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Optimizing the Quench Protection of a
13 T Nb3Sn Common-Coil Magnet

E. Ravaioli , D. Araujo , B. Auchmann , A. Verweij , and M. Wozniak

Abstract—A 13 T Nb3Sn common-coil accelerator-type magnet
is being developed at the Paul Scherrer Institute (PSI). The magnet
cross-section features an innovative design with asymmetric ele-
ments and effective stress-management. Thanks to the asymmetric
design narrow pole racetrack coils are not required in proximity
of the magnet apertures to improve the field quality. Its magnetic
design achieves adequate margin with respect to the short-sample
limit while utilizing two available cables. This choice accelerates the
completion of the 0.8 m long demonstrator magnet, but limits the
flexibility of the conductor grading and makes the magnet quench
protection more challenging. In this contribution, the strategy to
limit the hot-spot temperature and peak voltage to ground reached
in the magnet conductor after a quench is discussed. The electro-
magnetic and thermal transients occurring during a quench dis-
charge are simulated with the STEAM-LEDET program. Quench
detection based on differential-voltage monitoring is proposed, and
the expected quench detection times are evaluated in the case
of quenches occurring in different coil locations. Furthermore,
the performances of various quench protection systems, includ-
ing energy-extraction based either on a resistor or a varistor, a
CLIQ (Coupling-Loss Induced Quench) system, or combinations
of these are assessed. It is shown that while energy-extraction is a
viable option to protect the magnet, acceptable performance can
be achieved with CLIQ while achieving a significantly lower peak
voltage to ground. The lowest hot-spot temperature is obtained by
combining energy extraction and CLIQ.

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

I. INTRODUCTION

AN innovative concept for common-coil magnets was re-
cently proposed, which features stress-management of

turn blocks and an asymmetric disposition of the turns around
the aperture [1]. A very attractive property of this design is that
it only relies on common-coils also for the pole turns, contrarily
to previous common-coil designs. Hence, its construction is
simplified and all of its turns have large bending radius.

In order to demonstrate this Stress-Managed Asymmet-
ric Common-Coil (SMACC) technology, a subscale stress-
managed symmetric magnet was successfully built at PSI and
tested at the CERN magnet test facility [2]. Furthermore, a 13 T, 4
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TABLE I
MAIN MAGNET PARAMETERS [1]

layers, Nb3Sn magnet, whose main parameters are summarized
in Table I, is developed at the Paul Scherrer Institute (PSI).

The magnet coils are surrounded by an iron yoke with an outer
radius of 720 mm. Although this magnet has a relatively short
magnetic length of 0.8 m, its quench protection is challenging.
In fact, its design is optimized for magnetic performance and ap-
propriate stress-management, and not for the quench protection
performance. Furthermore, the constraint of utilizing two avail-
able cables with quite different cross-sections eliminates any
flexibility in the conductor grading. The protection of a longer
SMACC magnet, which will require updating the cross-section
and the conductor grading, will be examined in future works.

Different options are explored as an active quench protection
system, including energy-extraction (EE) based on a resistor
(EER) or a varistor (EEV), Coupling-Loss Induced Quench
(CLIQ) method [3], [4], and combinations of these. The quench
protection is designed to maintain the coil’s hot-spot temperature
below 350 K, which is considered a safe limit with respect
to permanent degradation, and the peak voltage to ground be-
low 1 kV. A few limitations are imposed by the test station
where the magnet will be tested. The peak voltage across the
energy-extraction unit UEE [V] must remain below 1 kV, and
the peak voltage across the CLIQ unit Uc [V] and the cur-
rent through it IC [A] must remain below 1 kV and 5 kA,
respectively.

The common-coil geometry allows for flexibility in the se-
lection of the CLIQ configuration. In fact, it is possible to
include CLIQ current leads between individual layers, which
gives multiple connection options resulting in very different
performances. The combinations of EE voltage ratings, CLIQ
configurations, and CLIQ unit charging voltages that satisfy
all requirements are sought by performing a comprehensive
parametric analysis using the STEAM-LEDET software [5], [6].
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Fig. 1. Simulation of quench development in the common-coil magnet at
nominal current. Coil resistive voltage versus time, for four initial quench
locations with different conductors and magnetic field (see Table II).

TABLE II
MAIN PARAMETERS OF INNER AND OUTER LAYERS CONDUCTORS [1]

II. QUENCH DETECTION

The proposed quench detection strategy is based on monitor-
ing the differential voltage between magnet coil sections. When
the voltage difference is higher than a threshold Uqd [V] for
a time longer than the discrimination time td [s], the power
supply is switched off and the quench protection system is
activated. Based on previous experience with magnets made of
similar conductors, a quench detection threshold of 100 mV and
a discrimination time of 5 ms are good values to compromise
between achieving fast detection and avoiding frequent spurious
triggers.

