IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 31, NO. 5, AUGUST 2021

4700405

Quench Protection Studies for the High Luminosity
LHC NbsSn Quadrupole Magnets

Emmanuele Ravaioli “, Giorgio Ambrosio
Jose Ferradas Troitino
Matthias Mentink

Abstract—Achieving the targets of the High Luminosity LHC
project requires the installation of new inner triplet magnet circuits
for the final focusing of the particle beams on each side of the
two main interaction points. Each of the four circuits will include
six 150 mm aperture, 132.2 T/m gradient, Nb3Sn quadrupole
magnets to be installed in the LHC tunnel. The recently updated
circuit topology is such that the protection of each magnet can be
studied from a single magnet point-of-view. To limit the hot-spot
temperature and the peak voltage-to-ground, a protection system
was designed that quickly and reliably transfers voluminous parts
of the coil to the normal-conducting state, hence distributing more
homogeneously the magnets stored energy in the windings. This
system is based on two elements: quench heaters attached to the
outer layers of the magnet coils and CLIQ (Coupling-Loss Induced
Quench). The performance of the protection system is investigated
by simulating the electro-magnetic and thermal transients occur-
ring after a quench with the program STEAM-LEDET, and by
conducting dedicated experiments at the CERN and FNAL magnet
test facilities. The effectiveness of the quench protection system
is assessed at all representative operating current levels. Further-
more, the coils hot-spot temperature and peak voltage to ground
are analyzed for various failure cases, conductor parameters, and
parameter distribution among the four coils. It is concluded that the
proposed design assures an effective, reliable, and fully redundant
quench protection system.

Index Terms—Accelerator magnet, CLIQ, circuit modeling,
quench protection, superconducting coil.

1. INTRODUCTION

NNER TRIPLET (IT) magnet circuits are required for the
final focusing of the particle beams on each side of the two
main interaction points of the Large Hadron Collider (LHC).
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For the LHC upgrade to High Luminosity [1]-[3], the existing
circuits will be replaced with circuits featuring six 150 mm aper-
ture, 132.2 T/m gradient, two-layer, Nb3Sn quadrupole magnets
(MQXEF) [4]-[7]. These magnets, whose main parameters are
listed in Table I, were jointly developed by CERN and the
US LHC Accelerator Research Program (LARP) and HL-LHC
Accelerator Upgrade Project (AUP), and are being manufactured
in two versions with magnetic lengths of 4.2 m and 7.15 m [8].

In the case a small part of the superconducting coils of
these high-field, high energy-density magnets suddenly becomes
normal-conducting, a phenomenon known as quench, fast and
non-uniform conductor heating and high internal coil voltages
could pose a risk to the magnet integrity. An active system that
detects the quench and transfers most of the coil winding pack
to the normal state in a few tens of milliseconds is necessary
in order to avoid damage due to overheating, which can cause
permanent conductor degradation, or excessively high voltages
to ground, which can damage the coil insulation layers.The
quench protection of the IT circuit, which was studied in the
recent years [10]-[12], is presented here for recently refined
nominal and ultimate current levels [9], and updated circuit
configuration. The updated IT circuit, shown in Fig. 1, includes
parallel elements across each magnet, so that the protection of
each magnet is independent from the others. Warm diodes are
not required across Q1 magnets because the 35 A crowbar (CR)
already provides an effective parallel path.

The magnet protection system includes two elements [10],
[12], [13], namely quench heaters (QH) attached to the coils
outer surface [14], [15], and the Coupling-Loss Induced Quench
(CLIQ) system [16]-[18]. Each of the six magnets is protected
by eight independent 900 V, 7.05 mF QH power supplies and
one 40 mF CLIQ unit. CLIQ units protecting the 4.2 m and
7.15 m magnets are charged to 600 V and 1000 V, respec-
tively. In the case a quench is detected in any of the mag-
nets, the protection elements of all six magnets are triggered
simultaneously.

The electro-magnetic and thermal transient following a
quench was extensively studied by means of the STEAM-
LEDET [19], [20] (Lumped-Element Dynamic Electro-
Thermal) program, which was validated against experimental
results collected while individually testing the 1.2 m and 4.0 m
long model/prototype versions of the MQXF magnet [21]-[23].

