IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 35, NO. 5, AUGUST 2025

4701005

Quench Protection Analysis of 20 T Hybrid
Accelerator Dipole Magnets

, G. Ambrosio
E. Rochepault

E. Ravaioli , D. Araujo

, G. Vallone

Abstract—The US Magnet Development Program is leading an
effort to design and manufacture a 20 T accelerator dipole magnet.
Various designs are under development featuring cos-theta, block-
coil, or common-coil geometries. To achieve the target field while
maintaining cost-effectiveness the magnet cross-section includes
high-temperature superconductor (HTS) inner coils and NbsSn
outer coils, which are all powered in series. The quench protection
of this class of high-field accelerator magnets is extremely chal-
lenging due to the high energy density, high current density, slow
quench propagation, in particular in the HTS coils, and highly
inhomogeneous thermal properties of HTS and Nb3Sn coils. The
magnet quench discharge is simulated with the STEAM-LEDET
program as coupled electro-magnetic and thermal transients. The
peak temperature and voltage to ground in the magnet coils during
the transient are presented. The performance of a CLIQ-based
quench protection system applied to 1 m long model magnets in
terms of peak temperature and voltage to ground is investigated.
Furthermore, the scalability of the proposed solution to full-scale,
15 m long magnets is discussed.

Index Terms—Accelerator magnet, CLIQ, magnet design,
quench protection, simulation, superconducting coil.

1. INTRODUCTION

CCELERATOR magnets targeting a bore magnetic field
A of 20 T are under development by a design study group
led by the US Magnet Development Program [1], [2], [3].
Reaching this field level in a compact magnet requires the use of
high-temperature superconductors (HTS), such as Bi-2212 [4]
or REBCO [5], which are characterized by significantly higher
critical magnetic field with respect to low-temperature super-
conductors (LTS), such as Nb3Sn.

Received 20 September 2024; revised 21 November 2024; accepted 16
December 2024. Date of publication 23 December 2024; date of current version
14 January 2025. This work was supported by the U.S. Department of Energy,
Office of Science, Office of High Energy Physics, through the U.S. Magnet
Development Program. (Corresponding author: E. Ravaioli.)

E. Ravaioli, A. Verweij, and M. Wozniak are with CERN, CH-1211 Geneva,
Switzerland (e-mail: Emmanuele.Ravaioli @cern.ch).

G. Ambrosio, V. Marinozzi, and A. Zlobin are with FNAL, Batavia, IL 60510
USA.

D. Araujo is with PSI, 5232 Villigen, Switzerland.

M. D’Addazio is with LBNL, Berkeley, CA 94720 USA, and also with the
Politecnico di Torino, 10129 Turin, Italy.

P. Ferracin and G. Vallone are with LBNL, Berkeley, CA 94720 USA.

R. Gupta is with BNL, Upton, NY 11973 USA.

E. Rochepault is with the IRFU, CEA, Université Paris-Saclay, 91190 Gif-
sur-Yvette, France.

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TASC.2024.3520946.

Digital Object Identifier 10.1109/TASC.2024.3520946

, M. D’ Addazio
, A. Verweij

, P. Ferracin
, M. Wozniak

, R. Gupta”, V. Marinozzi ",
,and A. Zlobin

TABLE 1
MAIN PARAMETERS OF THE THREE 20 T MAGNET DESIGNS [3]

Block-Coil ~ Common-Coil ~ Cos-6
Bore magnetic field [T] 20.0 20.0 20.0
Bore diameter [mm)] 50 50 50
Operating temperature [K] 1.9 1.9 1.9
Operating current, Inom [A] 10275 14380 11584
Margin, Inom/Iss [-] 86% 87% 84%
Self-inductance at Inom [mMH/m] 102 58 84
Stored energy at Inom [MJ/m] 5.8 6.8 6.2
Number of turns per quadrant [-] 266 144 217

Hybrid magnets composed of HTS and LTS coils powered in
series are a promising option. A main advantage of the hybrid
solution is the use of a less expensive superconductor, i.e. Nb3Sn,
in the coil windings that are located in lower field regions.
Conversely, an important drawback of a hybrid design is the
need to operate the magnet at temperatures below 4.5 K, which
requires the use of helium as a coolant and hence higher cooling
power.