The resistive voltage build-up after a quench is calculated
using the STEAM-LEDET program, which includes three-
dimensional thermal diffusion in the coil windings [7] and
was extensively validated [8], [9], [10], [11], [12], [13]. The
coil resistive voltages obtained for four quench locations with
different conductors and magnetic fields B [T] are shown in
Fig. 1. As expected, the voltage rise is strongly influenced by
the magnetic field at the quench location, which impacts both
the energy margin to quench and the local ohmic loss due
to magneto-resistance [14]. Furthermore, the resistive voltage
build-up differs in the conductors used in the two inner layers
(IL) and in the two outer layers (OL), since they have different
stabilizer cross-sections (see Table II).

The normal zone propagates to the turns in thermal contact
with the initially quenched turn due to thermal diffusion across
insulation layers. This is the cause of the slope change of the
resistive voltage.

III. QUENCH PROTECTION

Active quench protection systems are designed to prevent coil
damage caused by overheating of the hot-spot where the quench
started by extracting part of the magnet stored energy or by
actively heating the superconductor and transferring part of it
to the normal state, hence distributing the magnet energy more
uniformly in the coil windings [4], [15], [16], [17], [18].

The current density in the normal-conducting part of the
conductor is often used as a quality factor to estimate quench
protection performance. A more appropriate metric, which takes
into account the actual physics involved in the hot-spot heating,
is ξ=J2/fST [A2/m4], with J [A/m2] the conductor current
density and fST the stabilizer fraction in the conductor [18]. In
fact, let us consider a small length Δl [m] of a conductor with
cross-section A [m2]. The local heat balance equation applied
to its volume AΔl neglecting cooling is simply

ρ
Δl

fSTA
I2 = cvAΔl

dT

dt
, [W ] (1)

where ρ [Ωm] is the stabilizer electrical resistivity and
cv [J/K/m3] is the conductor volumetric heat capacity, weighted
by the fractions of materials in its cross-section. It follows that
the rate of change of the hot-spot temperature is

dT

dt
=

ρ

cv

J2

fST
=

ρ

cv
ξ, [K/s] (2)

where the defined quantity ξ appears.
The ξ of the conductor used in the magnet outer layers is

twice higher than the one in the inner layers. Since the peak
field in these conductors is similar (see Table II), the temperature
increase is approximately twice faster if the hot-spot occurs in
the OL conductor. Thus, the worst case is a quench occurring
in the highest-field turn of the OL conductor. In the case of a
quench in this location the estimated quench detection time, i.e.
the time at which the coil resistive voltage is higher than Uqd, is
about 2.5 ms, as can be seen in Fig. 1.

The total reaction time tR [s] is the sum of three components:
the quench detection time, the discrimination time, and the
protection unit triggering time. The EE system available at the
test facility features a mechanical switch with a characteristic
triggering time of about 3.2 ms, while the CLIQ unit relies
on thyristors that are triggered in about 0.1 ms [19]. Thus, the
reference tR are rounded up to be 11 ms and 8 ms for the EE
and CLIQ systems, respectively.

A. Magnet Powering and Protection Circuit

The simplified electrical scheme of the magnet circuit is
shown in Fig. 2, where the protection systems analyzed in
this study are included: the energy-extraction system, including
either a resistor (REER) or a varistor (REEV), and the CLIQ
unit connected to the magnet coils through two leads. The
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Fig. 2. Simplified electrical scheme of the magnet powering and protection
circuit. The following elements are identified: power supply (PS), its switch
(SPS) that is opened to start the discharge, and its crowbar composed of a diode
(Dcrowbar) and a resistor (Rcrowbar); magnet coil sections LA1, LA2, and
LB and their resistances RA1, RA2, and RB; CLIQ unit connected across LB,
including a capacitor CC, parasitic resistance RC, and back-to-back thryristors T;
energy extraction system composed of a switch (SEE) and either a resistor
(REER) or a varistor (REEV).

Fig. 3. Simulated current versus time after a quench at nominal current, for
four analyzed quench protection configurations. For cases including CLIQ, the
current IC introduced by the CLIQ unit is also shown (dashed lines).

effectiveness of various protection options is assessed by simu-
lating quench transients and evaluating the hot-spot temperature
Thot [K] and peak voltage to ground Ug,m [V] in the coil
windings, while respecting the constraint on the peak CLIQ
current.