The quench protection system performance is assessed at all
foreseen operating current levels. Furthermore, the impact of

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/


https://orcid.org/0000-0002-7651-5313
https://orcid.org/0000-0002-5342-2480
https://orcid.org/0000-0003-4871-4750
https://orcid.org/0000-0003-0415-8895
https://orcid.org/0000-0001-7874-9722
https://orcid.org/0000-0003-2157-4751
https://orcid.org/0000-0001-8299-0711
https://orcid.org/0000-0002-2098-8963
https://orcid.org/0000-0001-9769-0578
https://orcid.org/0000-0001-5518-4191
https://orcid.org/0000-0001-6945-8608
https://orcid.org/0000-0002-8584-1567
mailto:Emmanuele.Ravaioli@cern.ch
https://doi.org/10.1109/TASC.2021.3055160

4700405

IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 31, NO. 5, AUGUST 2021

Fig. 1.

Schematic of the powering and protection scheme of each Inner Triplet circuit including six Nb3Sn quadrupole magnets assembled in four cold masses

(Q1, Q2a, Q2b, Q3), one 18 kA power supply (PS), two £2 kA trim power supplies, one +35 A trim power supply, power-supply crowbars (CR), warm diodes
(WD), cold diodes (CD), current leads (CL), and six CLIQ units (C). The four coils of each magnet are denoted with P1-P4. Pole P1 is the one located in the top
right quadrant, viewing the magnet from the connection-side end; P2-P4 are numbered counter-clockwise.
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Fig. 2.  Minimum QH energy density required to initiate a quench in the coil,
measured on four MQXF short model magnets [14], [15], [24]-[27].

failure cases and conductor parameters on the coils hot-spot
temperature and peak voltage to ground is investigated.

II. BASELINE QUENCH PROTECTION SYSTEM

The combined QH and CLIQ quench protection system is
designed to assure safe circuit operation at any current level
even in case of simultaneous failures of two protection units.
In this study, the focus is on the 7.15 m magnet version. The
hot-spot temperatures T}, [K] of both versions are very similar,
while their peak voltages to ground Uy pear [V] approximately
scale with the magnet length.

The QH system is designed to initiate a resistive transition
in the coil at currents as low as 1 kA. Each unit delivers a
peak power density of about 220 W/cm? in the strip heating
stations, decaying with a time constant of about 32 ms. Hence,
the baseline deposited energy calculated adiabatically is about
3.5 J/em?. In order to evaluate the margin with respect to the
minimum energy required to initiate a transition, dedicated tests
were performed on multiple short model magnets [14], [15],
[24]-[28]. The observed minimum energy density to quench, for
a QH located at the low-field (LF-QH) and high-field (HF-QH)
coil turns, is shown in Fig. 2. It can be observed that at 1.65 kA the
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Fig. 3. Simulated 3D coil temperature profile at the end of the discharge
following a quench at 2 kA without any quench protection.

baseline energy density is 10% to 55% higher than the minimum
required to protect the magnet.

The CLIQ system is designed to protect the magnet above
6 kA even in the case no QH supplies were triggered. Designing
CLIQ to assure protection at even lower currents is possible, but
it would require a substantial increase of the unit capacitance.
Since QH are fully redundant at low to medium current, as it will
be shown shortly, such further improvement was not deemed
necessary.

When the magnet is at low current (0-2 kA), the magnet is
self-protected. This result is demonstrated with 3-dimensional
electro-thermal simulations, where the thermal diffusion is
modeled with the finite difference method [29]. The electrical
resistance developed in the coil following a quench is sufficient
to effectively discharge the transport current before T rises
excessively. It is shown that after a quench at 2 kA even in
absence of quench protection the magnet current discharges in
about 30 s. The simulated coil temperature profile at the end
of the discharge is shown in Fig. 3. The peak coil temperature
remains below 150 K.

At low to intermediate current (1-12 kA), the QH system,
which is composed of eight independently-powered circuits, is
fully redundant. The electrical and thermal transient following
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Fig. 4. Simulated coil adiabatic hot-spot temperature after a quench, versus
initial magnet current. Baseline protection including eight QH units and CLIQ,
and failure cases obtained with only QH, or with only half QH units.