In this contribution, the quench protection of three 20 T hybrid
magnet designs with different geometries, namely block-coil
(BC), common-coil (CC), and cos-8 (CT), are studied. The three
magnets under study, whose main parameters are summarized
in Table I [3], are designed to generate a magnetic field of 20 T
in a circular bore with a 50 mm diameter when powered at a
temperature of 1.9 K. Their cross-sections are shown later in
Section II. The BC and CT designs only include one aperture,
while the CC design comprises two apertures whose centers are
400 mm apart. The NbsSn layers of the CC and CT designs are
graded, i.e. different conductors are used in the different layers.
The conductor parameters that are most relevant for quench
protection are summarized in Table II.

Protecting these magnets from the potentially damaging con-
sequences of a quench is particularly challenging due to the
high energy density, high current density, slow propagation ve-
locity, in particular in the HTS coils, and highly inhomogeneous
thermal properties of HT'S and NbsSn coils [6]. It is proposed
to design the magnet and its protection system such that the
magnet’s stored energy is mostly deposited in the LTS windings,
which are easier to transfer to the normal-conducting state. An
active heating protection system based on the Coupling-Loss
Induced Quench (CLIQ) method [7], [8] is selected due to its fast
and effective heating mechanism relying on transient losses [9],
[10], [11].
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TABLE II
MAIN CONDUCTOR PARAMETERS FOR THE THREE MAGNET DESIGNS [3]
Parameter Block-coil Common-coil Cos-0
L1-L6 L7-L12 L1-L3 L4 L5-L6 L1-L2 L3-L4 L5-L6
Superconductor/Stabilizer Bi-2212/Ag  NbsSn/Cu | Bi-2212/Ag  Nb3Sn/Cu  NbzSn/Cu | Bi-2212/Ag  NbzSn/Cu  Nb3Sn/Cu
Number of strands [-] 28 24 43 34 34 32 50 50
Strand diameter [mm] 1.00 1.13 0.85 0.90 0.90 0.90 0.80 0.70
Cu/noCu or Ag/moAg ratio [-] 4.00 1.15 4.00 1.80 2.50 4.00 0.90 2.00
Cable width [mm] 14.70 14.70 19.73 16.15 16.15 14.87 22.16 19.39
Cable average thickness [mm] 1.80 2.03 1.52 1.60 1.60 1.70 1.52 1.33
Insulation thickness [mm] 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15
Conductor current density [A/mm?2] 467 427 589 665 665 569 461 602
Peak magnetic field at Iop [T] 20.83 16.05 20.60 13.16 11.82 20.46 16.12 13.06
18 1450 TABLE III
g MAIN QUENCH PROTECTION RESULTS FOR 1-M LONG MAGNETS
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Fig. 1. Simulation of the transient following a quench at nominal current in

1 m long, 20 T magnets. Currents in the coil sections and adiabatic hot-spot
temperature versus time.

The quench protection of 1 m long short models, without
relying on energy extraction, is analyzed for the three different
designs. Furthermore, the protection performance in the case of
full-scale, 2 aperture magnets is investigated.

II. QUENCH PROTECTION OF SHORT MODEL MAGNETS

The electro-magnetic and thermal transients following a
quench in the magnets are simulated with the STEAM-LEDET
program [12], [13], which allows multiphysics transient simula-
tions including thermal diffusion in the coil windings, ohmic
loss, and inter-filament [9], [10] and inter-strand coupling
losses [11]. LEDET was validated against experimental results
collected while testing Nb3Sn and Nb-Ti magnets [14], [15],
[16], [17], [18], [19].

For each magnet design, the case of a quench occurring at ¢
= 0 at the nominal current I,,,,, [A] in a 1 m long magnet is
presented. The time required for quench detection, validation,
and protection triggering is assumed to be 16 ms, both in the
case of a quench in the LTS or HTS conductor. Each magnet is
protected by discharging one 50 mF, 1 kV CLIQ unit connected
to two magnet coil locations via dedicated current leads. The
simulated currents are shown in Fig. 1.

Upon CLIQ triggering, the currents I [A] of the magnet coil
sections are subject to fast changes with opposite polarities.
As a result, high magnetic-field change is generated in the
superconductor, which results in high transient losses. In turn,

Block-Coil ~ Common-Coil ~ Cos-6
Hot-spot temperature [K] 250 313 269
Peak voltage to ground [V] 762 501 537
Peak CLIQ current [kA] 5.7 4.3 54
tq,10% [ms] 1.4 1.5 1.0
tq,009% [ms] 11.3 7.9 5.1

this causes very fast quench initiation in the Nb3Sn windings. As
can be observed in Table III, the time to quench 10% and 90%
of the Nb3Sn windings ( 10%, tq,00%) range between 1-1.5 ms
and 5-12 ms, respectively, for all three designs. Transient losses
are also generated in the Bi-2212 windings, but their local
temperature remains below 30 K and a thermal runaway is not
induced. The resistance of the NbsSn windings is sufficient to
effectively discharge the magnet current while depositing the
entire magnet stored energy in the LTS volume.