B. Energy Extraction

The simulated magnet current IA [A] after a quench occur-
ring at t = 0 in the highest-field turn of the OL conductor at
the nominal current Iop = 14050 A is shown in Fig. 3 for
four quench protection options. In the case of an EE system
including a resistor, the current discharge is significantly faster
than a simple exponential decay due the occurrence of coupling

Fig. 4. Calculated adiabatic hot-spot temperature as a function of the total
reaction time, for four analyzed quench protection configurations, after a quench
occurring in the highest-field turn of the OL conductor. The same quantity is
plotted in the case of an ideal quench protection system turning 100% of the
magnet conductor to the normal state at t = tR.

currents, which reduce the magnet differential inductance and
cause quench-back, hence increasing the coil resistance [8].

The peak voltage in the coil windings coincides with the
voltage across the EE, i.e. REEIop = 1 kV for REE = 71 mΩ.
Grounding the middle point of the EE resistor would allow
effectively halving this value, but it is not feasible due to magnet
test facility’s constraints.

If a varistor is used in the EE rather than a linear resistor,
the magnet energy can be discharged more quickly for the same
peak voltage, as can be seen in Fig. 3. The varistor’s equivalent
resistance is approximated here as REEV=R0|IA|γ , with R0

= 34.35 ΩA−γ and γ =-0.647, which yields 71 mΩ for IA =
Iop. In this application, the quench load, i.e. the time integral
of I2A, which is roughly proportional to the energy deposited in
the hot-spot during the discharge, is reduced only by 6% when
using the varistor rather than the constant resistor. This limited
effect can be explained by the fact that in both cases the magnet
coil resistance increases rapidly after the EE triggering due to
quench-back, and at the end of the discharge it is about three
times higher than REE.

The hot-spot temperature is calculated under adiabatic as-
sumptions for both cases as a function of the total reaction time,
and plotted in Fig. 4.

The use of a varistor can reduce Thot by 20 to 40 K in
the considered range of tR. The EER and EEV systems can
maintainThot below 350 K, which is considered a safe limit with
respect to permanent degradation, for tR<14 ms and tR<18 ms,
respectively.

C. Coupling-Loss Induced Quench System

An alternative quench protection option based on CLIQ is
considered, which is characterized by a fast and effective heating
mechanism based on transient losses [20], [21], [22]. The CLIQ
unit available in the test station includes a 50 mF capacitor bank
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Fig. 5. Top plots: Polarities of CLIQ-induced current changes dI/dt in the coil windings (conductor filled colors) and resulting magnetic-field change (arrows),
for the three CLIQ configurations (only half of a pole is shown). Bottom diagrams: Simplified electrical order and CLIQ connection scheme (only one of the two
common-coils is shown). (a) CLIQ-C1: Same dI/dt in layers L1-L2 and L3-L4. (b) CLIQ-C2: Same dI/dt in layers L1-L4 and L2-L3. (c) CLIQ-C3: Same dI/dt
in layers L1-L3 and L2-L4.

that can be charged up to 1 kV. The unit is connected to two ter-
minals internal to the magnet coils (see Fig. 2). Upon triggering,
fast current changes are introduced in the coil sections, which in
turn generate high magnetic-field change rate dB/dt [T/s] and
hence transient losses in the superconductor.

The positioning of the CLIQ connections and the coil
electrical order are crucial for CLIQ performance. In the
case of a magnet made of two common-coils, each com-
posed of two double-pancakes (L1-L2 and L3-L4), three pos-
sible CLIQ configurations are identified, which are shown in
Fig. 5. Configuration CLIQ-C1 is the easiest to implement,
as it does not require CLIQ leads between coils of the same
double-pancake.

Configurations that impose opposite current changes
dI/dt [A/s] in physically-adjacent coil sections are more ef-
fective, because the equivalent inductance of the CLIQ dis-
charge circuit is reduced, hence introducing higher dI/dt for
the same CLIQ charging voltage UC0 [V], and because high
transient losses are generated in the strands located at the
interface between coil sections, where the dB/dt generated
by the coil sections superpose [4], [23]. Observing Fig. 5,
CLIQ-C3 is expected to be the best-performing configura-
tion since it imposes opposite dI/dt in each consecutive
layer.

The simulated currents in the magnet coil sections and in-
troduced by the CLIQ unit IC [A] in the case of a quench
at Inom protected by a 300 V CLIQ-C3 system are shown in
Fig. 3. Although no energy is extracted by the protection system,
the CLIQ-introduced transient losses extend the normal zone
so quickly that the magnet’s stored energy is dissipated rather
uniformly in the coil windings. As a result,Thot remains at 310 K
for tR = 8 ms, as can be seen in Fig. 4.

TABLE III
MAIN QUENCH PROTECTION RESULTS AT NOMINAL CURRENT

The performances of the three different CLIQ systems adopt-
ing the three above-mentioned configurations are summarized in
Table III, and compared to those of the EER and EEV systems.

