS outsert, as it is adequately protected, caused a quasi-
symmetrical quench of the HTS part, with a limited increase of
the temperature. However, the ignition of the quench within the
HTS insert leads to an asymmetrical current distribution and
to a significant axial force resultant generated on the LTS part.
This may necessitate mechanical reinforcement to address the
resulting imbalance.

I. INTRODUCTION

THIS article presents a comprehensive exploration of the
dynamic behavior exhibited by high-field superconduct-

ing magnets comprising both Low-Temperature Supercon-
ductors (LTS) and High-Temperature Superconductors (HTS)
parts. The investigation is situated within the ambit of the
SuperEMFL European project, which seeks to advance the
capabilities of high-field magnet technology. The study specif-
ically focuses on understanding the intricate dynamics of the
HTS and LTS parts during quench events.

Several superconducting magnets recently generate 32 T [1]
or more [2]. The NOUGAT (Nouvelle Generation d’Aimant
supraconducteur pour la production de Teslas) HTS insert [3],
was validated through testing in resistive coils up to 32.5 T
and has paved the way for deeper investigations. This research
delves into hybrid 32 T and 40 T designs, made of HTS and
LTS parts, aiming at illuminating the magnet’s response under
quench events.

The investigation is multifaceted, encompassing magnetic,
thermal, and mechanical aspects. Some authors have already
studied the quench of insulated HTS windings [4]. The novelty
consists in the study of the quench of an HTS MI winding
subjected to the constraints of an external LTS winding. The
key goals of this study are twofold: (1) to analyze the thermal
responses of both LTS and HTS coils when subjected to
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quench events and (2) to quantitatively evaluate the forces
generated within each superconducting part during diverse
quench scenarios. Understanding these dynamics is essential
not only for ensuring the safe operation of superconducting
magnet systems but also for enhancing their performance and
reliability.

The remainder of this article is structured as follows. Section
II outlines the methodologies employed for modeling quench
dynamics and introduces the protection principles used in each
part of the hybrid magnet. Section III provides a detailed
description of the superconducting parts and their electrical
circuitry. Section IV presents the results of the quench simu-
lations, discussing both LTS and HTS quench scenarios.

II. MODELING OF THE QUENCH

In this section, we delve into the protection principles
employed in both the HTS and LTS parts, shedding light on
the respective modeling codes used.

A. 3D Propagation Modeling of the LTS Coils

Quench dynamics within LTS coils are conventionally
simulated by employing 3D propagation velocities coupled
with homogenized material properties. This approach finds its
basis in the work of Wilson [5], particularly tailored for the
modeling of insulated LTS windings.

B. Partial Element Equivalent Circuit (PEEC) Modeling for
HTS Coils

When it comes to Metal-as-Insulation (MI) [6], [7] or No
Insulation (NI) windings, a paradigm shift occurs due to the
distinct nature of current flow, allowing radial currents to be
present.

To account for the specific characteristics of HTS coils, we
have developed several computational codes in MATLAB [8]
capable of accounting for the nuanced electric circuitry., based
on the Partial Element Equivalent Circuit (PEEC) model [9],
[10].

However, the computational demands are substantial due
to the expansive number of elements required. Moreover, the
inherently nonlinear Ordinary Differential Equations (ODEs),
replete with full matrices, particularly for magnetic coupling,
amplify computational complexity. These equations need to
be solved at each time step, a task demanding extensive
computation time.

To address these computational challenges, we have de-
veloped two specialized PEEC codes, aimed at streamlining
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Fig. 1. Schematic representation of the electrical circuit of the coupled LTS
and HTS parts. See below for definitions of the elements.

the modeling process. For magnets consisting of a single
coil, we have introduced the PEEC-S (Simplified) code. Here,
each element corresponds to one or multiple turns, facilitating
axisymmetrical representation of the quench dynamics.

III. DESCRIPTION OF THE SUPERCONDUCTING PARTS

In ensuring the safe operation of a coupled LTS-HTS
magnet, it is imperative to assess the quench dynamics and
temperature rise within each constituent part of the magnet.

The simplified electrical circuitry is depicted in Figure 1,
illustrating the magnetic coupling between the LTS and HTS
parts. Notably, each part of the magnet is endowed with its
own dedicated power supply, functioning in tandem with the
magnetically coupled circuitry.

Several parameters are essential to the circuit description:
• Rc represents the turn-to-turn contact resistance of

10 mOhm.cm2 resistivity. This value has been set as
it fits well with experiments of prototypes made of MI
windings [11].

