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Analysis of the Mechanical Behavior of a 20 T Hybrid
Cosθ Dipole during Quench Transients

Marika D’Addazio, Paolo Ferracin, Senior Member, IEEE, Emmanuele Ravaioli, Laura Savoldi, Senior
Member, IEEE, Giorgio Vallone

Abstract—The US Magnet Development Program is conducting
research on high-field accelerator magnets targeting a bore field
of 20 T for the next generation of particle colliders. To reduce
the overall cost of the dipole, a viable option consists in a hybrid
approach where the inner coils in the high-field region are made
of High Temperature Superconductors (HTS), such as Bi-2212
or REBCO coated conductors, and the coils in the lower field
region (<16 T) are made of Low Temperature Superconductors
(LTS), i.e. Nb3Sn. Quench protection for high-field magnets is
demanding, especially in the case of a full-scale 15 m long magnet.
To mitigate these challenges, an innovative quench protection
method named Energy Shift with Coupling (ESC) has been
selected and integrated into the magnet design. This method
requires resistive coils that are strongly magnetically coupled
to the magnet coils and electrically insulated from them. In this
contribution, a 20 T hybrid cos-theta dipole configuration is ana-
lyzed, investigating the stresses on the conductors during quench
transients while limiting the adiabatic hot-spot temperature.

Index Terms—Superconducting magnets, dipole, hybrid mag-
nets, HTS, Nb3Sn, quench protection, ESC, mechanical analysis.

I. INTRODUCTION

THE U.S. Magnet Development Program (MPD) is leading
a design study group focused on advancing accelerator

magnet technology to support the next generation of high-
energy physics colliders, as outlined in the program roadmap
for 2025–2030 [1]–[3].

The practical limit of 16 T for the Nb3Sn accelerator
magnets does not allow to rely only on Low Temperature
Superconductors (LTS) for achieving a target field of 20 T.
A possible solution consists in the introduction of a hybrid
concept, in which High Temperature Superconductors (HTS)
are employed in the high-field region of the coils, while
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LTS conductors are used in the lower field region. This
hybrid approach can also help contain the overall cost of the
magnet, given that Nb3Sn is currently less expensive and better
mastered than HTS [4].

For magnets built with LTS conductors, different quench
protection options have been explored and tested to prevent
mechanical damage from quench events. For example, in [5]
the authors present a 2D mechanical analysis of MQXF mag-
nets protected with quench heaters, while in [6] are reported
the results on the evaluation of the thermo-mechanical stresses
during a quench transient in the Test Facility Dipole (TFD),
a large aperture magnet under development at LBNL, where
the quench protection relies on energy extraction.

The protection of such a high field hybrid magnet from
the consequences of a quench presents significant technical
challenges. The performance of a quench protection system
based on Coupling-Loss Induced Quench (CLIQ) method [7],
[8] has already been investigated in [9]. The results indicate
that, for the current baseline of the Bi-2212/Nb3Sn hybrid
magnet design, one CLIQ unit charged to 1 kV can protect
1 m long versions of the magnet. In this configuration, the
hot-spot temperature remains below 270 K and the simulated
peak voltage to ground is 537 V. This protection method
is sufficient to protect a magnetic length up to 5 m while
keeping the adiabatic hot-spot temperature below 350 K. The
protection of a full-scale 15 m long magnet adds further
complexity and requires the investigation of innovative quench
protection systems, such as the Energy Shift with Coupling
(ESC) method [10], which was successfully demonstrated on
a Nb3Sn racetrack coil [11].

This manuscript presents the analysis of the 2D cross-
section design of a 20 T hybrid cosθ dipole magnet integrated
with ESC protection system, focusing on the challenges of
managing mechanical stresses during a quench transient. The
protection system requires resistive coils, electrically insulated
from the magnet coils and magnetically coupled to them.
A mechanical study, carried out under the assumption of an
infinitely rigid structure, is performed to assess the feasibility
of this innovative quench protection method for such a high-
field magnet. Future analyses are planned with a real support
structure to assess the stresses during quench transients. It is
expected that the deformability of the structure will improve
the stresses during transients, but may lead to worse results
during energization, as discussed in [12]. The novelty of this
work lies in demonstrating a viable approach to protecting a
demanding magnet design that satisfies stress requirements,
while also identifying potential critical points.
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Fig. 1. A 2D cross-section of the dipole magnet, showing an overall diameter
of 400 mm, including the stainless steel collar. On the right, a magnified
view shows the superconductor layers made of Bi-2212 and Nb3Sn and the
copper ESC coils. On the left, the mandrel components (spar and ribs) and
the traditional cosθ design elements (pole and wedge) are highlighted.