For each configuration, the charging voltage of the CLIQ
unit is optimized to reduce Thot and Ug,m while respecting the
constraint on the peak CLIQ current, IC,m≤5 kA. Note that if
tR=11 ms was assumed for the CLIQ cases the corresponding
Thot would increase by about 30 K.

The best CLIQ configuration yields a Thot only 26 K higher
than that of an ideal system that instantaneously transfers the
entire magnet conductor to the normal state at tR=8 ms (see
Fig. 4 and Table III).

In the case of an energy-extraction system the peak voltage
to ground is dominated by the voltage across the EE unit and
coincides with REEIop, while in the case of a CLIQ system it
is dominated by the CLIQ unit voltage and is UC,0/2. Thus, for
this magnet CLIQ can maintain the Thot to levels similar to the
EER and EEV systems, but with 4 to 5 times lower Ug,m.
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Fig. 6. Optimization of the EER+CLIQ protection system. Simulated adi-
abatic hot-spot temperature versus charging voltage of the CLIQ unit and
rating of the EER system. The design space resulting in Thot, Uground, and
IC above requirements is ruled out with various patterns, which can overlap.
Valid and not valid designs, i.e. designs respecting all requirements or not, are
indicated with filled and empty scatter points, respectively. (a) EER+CLIQ-C1.
(b) EER+CLIQ-C2. (c) EER+CLIQ-C3.

D. Energy Extraction and CLIQ

It is possible to combine an EE system and a CLIQ system to
even further decrease the hot-spot temperature. If the charging
polarity of the CLIQ unit is chosen as shown in Fig. 2, the
EE and CLIQ work synergistically by imposing voltages with
the same polarities across the coil sections. In fact, the EE
imposes a negative voltage only over sections LA1 and LA2

(see Fig. 2) since LB is effectively by-passed, while CLIQ
imposes a positive voltage over section LB. As a result, sig-
nificantly lower CLIQ charging voltage is required to introduce

the same dI/dt, and hence dB/dt and transient losses, in the coil
sections.

A wide parametric study is performed to identify designs
including both EE and CLIQ that minimizeThot while satisfying
the requirements Ug,m≤1 kV and IC,m≤5 kA. For each of the
three CLIQ configurations, the performance of the combination
of EE rating voltage UEE0 [V] and CLIQ unit charging voltage
that yields the lowest Thot is reported in Table III.

A detailed analysis of the EER+CLIQ system performance
is shown in Fig. 6, where the Thot is plotted as a function of
UEE0 and UC0. The combinations resulting in any of Thot,
Ug,m, or IC,m being outside the requirements are ruled out.
For EER+CLIQ-C1, there are a number of combinations that
are acceptable, and the lowest Thot is obtained for UEE0 =
1 kV and UC0 = 300 V. For EER+CLIQ-C2, a large number
of combinations are discarded due to excessive Ug,m and IC,m.
For EER+CLIQ-C3, only a few combinations are acceptable
since IC,m is ≥5 kA in all but a few cases.

Considering the limitations of the existing test facility equip-
ment, the recommended protection configuration is EER+CLIQ-
C1 with UEE0=1 kV and UC0=300 V, which offers low Thot

obtained with a redundant system comprising both energy ex-
traction and CLIQ and the easiest-to-implement CLIQ config-
uration (see Fig. 5). The limited reduction of Thot offered by
the varistor does not justify the procurement of this piece of
equipment.

IV. CONCLUSION

A 13 T Nb3Sn stress-managed asymmetric common-coil
magnet including novel features is being developed at the Paul
Scherrer Institute (PSI). The design and optimization of the
quench protection system for a 0.8 m long demonstrator magnet
is presented.

The electro-magnetic and thermal transients occurring during
a quench discharge are modeled with the STEAM-LEDET soft-
ware. The quench detection times are calculated in the case of
quenches occurring in various conductor locations. Furthermore,
the performances of combinations of different quench protection
systems are analyzed. The presence of multiple layers in the
common-coil design allows for great flexibility in the CLIQ
(Coupling-Loss Induced Quench) lead positioning and coil elec-
trical ordering. Both ingredients are optimized to significantly
reduce the peak temperature and voltage to ground during a
quench event.

It is shown that energy-extraction, a CLIQ system, or com-
bined energy extraction and CLIQ are all viable options to
protect this magnet, as they can maintain within acceptable limits
the hot-spot temperature and peak voltage to ground reached in
the magnet windings after a quench. The lowest peak voltage to
ground can be achieved using CLIQ, while the lowest hot-spot
temperature can be achieved by combining energy extraction
and CLIQ.

The quench protection configuration including energy-
extraction in combination with low-voltage CLIQ is recom-
mended due to its good performance in terms of low hot-spot
temperature and redundancy. These findings are valid for the
considered magnet and test facility, and case-by-case studies
are needed to analyze other applications.
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