TABLE I
MAIN MQXF MAGNET PARAMETERS [4], [7], AND [9]

Parameter Unit Value
Nominal current, I,om A 16230
Ultimate current, )¢ A 17500
Peak field in the conductor at Inom T 11.3
Operating temperature K 1.9
Differential inductance per unit length at /nom  mH/m 8.2
Number of turns per pole - 50
18 - . . : .
/N —Current in Poles P1-P3
16 ——Current in Poles P}P%
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Fig. 5. Simulated currents in the 7.15 m magnet’s coils sections, and intro-
duced by the CLIQ unit, versus time, after a quench at nominal current. .

a quench are simulated with the 2D quench program STEAM-
LEDET for three cases: the baseline where eight out of eight QH
supplies and the CLIQ unit are triggered (8008 QH + CLIQ),
the failure case where only QH supplies are triggered (8008
QH), and the unrealistic failure case where only half of the QH
supplies are triggered (4008 QH). The resulting hot-spot temper-
atures are shown in Fig. 4. For uniform conductor parameters,
the simulated Ty after a quench at 12 kA is about 160 K for
the baseline case, about 210 K for the 8008 QH case, and about
310 K for the 4008 QH case. The probability of the latter case
is negligible [30].

The quench protection of this magnet is most challenging
at nominal and ultimate current (see Table I). The simulated
currents in the magnet coils, and introduced by the CLIQ unit,
after a quench in the 7.15 m magnet at the nominal current
of 16.23 kA are shown in Fig. 5. The combined action of QH
depositing heat through thermal diffusion and CLIQ depositing
heat through inter-filament coupling loss transfers all coil turns
to the normal state in less than 35 ms. As a result, the transport
current is completely discharged in about 400 ms.
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Fig. 6. Simulated coil adiabatic hot-spot temperature, and minimum and
maximum voltages to ground, versus time, after a quench at nominal current.
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Fig.7. Simulated adiabatic hot-spot temperature after a quench at nominal and
ultimate current. Reference case in absence of failures, double QH unit failures,
and CLIQ plus one QH unit failures.

The simulated T}, calculated conservatively under adiabatic
conditions, reaches about 230 K (see Fig. 6). The minimum and
maximum voltages to ground during the transient are also shown
in Fig. 6. Immediately after triggering the protection system,
the voltages are determined by the 1 kV voltage imposed by
the CLIQ unit. The peak voltage to ground of 590 V, reached
after about 90 ms, depends on the distribution of resistive and
inductive voltages within the coils.

III. FAILURE CASES

The quench protection system is designed to assure protection
in case of up to two simultaneous unit failures, i.e. either two
QH units, or one QH unit and the CLIQ unit. The possibility
that more than two independently powered and independently
triggered units fail simultaneously is considered to be negligible.
The impact of the failure of protection units on the protection
performance is evaluated and summarized in Fig. 7, where the
simulated 7T}, at nominal and ultimate current are shown. In
absence of failure, T}, remains around 250 K even at the ultimate
current of 17.5 kA. This temperature level is considered a very
safe margin with respect to permanent coil degradation [31].

Simultaneous failure of two QH units would result in an
increase of Tpo of less than 10 K. This result can be explained
considering that at this high current level triggering CLIQ alone
is sufficient to quickly transfer to the normal state most of the
turns, and allows achieving a very fast current discharge.

Instead, simultaneous failure of one QH unit and of the CLIQ
unit would result in a 7} increase of almost 120 K at both
current levels. The resulting temperature range of 340 to 370 K
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TABLE II
RANGES OF THE MAIN CONDUCTOR PARAMETERS: AS DEFINED BY
SPECIFICATIONS [32] AND AS EXPECTED FROM OBSERVATION

Parameter Unit  Specification Range = Expected Range
Number of strands - 40 40
Strand diameter mm 0.8540.003 0.85

Cu to non-Cu ratio - 1.240.1 1.16-1.18
RRR? - >100 200-250
Filament twist-pitch ~ mm 19+£3 19
Strand twist-pitch mm 10943 109

02RRR measured between 293 K and 20 K, after heat treatment.

1800
1600

Il Reference

Full specifications range, without CR
MM Expected parameter range, without CR
HIESExpected parameter range, with CR

221000

Peak voltage t
(=2
8

Nominal current = 16.23 kA Ultimate current = 17.5 kA

Fig. 8. Simulated peak voltages to ground after a quench at nominal and
ultimate current. Reference case in absence of failures, and worst-cases obtained
with most unfavourable conductor parameter distribution, or after coil reordering
(CR).

is undesired, but considered acceptable for an extremely unlikely
event such as a double failure.