• radiH and radiL denote the resistances of the cables
and current leads between each magnet part and their
respective power supply.

• LHTS and LLTS represent respectively the inductance
matrix of the HTS and LTS winding.

• Lshield denotes the inductance matrix of the HTS shield-
ing.

• M symbolizes the total mutual inductance matrix be-
tween all the inductances (LHTS , LLTS , Lshield).

The HTS shielding is performed with several short-circuited
turns of No-Insulation (NI) winding at the external radius
of each pancake. Of paramount importance, the HTS coil’s
power supply encompasses an Over Voltage Protection (OVP)
mechanism. This feature comes into play when the voltage
across its terminals reaches the pre-defined OVP value. Conse-
quently, the current initiates a decrement in order to maintain a
constant voltage value. By judiciously selecting an appropriate
OVP threshold – set to 5 V in the quench calculations – an
additional passive protection feature is incorporated into the
system.

A. Quench Initiated within the LTS Outsert Magnet

The LTS outsert is a magnet sourced from Oxford Instru-
ments NanoScience [12]. Characterized by 6 nested coils,
the LTS magnet’s protection circuitry is primarily passive in

Fig. 2. Magnetic flux variation at the terminals of the HTS part during a
quench of the LTS part.

TABLE I
PARAMETERS OF HTS PARTS.

NOUGAT 32 T SEMFL 32 T SEMFL 40 T
Tape SUPERPOWER THEVA APC THEVA APC
Double-pancakes 9 8 25
Turns per pancake 290 360 360
Nominal current 281 A 336 A 310 A
Critical current 304 A 472 A 397 A
Current margin 8 % 29 % 22 %
Self-Inductance 0.846 H 1.244 H 10.93 H
Winding Inner radius 25 mm 25 mm 25 mm

nature. Key elements include diodes designed to divert current
flow within quenched zones and activate heaters to propagate
normal zones [13], labelled as Protection in Figure 1.

Figure 2 shows the flux variation at the terminals of the HTS
part during a quench of the LTS part [14]. With inductance
values from 1 to 10 H, the current ramp-rates can reach values
up to 300 A/s.

B. Quench Initiated within the HTS Insert Magnet

The self-protective feature of the NI/MI windings has been
employed in the HTS insert and is complemented with OVP
principle and shielding protection to mitigate external mag-
netic flux variations.

Importantly, the quench propagation within HTS magnets
deviates from LTS behavior, lacking axial symmetry. The
ignition of a quench within the HTS magnet primarily occurs
in the upper internal radius zone, in liquid helium (LHe) bath
cooling. The magneto-gravitational forces induced by the high
magnetic field gradient in the helium coolant provoke the
entrapment of helium bubbles, undermining cooling efficiency
and, consequently, potentially leading to quench events. [15],
[16].

In computational simulations, quench events are deliberately
triggered in proximity to these zones. Our analysis encom-
passes three distinct HTS magnets, each detailed in Table I.

The designs considered include the NOUGAT magnet [3]
in a 32 T hybrid configuration (13 T from the insert alone
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Fig. 3. Evolution of the temperature within the cross-section of the NOUGAT
magnet during a quench of the LTS part triggered at t = 0 s.

and 19 T from a LTS outsert), the SuperEMFL 32 T baseline
design from the initial project phase [17], and a SuperEMFL
single coil 40 T design [18].

IV. QUENCH: RESULTS AND DISCUSSION

A. Quench of the LTS Outsert

As previously mentioned, a quench initiated in the LTS
outsert exhibits quasi-complete axial symmetry, leading to a
quasi-symmetrical quench in the HTS insert.

Figure 3 displays the temperature distribution of the HTS
magnet, specifically the NOUGAT design, at different time
intervals during a quench triggered by the magnetic flux
variation from the quenched LTS magnet. The temperature
distribution is entirely symmetrical with respect to the mid-
plane. Likewise, the radial and azimuthal current distributions
are symmetrical. The quench propagates radially and axially
due to the turn-to-turn thermal conductivity and is driven by
the joule losses of the radial currents.

For this design, the total Lorentz force resultant generated
within each superconducting part is null. The radial component
is null due to the problem’s axisymmetry, while the axial
component is null due to the axial symmetry of both the
quench and azimuthal current distribution.