For each magnet, the hot-spot temperature 71,4 [K] is calcu-
lated, under adiabatic assumptions, multiple times to evaluate
the case of a quench occurring in any coil location, including in
the Bi-2212 turns. The highest 7i,, for each design is plotted
in Fig. 1. For all three magnet designs 7,4 remains well below
350 K, which is considered an acceptable limit to avoid per-
manent degradation [20]. The simulated peak voltage to ground
is dominated by the CLIQ-induced voltage and remains below
550 V in all cases.

Some bias is present when comparing the quench protection
performance of the three designs. In fact, the BC design has
a significantly larger cross-section than the other designs, and
hence the lower current density makes it less challenging to
protect. The CT design was studied more in depth and the
Cu/noCu ratio in its outer layers was optimized. Finally, by
principle the CC option comprises two apertures. Thus, it has a
disadvantage when compared to the other two designs, since
they have a self-inductance approximately twice lower than
the twin-aperture case. In the case of a hadron collider, such
one-aperture designs would be irrelevant.

A. Protection of the Block-Coil Magnet

The magnetic-field change generated by triggering a CLIQ
unit connected to the BC magnet is shown in Fig. 2(a). This
CLIQ configuration does not require current leads between the
layers forming the same coil, but only between coils.
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Fig. 2. Protection of the 20 T block-coil magnet (only 1 quadrant shown).
(a) CLIQ-imposed positive (green) or negative (red) current change and resulting
magnetic field. (b) Simulated temperature distribution in the turns.

The introduction of opposite current-changes in adjacent coil
sections is key for reaching good performance in a CLIQ sys-
tem [8], [21], because it allows achieving high transient losses,
and hence fast quench, in many turns simultaneously. As aresult,
the magnet stored energy is deposited rather uniformly in the
LTS windings and the temperature distribution is rather uniform,
as shown in Fig. 2(b), and the hot-spot temperature is maintained
around 250 K.

B. Protection of the Common-Coil Magnet

The common-coil design features higher current density in
the conductor than the other two designs. However, CLIQ is
particularly well suited to protect CC magnets due to the en-
hanced flexibility of the CLIQ lead positioning, since individual
CC layers can be wound stand-alone, and due to the width of the
region where high magnetic-field change is introduced, which
encompasses most turns, as shown in Fig. 3(a). As a result, 90%
of the Nb3Sn windings are transferred to the normal state in
<8 ms, the temperature distribution in the LTS windings is quite
uniform (see Fig. 3(b)), and the hot-spot temperature is main-
tained below 315 K. This performance is remarkable considering
that this magnet includes two apertures, but is protected by the
same 1 kV CLIQ unit as the other two designs.

C. Protection of the Cos-0 Magnet

The current and magnetic-field changes generated by trig-
gering the CLIQ for the cos-6 design, which only relies on
current leads between 2-layer coils, are shown in Fig. 4(a). The
protection of this magnet achieves the fastest induced quench,
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Fig. 3. Protection of the 20 T common-coil magnet (only 1 quadrant shown).

(a) CLIQ-imposed positive (green) or negative (red) current change and resulting
magnetic field. (b) Simulated temperature distribution in the turns.

with 90% of the Nb3Sn turns turned resistive in about 5 ms,
and the most uniform temperature distribution in the NbsSn
windings (see Fig. 4(b)). The hot-spot temperature remains
below 270 K, which is slightly above the BC result, which
features a substantially lower current density. One reason for this
good performance is that the CT design includes less Bi-2212
conductor than the alternative options, and hence the relative
volume where the magnet stored energy is dissipated is higher.