II. MAGNET DESIGN

A. 2D cross-section description

In this contribution, a 20 T hybrid cosθ dipole magnet is
designed to reach a magnetic field of 20 T in a 50 mm clear
bore aperture at a nominal current Iop of 11.6 kA and at a
temperature of 1.9 K [2], [12], [13]. The load-line margin,
defined as (Iss − Iop)/Iop, with Iss the short sample current,
is approximately 20% for all coils. The 2D cross-section of the
magnet, including the stainless steel collar, is shown in Fig.
1. The magnet has six layers made of superconductor cables
and includes three 1-layers copper ESC coils per pole.

The conductors selected for the design are Bi-2212 (HTS)
and Nb3Sn (LTS) designed as Rutherford cables made of
multi-filamentary strands. The main conductor parameters are
summarized in Table I.

To intercept electromagnetic forces and mitigate the stresses
on the conductors, a mandrel, made of spar and ribs for layers
1-4 as shown in Fig. 1, is used to provide radial and azimuthal
mechanical support. Layers 5 and 6 are designed in the stan-
dard cosθ configuration made of titanium winding poles and
aluminum–bronze wedges impregnated with coils. A detailed
description of the magnet support structure configuration is
provided in [12], [13].

The three ESC coils are made of copper, and share the
same mandrel design concept to intercept Lorentz forces.
The final diameter of the magnet cross-section, as shown in
Fig. 1, is approximately 400 mm, which is 18 mm larger
than the value reported in [12] to accommodate the ESC
coils. The operational current Iop does not account for the
increased spacing between the superconducting coils, which
would require a 1% current increase to maintain the same
bore field. This ensures consistency with previous protection
studies on this magnet configuration.

B. Description of ESC protection system

The main concept behind the ESC method is to drive
the magnet into a resistive state through transient losses,
with the dominant contribution in this case being the
Inter-Filament Coupling Loss (IFCL) [14]–[17]. Part of the
magnet’s stored energy is then extracted by transferring it to
the normal-conducting ESC coils. Due to their location near

TABLE I
MAIN CONDUCTOR PARAMETERS

Parameter L1-L2 L3-L4 L5-L6
Superconductor/Stabilizer Bi-2212/Ag Nb3Sn/Cu Nb3Sn/Cu
Number of strands (-) 32 50 50
Strand diameter (-) 0.90 0.80 0.70
1Ag/noAg or Cu/noCu (-) 4.00 0.90 2.00
Cable width (mm) 14.87 22.16 19.39
Cable average thickness (mm) 1.70 1.52 1.33
Insulation thickness (mm) 0.15 0.15 0.15
Number of turns per quadrant (-) 37 76 104
Operating current Iop (A) 11593 11593 11593
Current density Je at Iop (A/mm2) 569 461 602
Peak conductor field at Iop (T) 20.29 15.86 12.22
1 Stabilizer/Non Stabilizer ratio in the strand cross-section.

TABLE II
MAIN ESC COIL PARAMETERS

Parameter ESC 1 ESC 2 ESC 3
Self inductance at Inom (mH/m) 7.27 14.2 14.2
Number of turns (-) 60+60 60+73 60+73
Insulated cross-section Ains (mm2) 1100 1220 1220
Ains with respect to magnet coil (%) 3.6 4 4
Wire width (mm) 3.55 3.55 3.55
Wire average thickness (mm) 1 1 1
Insulation thickness (mm) 0.10 0.10 0.10

the superconducting coils and their similar geometry, the ESC
coils are strongly magnetically coupled to the magnet coils
and also mutually coupled to each other. When a quench
is detected and the ESC units are triggered, a voltage is
applied across the ESC coils, changing their current. Because
of the magnetic coupling, this induces a change in the magnet
current. One of the main advantages of the ESC protection
method is that it allows for a change in magnet current without
imposing a high voltage across the magnet coil.

As shown in Fig. 1, each magnet pole contains identical
ESC coils, arranged as ESC-up and ESC-down. The connec-
tion configuration is as follows: the ESC-up and ESC-down in
layer A are powered by one 50 mF, 250 V unit; the ESC-up
coils in layers B and C are powered by one 50 mF, 500 V
unit; and the ESC-down coils in layers B and C are powered
by one 50 mF, 500 V unit. Based on the specific connection
scheme, the ESC coil arrangement will be referred to as ESC
1, ESC 2, and ESC 3, respectively.