Quench protection unit failures have also a significant impact
on Uy peax - In fact, different QH units heat up and induce a quench
only in the coil turns to which they are glued, while CLIQ induces
aquench more quickly in the two poles that receive a first positive
current change, i.e. P2 and P4 (see Fig. 1). Given the presence of
multiple inter-dependent effects, it is difficult to guess a priori the
double-failure scenario that results in the highest Uy peax. Thus,
to identify the most critical cases dozens of combinations of QH
and CLIQ failures are simulated. The findings are presented in
the next section together with the conductor parameter analysis.

IV. CONDUCTOR PARAMETERS

The main conductor parameters are summarized in Table II,
together with their ranges defined by specifications [32]. The two
parameters that have the most significant effect on the Uy peqx are
the Cu to non-Cu ratio and the residual resistivity ratio (RRR),
since they directly impact the conductor resistance. Thus, a
non-uniform distribution of these two parameters among the
four magnet coils would result in a non-uniform distribution
of resistive voltages among them after a quench, and hence
higher Ugpeax. The most unfavourable parameter distribution
consists in two coils with lowest Cu to non-Cu ratio and lowest
RRR in series to two coils with highest Cu to non-Cu ratio and
highest RRR.

Quench transients in absence of failures and in presence of
various types of double failures are simulated assuming the
most unfavourable parameter distribution and the full ranges
defined by specifications. The highest Ug peac Obtained during
these simulations, shown in Fig. 8, are about 1320 V and 1530 V
at nominal and ultimate current, respectively. It should be noted
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that these high figures, which are approximately twice higher
than the reference case of 590 V (see Fig. 6), are obtained under
excessively conservative assumptions.

The expected conductor parameter ranges, based on the deliv-
ered conductor, are significantly narrower than the specification
ranges, as shown in Table II. Considering these realistic param-
eter ranges, the worst-cases Uy pear Obtained for double failures
and most unfavourable parameter distribution reach about 720 V
and 910 V at nominal and ultimate current.

In order to further reduce Ug peqx it is possible to optimize the
electrical order of the four magnet coils, once an estimation of
their real conductor parameters is available. Simulations show
that reordering the four coils allows maintaining U peak at about
640 V and 820 V at nominal and ultimate current, which is less
than 10% higher than the reference case, and compliant with the
magnet’s electrical design criteria [33].

V. CONCLUSION

The quench protection system of the High Luminosity LHC
Inner Triplet circuit was described and analyzed with the
STEAM-LEDET software. The circuit includes six NbzSn
quadrupole magnets powered in series, each individually pro-
tected by eight quench-heater units and one CLIQ unit. Upon
quench detection all circuit protection elements are activated
simultaneously.

It was shown that the designed system assures magnet protec-
tion over the entire operating current range. At currents below
2 kA, it was demonstrated by means of 3D simulations that the
magnet is self-protected. At currents below 8 kA, while both
quench-heater and CLIQ are activated, simulations show that
even half of the QH units would be sufficient to maintain the
coils hot-spot temperature well below 200 K. At nominal current
in absence of equipment failures the baseline protection system
maintains the hot-spot temperature below 230 K and the peak
voltage to ground below 600 V.

The impact on the quench protection performance of si-
multaneous failures of two protection units, among the eight
quench-heater and one CLIQ units, was assessed. The most
critical case was found to be the simultaneous failures of the
CLIQ unit and one quench-heater unit, which would result in
an hot-spot temperature increase of 100 to 120 K at nominal
and ultimate current. The obtained temperature range of 340 to
370 K is deemed acceptable for an extremely unlikely event such
as a double failure.

Furthermore, it was shown that a non-uniform distribution in
the four magnet coils of conductor parameters, and in particular
the conductor Cu to non-Cu ratio and its RRR, can lead to large
peak voltages to ground after a quench. Reducing the ranges
of conductor parameters and selecting an optimum electrical
order for the four magnet coils allows effectively reducing the
worst-case voltage to ground, which can be maintained just 10%
higher than the reference case.
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