III. QUENCH PROTECTION OF FULL-SCALE MAGNETS

While it is useful to study the quench protection of 1 m long
magnets, as this is relevant to the short model magnets that might
be manufactured in the near future, the most relevant case to
future hadron colliders is the protection of full-scale, 2 aperture
magnets. The CLIQ protection effectiveness depends strongly
on the magnetic length [, [m]. In fact, CLIQ performance
is determined by inter-filament coupling loss, which in first
approximation is proportional to the square of the magnetic-field
change, and hence to (Uo/lm)2 [8], [21], [22]. Thus, the longer
the magnet, the less effective CLIQ protection is. In this section,
a simplified approach is taken by considering the BC and CT
one aperture magnets presented in the previous sections with
longer magnetic length. In a particle accelerator, one could
obtain similar performance by connecting one CLIQ unit per
aperture and installing by-pass diodes [23], [24], [25], [26]
across each aperture coil rather than across each full magnet.
Since the CC magnet by design has two apertures, 2 kV CLIQ
units connected across the two coils are considered. This is
equivalent to connecting one 1 kV CLIQ unit per coil, and
installing a by-pass diode across each coil. While failure cases
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5 m long, 20 T magnets. Currents in the coil sections and adiabatic hot-spot
temperature versus time. For CC (2 apertures) the CLIQ unit is charged to 2 kV,
for BC and CT (1 aperture) to 1 kV.

should be carefully considered in such a case, and are not covered
in this work, these assumptions allow a reasonable comparison
between the three designs.

The simulated currents and hot-spot temperatures obtained
after a quench at nominal current in 5 m long magnets are shown
in Fig. 5. The rate of change, the peak value, and the oscillating
frequency of the current introduced by CLIQ are smaller with
respect to the 1 m long magnet case since the CLIQ discharge
circuit has higher impedance. Although the CLIQ protection
performance is less effective, T},o¢ can be maintained below
350 K for all three designs.

—e— Common-Coil, 2 kV CLIQ
2 4 6 8 10 12 14
Magnetic length [m]

[N
=3
S

Fig. 6.  Simulated hot-spot temperature after a quench at I;,om, as a function
of the magnetic length, for the three magnet designs.

The simulated hot-spot temperature reached after a quench
increases with the magnetic length, as shown in Fig. 6. None of
the three designs can be protected by one CLIQ unit charged to
Up=1kV if [;,>5 m. The CC magnet could be protected up to
a length of about 12 m using a 2 kV CLIQ protection.

The results of this study stress that it is crucial to include
quench protection optimization from the start of the magnet de-
sign phase. Various options could be taken to achieve satisfactory
performance when protecting full-scale 20 T magnets. Magnet
designs with fewer turns and higher current could be easier to
protect with CLIQ, since the CLIQ circuit impedance would be
lower. CLIQ configurations relying on current leads between
layers of the same coil could be adopted. This would improve
the quench protection performance, but would make it more
difficult to integrate the CLIQ leads. The CLIQ charging voltage
could be increased, which has the disadvantage of increasing
the peak voltage to ground and the voltage rating of the CLIQ
unit. The conductor cross-section could be increased, which
would make the magnet less compact. Finally, innovative quench
protection systems, such as Secondary CLIQ [27], [28], External
coil CLIQ [29], or the Energy Shift with Coupling (ESC) sys-
tem [30], which have the potential to offer even better quench
protection performance and redundancy, could be deployed.

IV. CONCLUSION

Hybrid magnets composed of high-temperature supercon-
ductor and low-temperature superconductor coils powered in
series are a promising option for 20 T-class accelerator magnets.
The US Magnet Development Program is leading a design
study aimed at demonstrating the feasibility of such magnets.
Three geometry options are being explored, namely block-coil,
common-coil, and cos-6.

The proposed quench protection strategy for Bi-2212/NbsSn
hybrid magnets relies on an active system that detects the
quench occurrence and activates a Coupling-Loss Induced
Quench (CLIQ) system, which rapidly transfers to the nor-
mal state most of the NbsSn windings. The magnet stored
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energy is then dissipated primarily in the low-temperature
superconductor.

It is shown that one 1 kV CLIQ unit is sufficient to protect
1 mlong versions of the three magnets. The transient simulations
performed with the STEAM-LEDET software show that the hot-
spot temperature can be maintained between 250 K and 315 K,
and the peak voltage to ground below 550 V, for any of the three
designs.

Protecting full-scale magnets, which is the most relevant case
for future circular colliders, is significantly more challenging.
None of the designs can be protected with a 1 kV unit for a
magnetic length larger than 5 m. The common-coil option seems
more promising than the alternatives due to its more convenient
geometry for CLIQ applications, higher flexibility for conductor
grading, and lower peak field in the Nb3Sn windings. Innovative
quench protection techniques will likely be needed to effectively
protect 20 T hybrid magnets with comfortable margin and reli-
ability.
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