The main parameters of the ESC coils, summarized in
Table II, result from an iterative process intended to meet the
requirements for the adiabatic hot spot temperature and the
equivalent peak stress, as discussed in detail in Section IV.
ESC 1 has 60 turns up and 60 turns down in a single block,
ESC 2 has 60 turns divided into four coil blocks in layer B
and 73 turns divided into three blocks in layer C, while ESC
3 has the same configuration as ESC 2. In the current design,
the turns of ESC 1 are not separated by the ribs. For a future
study, the aim is to investigate a design where the coil of ESC
1 follows the same configuration as the HTS in layer 2. The
ESC coils, similar to the superconducting coils, are modeled
as a homogenized material in the mechanical simulations.

Regarding the ESC coil material, the main options under
consideration are oxygen-free coppers (C10100–C10700), se-
lected to ensure both high conductivity and adequate mechan-
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Fig. 2. Properties of oxygen-free copper: Residual Resistivity Ratio (RRR)
and tensile yield strength as functions of cold work percentage [18].

ical strength at cryogenic temperatures. The main properties
of copper at such temperatures are reported in [18], with the
exception of the thermal expansion curve, which is obtained
from [19]. To achieve sufficiently high tensile yield strength
without significantly affecting the Residual Resistivity Ratio
(RRR), the oxygen-free copper is specified to have approx-
imately 30% cold work (CW). In Fig. 2, the RRR and the
tensile yield strength (MPa) are shown as functions of the
CW percentage, and these data were retrieved from [18]. A
conservative yield strength value is adopted by reducing the
nominal yield strength by 10% to account for uncertainties
associated with the limited amount of data for copper in
wire form. Under these assumptions, the tensile yield strength
considered in the analysis is around 265 MPa, based on
calculated values reported in [18], and the RRR value is 75.

III. THERMO-MECHANICAL ANALYSIS DURING A QUENCH
TRANSIENT

A. Modeling assumptions

The analysis of the stresses during a quench
transient is carried out using results obtained from
2D electromagnetic-thermal simulations performed in
STEAM-LEDET, which takes into account thermal diffusion
in the coil windings, ohmic losses, and inter-filament
coupling losses [20], [21]. In particular, the electromagnetic
forces and temperatures computed in STEAM-LEDET are
transferred, at selected time steps, to a 2D mechanical
model in ANSYS APDL, following the same methodological
approach described in [6]. In this study, the analysis assumes
a magnetic length of 1 m, while the ESC protection system
can protect the magnet for lengths up to 15 m.

The mechanical model assumes an infinitely rigid structure
and simulates only magnet energization and quench transient.
The mechanical properties of the structural materials and su-
perconducting coils are detailed in [22]. The nonlinear thermal
contraction of the superconducting coils, which accounts for
temperature dependence, is also derived from [22]. Sliding and
separation contact elements are defined between the mandrels
and both the superconducting and ESC coils, assuming a
friction coefficient of 0.1. For the LTS coils in layers 5 and 6,
the degrees of freedom of the nodes are coupled to the wedges,
while separation from the poles is allowed. The model assumes
no thermal propagation to the surrounding structure.

Fig. 3. Evolution of the current in the magnet and ESC coils versus time
during a transient following the activation of the ESC protection system on 1
m long hybrid magnet.

The stresses on the HTS and LTS superconducting coils are
verified against the Von Mises equivalent stress criterion. To
prevent conductor degradation, the allowable Von Mises stress
is limited to 180 MPa for Nb3Sn and 120 MPa for Bi-2212
[23], [24].

B. ESC transient simulation

The simulated currents during an ESC transient is shown
in Fig. 3. The time required for quench detection, validation
and triggering is assumed to be t = 16 ms. After triggering
the ESC units, a positive current change is imposed in the
ESC coils, with peak currents reaching approximately 1.8 kA
for ESC 1 and 2.3 kA for ESC 2 and 3. Simultaneously, a
negative current change is imposed in the superconducting
coils. During this phase, the rapid current variation induces
a large change in the total magnetic field, dBtot/dt, within
the magnet windings, which generates high inter-filament
coupling loss in the superconductor, with a peak value of about
140 W/cm3. As a result, nearly 100% of the LTS turns are
quenched within 5–10 ms.

For a hybrid dipole magnet made of both HTS and LTS
conductors, the adopted protection strategy is to deposit the
stored energy primarily in the LTS windings that are easier
to transfer to the normal-conducting state. Transient losses
are also generated in the HTS coils; however, their local
temperature at the end of the transient remains below 40 K.