However, due to the anisotropy of THEVA Artificial Pinning
Conductor (APC) which shows a deviation of 30° between
the (ab) plane and the tape plane, the quench ignition is not
completely symmetrical in the axial direction for SuperEMFL
designs if pancakes are wound with the same tape orientation
in all the pancakes. The differing critical current symmetry
leads to this behavior. Figure 4 illustrates the evolution over
time of the temperature distribution within the pancakes of the
40 T SuperEMFL design.

This asymmetrical distribution results in a non-axial com-
ponent of the resultant Lorentz force within the LTS coil.
The resultant forces in the LTS part, with respect to time,
are shown (plain lines) for the three designs in Figure 5. The
axial resultant force can reach more than 20 tons for the case
of the 40 T design with the THEVA APC. This could be easily
solved by reversing the tape in one of the halves of the magnet.

Fig. 4. Evolution of the temperature within the cross-section of the HTS
insert of the SEMFL 40 T magnet during a quench of the LTS part triggered
at t = 0 s.

Fig. 5. Evolution of the axial resultant force within the LTS part during a
quench. The solid lines show the cases of a quench ignited in the LTS part,
generating a quench of the HTS part, labelled as QLTS . The dash lines show
the cases of a quench ignited in the HTS part, labelled as QHTS .

Figure 6 illustrates the evolution of the maximal temperature
of the HTS part over time (solid lines) for the three designs
listed in Table I. Across all designs, the maximal temperature
remains below 120 K, a sufficiently low temperature to avoid
endangering the HTS magnet.

B. Quench of the HTS Insert

As observed in the preceding section, quench ignition in the
HTS outsert primarily occurs in the upper internal region of
the magnet.

Figure 7 displays the evolution of temperature distribution
in the case of the NOUGAT magnet. Notably, the distribution
is not symmetrical.

Whatever the design, the quench propagation follows a
two-step pattern: first, the quench expands from the ignition
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Fig. 6. Evolution of the maximal temperature within the HTS part during a
quench. The solid lines show the cases of a quench ignited in the LTS part,
generating a quench of the HTS part, labelled as QLTS . The dash lines show
the cases of a quench ignited in the HTS part, labelled as QHTS .

Fig. 7. Evolution of the temperature within the cross-section of the NOUGAT
magnet during a quench of the HTS part.

point, accompanied by an increase in temperature. Second, a
rapid and complete quench propagation throughout the entire
magnet occurs in less than 200 ms. Figure 8 demonstrates
this pattern with the evolutions of the maximal current within
the winding during a quench of the HTS part. The complete
propagation to the whole winding appears during the peak
zone, just before the fast decrease of the current. The duration
of the initial phase primarily hinges on the current margin,
with the SuperEMFL designs exhibiting longer initial phases
due to their higher current margins.

Maximal temperature evolutions over time for the three
designs listed in Table I are depicted in Figure 6 (dash lines).
Maximal temperatures are below 300 K, a level achieved due
to the self-protective feature of MI windings and the Over
Voltage Protection (OVP) mechanism in the power supply.

The evolutions with time of the axial resultants of the
Lorentz force generated in the LTS magnet are shown in Figure
5 (dash lines). The magnitude of the axial force resultant can
be substantial, up to 50 tons in the case of the 40 T SEMFL
design, making compulsory a mechanical reinforcement for the

Fig. 8. Evolution of the maximal current within the HTS winding during
a quench of the HTS part. The LTS part remains superconducting and its
magnetic field constant.

19 T magnet to withstand these forces. Moreover, the stresses
generated within the HTS insert could be very high due to the
overcurrent and consequently could damage the winding. This
mechanical issue is actually under study.

V. CONCLUSION

Our study has effectively addressed key objectives related to
the dynamic behavior of high-field superconducting magnets
comprising both LTS and HTS components. We successfully
addressed the primary objectives of our research, which in-
cluded a thorough analysis of the thermal responses exhibited
by LTS and HTS coils during quench events, as well as a
quantitative assessment of the global forces generated within
the system.

The thermal analysis has provided compelling evidence for
the feasibility and safety of the proposed magnet designs. The
recorded maximum temperatures during quenches remained
well below established safety thresholds.

Furthermore, the mechanical analysis has revealed a crucial
insight: the occurrence of a quench in the HTS portion can
give rise to exceptionally potent axial forces within the LTS
part. This phenomenon underscores the imperative need for
mechanical reinforcement measures to safeguard the structural
integrity of the system.
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