Between 50 ms and 300 ms, the magnet is discharging, with
both the magnet current and the ESC coil currents decreasing,
while the temperature rises and all coils continue to heat up.
During the final phase of the quench transient, lasting from
300 ms to 1000 ms, the currents in the magnet and ESC coils
continue to decrease until completely discharged, while all
coils keep heating up until the peak temperature is reached.

The temperature T (K) evolution in the windings of the HTS
and LTS magnet coils is shown in Fig. 4. The 25/75 percentile
is highlighted in a darker color for reference. The maximum
temperature reached during the entire transient is below 240
K. Under adiabatic assumptions, i.e., neglecting heat diffusion
to adjacent turns, the calculated hot-spot temperature is ap-
proximately 280 K, which is a level deemed safe with respect
to permanent degradation [25].

The simulated voltages to ground developed in the magnet
windings are shown in Fig. 5. The initial voltage peak,
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Fig. 4. Evolution of the temperature in the magnet coils as a function of time
during a quench transient. The 25/75 percentile of both HTS and LTS coils
is also added for reference.

Fig. 5. Evolution of the voltages to ground of the magnet turns during a
quench transient as a function of time.

observed within the first few milliseconds, is induced by the
ESC coils, whereas the peak around 300 ms results from the
sequence of inductive magnet coil sections and resistive ESC
coil sections. The ESC-induced voltages and those resulting
from the sequence of inductive and resistive voltage drops
across the turns can cause the voltage to ground to reach
positive and negative values. During the entire transient, the
peak voltage to ground remains lower than 200 V, and the
peak turn-to-turn voltage is lower than 8 V.

C. Mechanical transient

The evolution of the Von Mises equivalent stress in both
the superconducting and copper ESC coils is shown in Fig.
6. The stress limits considered in the analysis are also plotted
with dashed lines for comparison.

The thermo-mechanical transient associated with an ESC
discharge following a quench is initiated at t = 0 ms. For t
≤ 0, there is no current in the ESC coils and the magnet is
powered at the nominal operating current Iop.

During the first 50 ms, the stresses in the magnet coils
decrease as the magnet current is reduced, while the peak
stresses in the ESC coils show a slight increase due to the
rising current in these coils. The increase of the stresses in
ESC coils is strongly influenced by the selected ESC unit
parameters, namely their capacitance and charging voltage.
Between 50 and 300 ms, the currents in both the magnet
and the ESC coils decrease, while temperatures rise and all
coils heat up. Electromagnetic-force-induced stresses decrease

Fig. 6. Peak equivalent stress in the magnet (upper plot) and ESC (lower plot)
coils during the transient initiated by triggering the ESC system at t = 16 ms.
In the first 50 ms, stress in the ESC coils rises due to increasing current; from
50 to 300 ms, electromagnetic stresses decrease faster than thermal stresses
increase, and from 300 to 1000 ms, thermal stresses dominate. The dashed
lines indicate the maximum allowable stress values.

faster than thermal stresses increase. As a result, the stresses
in the superconducting coils decrease during this phase.

Between 300 and 1000 ms, the currents in both the mag-
net and the ESC coils decrease to zero, while the stresses
increase because the thermal stresses caused by the rising
temperature grow faster than the reduction in electromagnetic-
force-induced stresses. In this final phase, the stresses in the
ESC coils do not depend on the ESC unit parameters, as they
result from the energy transferred from the magnet coils to
the ESC coils. The behavior of HTS coils differs from that
of LTS coils during this phase. In HTS coils, the stresses
continue to decrease as the coil temperature remains below 40
K, as shown in Fig. 4. In contrast, in LTS coils, the stresses
initially decrease but rise again during the final phase due to
the increasing temperature and the resulting thermal stresses.

The contour plots of the equivalent stress in the magnet and
ESC coils are presented in Fig. 7. The results are presented
as element contours on a mesh with a size of 1 mm to
account for the insulation thickness. For both HTS and LTS
coils, the stresses remain within acceptable limits during the
entire quench transient. The peak stress occurs during magnet
energization, as shown in Fig. 7(a), reaching 99 MPa for HTS
coils and 138 MPa for LTS coils.

ESC coils in layers A and B experience higher stress levels
than ESC coil in layer C. The peak stress in the ESC coils
occurs at t = 50 ms, as shown in Fig. 7(b), and reaches
231 MPa. During the transient, a general decrease in stress
is observed, as the reduction in current mitigates the effects
of the electromagnetic forces. However, the temperature in the
ESC coils continues to rise, leading to a subsequent increase
in stress due to thermal expansion.

IV. PARAMETRIC INVESTIGATION

A parametric study is performed between STEAM-LEDET
and ANSYS APDL to assess the influence of various design
and operating parameters on the protection system perfor-
mance. The parameters investigated include the ESC con-
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(a)

(b)

Fig. 7. Von Mises equivalent stress (MPa) in both superconductive and ESC
coils during energization (a) and at t = 50 ms (b).

ductor size, ESC coil location, ESC unit voltage, and ESC
conductor RRR. The objective is to identify a configuration
capable of limiting both the adiabatic hot-spot temperature
Thot and the peak equivalent stresses. The post-processing
analysis is focused on these two quantities, which served
as key performance indicators for determining the feasibility
and effectiveness of each design. The peak stresses in the
superconducting coils are not addressed in this section, as they
do not significantly affect the performance evaluation during
quench transients.

As discussed in Section II-B, the copper selection for the
ESC coils is based on electrical conductivity and mechanical
strength at cryogenic temperatures. Based on the data pre-
sented in Fig. 2, the ratio between the simulated maximum
equivalent stress in the ESC coils and the tensile yield strength
of oxygen-free copper is evaluated. The results for the as-
sessed designs, considering the various parameters involved,
are shown in Fig. 8. In this plot, the x-axis represents the ratio
between the adiabatic hot-spot temperature Thot obtained from
each simulation and the maximum allowed temperature, set
at 300 K, while the y-axis represents the ratio between the
maximum equivalent stress in the ESC coils and the tensile
yield strength. Each marker corresponds to a specific ESC unit
voltage configuration, and each color indicates the selected
RRR value for each simulation. For instance, the green square
represents a simulation in which the ESC unit voltage is 500 V
for both ESC 1 and ESC 2-3 units and the RRR value is 100.
The shaded region in the plot identifies the feasible designs,
defined as those with both the stress ratio and the temperature
ratio below unity. The reference simulation, whose results are
presented in Section III, is identified by the pink cross and
highlighted in the plot with a black circle.

The results indicate that, to ensure sufficient yield strength

Fig. 8. Results of the parametric investigation. The x-axis shows the ratio
between the simulated adiabatic hot-spot temperature and the maximum
allowable value, while the y-axis shows the ratio between the simulated peak
stress in the ESC coils and the tensile yield strength. Markers indicate ESC
unit voltage configurations, and colors represent the selected RRR values.
The shaded region denotes feasible designs, and the reference simulation is
identified with the pink cross and highlighted with a black circle.

to meet the mechanical requirements without compromising
electrical conductivity, a cold work percentage between 30%
and 50% should be considered. The selected range ensures
reliable performance within defined limits, with a sufficiently
higher RRR between 50 and 75. Given the limited data on
copper in wire form, a broader range of working possibilities
is provided, although minimizing the cold work percentage is
generally recommended to avoid potential manufacturability
challenges.

V. CONCLUSION

In this contribution, a quench transient analysis is presented
for a 20 T hybrid Bi-2212/Nb3Sn cosθ dipole magnet in-
tegrated with Energy Shift with Coupling (ESC) protection
system. The study combines two-dimensional electromagnetic-
thermal simulations performed in STEAM-LEDET with two-
dimensional mechanical analyses carried out in ANSYS
APDL. In the simulations, a short-model version of the dipole
with a magnetic length of 1 m is analyzed.

The parametric investigation shows that design configura-
tions can be identified which satisfy the requirements for both
the Von Mises equivalent stress and the adiabatic hot-spot
temperature. The Von Mises equivalent stress remains within
the specified allowable limits for all coils during the entire
quench transient: 99 MPa for HTS, 138 MPa for LTS, and
231 MPa for ESC coils. The adiabatic hot-spot temperature is
around 280 K, below the maximum allowable value of 300 K.

The proposed quench protection system design consists of
ESC 1 powered by one 50 mF, 250 V unit, ESC 2 powered by
one 50 mF, 500 V unit and ESC 3 powered by one 50 mF, 500
V unit. A cold work percentage of 30% is chosen as a suitable
compromise between maintaining high electrical conductivity
and meeting the mechanical strength requirements.

This study suggests the feasibility and effectiveness of an
innovative quench protection system for high-field magnets,
and demonstrates that thermo-mechanical stress evaluation,
even when carried out through two-dimensional analysis, is
essential during the quench transient for identifying design
configurations that fully comply with all operational require-
ments.
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