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Quench Protection of Nb3Sn High Field Magnets
Using Heaters, a Strategy Applied to the

Graded Racetrack Dipole R2D2
T. Salmi , D. Liu , V. Calvelli , and E. Rochepault

Abstract—The quench protection for the Future Circular Col-
lider (FCC) 16 T Nb3Sn dipoles was based either on the CLIQ
(Coupling Loss Induced Quench) system, or on resistive quench
protection heaters. Several heater designs were sketched during
the iterative magnet design processes. This led to identifying some
rules about an effective heater design in the full-scale 14-m-long
magnets. Following the FCC study, short dipole magnet models
are being built to test the novel features that were envisioned for
the FCC magnets. In this work, we review the principles of effective
heater design, and then apply this methodology to the graded block
dipole short model R2D2, which is being designed at CEA Saclay.
This magnet has high current density in copper after quench, which
makes the protection challenging and requires pushing the heater
technology to its limits.

Index Terms—Accelerator magnets, protection heaters, Nb3Sn
dipoles quench protection.

I. INTRODUCTION

D IPOLE magnets with high magnetic field are being de-
veloped to enable future particle accelerators with higher

energy particle beams and consequently higher collision ener-
gies [1], [2]. The accelerator dipoles in the CERN LHC and
in the conceptual design of Future Circular Collider (FCC) are
14 m long. In the technology development process several short
model magnets are always built to test novel technologies and
behavior of the conductor and magnet structure in higher fields.
An important part of magnet design is their quench protection,
meaning the safety system ensuring that the conductor will
not overheat in case of a sudden transition from superconduct-
ing to normal conducting state. Especially for long high-field
high-energy density magnets, the quench protection should be
integrated into the early magnet design.

In an accelerator, several dipole magnets are powered in
series. In case a quench is detected, the quenched magnet is
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decoupled from the rest of the circuit and protective heating
system is activated in the magnet. The purpose of the heating is to
bring the coils uniformly to resistive state and drive a fast decay
of the operation current. The existing accelerators (Tevatron and
LHC) use resistive quench protection heaters, but in the HL-LHC
a new system based on CLIQ (Coupling Loss Induced Quench)
will be used together with the heaters [3]. The individual short
model magnets (approximately 1 m long) often can be protected
with external dump resistor in laboratory tests.

In this paper we first review the main steps in the heater design
process based on the experience from the FCC 16 T Nb3Sn
dipoles conceptual design [4]. We then apply the principles
to the R2D2 short model, that is being designed at CEA to
study the intra-layer grading that was foreseen for the FCC
16 T block-type dipole and the impact of very high current
density to protection [5]. The first goal is to summarize the
heater design strategy in a way that it can be applied also in other
future accelerator magnet design processes. The second goal is to
evaluate the feasibility of only quench heaters-based protection
in the R2D2, and outline directions for future protection design
studies. In parallel, an analysis of the feasibility of only CLIQ
-based protection was carried out [6]. The combination of heater
and CLIQ will be carried out at a later stage. In the coming tests,
the R2D2 protection can be ensured with a dump resistor, and
this makes it a useful test bed for evaluating the efficiency of
different protection technologies that will be vital for longer
magnets.

II. PRINCIPLES OF HEATER DESIGN PROCESS

A. Heater Technology

The heaters in accelerator magnets are typically based on
stainless steel strips (25 μm thick) on coil surfaces. They are
insulated from the coil by polyimide (25–75 μm thick) and
sometimes an additional layer of fiber glass [7], [8]. Periodical
copper cladding (5–10 μm thick) on the stainless steel is used to
reduce the strip overall resistance and allow focusing the heating
into the so-called heating stations (HS). Cable quenches under
the HS and the longitudinal quench propagation will bring the
segment between HS to resistive state. The strips are typically
U-shaped, extending the entire coil length and back. The strips
are connected in circuits that are powered with a capacitor bank
discharge upon the protection activation. The heater peak power,
P0, is expressed as the dissipated power divided by area facing
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the heated coil. It can be computed based on heater current
density (Jss), stainless steel resistivity (ρss) and heater thickness
(dss) using P0 = Jss(t = 0)2ρssdss. The heater current decays
according to the time constant, τRC, which is the product of
circuit capacitance and total resistance. More information on
the technology and used terminology can be found from [9].

B. Steps in the Heater Design Process

The goal is to design the heater strips to bring a sufficiently
large fraction of coil volume to resistive state in a time short
enough. The proposed design process includes five steps:

Step 1. Estimation of the required response time of the quench
protection system: This requires setting the maximum allowed
hotspot temperature. The analysis can then be done using the
time margin concept [10], the energy margin method [11], or
via simulations of a uniform quench and the following current
decay in the coil using for example Coodi [12] or ROXIE
[13]. The computation has to take into account the Joule
heating in the original quench location during the detection
and protection system delay times (assume constant current)
and during the subsequent current decay. The result of this
analysis is the required “protection delay time” or “time
margin” which includes the detection time, validation time,
switches delays and the average heater delay time.

If possible, one should also estimate the quench detection time
at this stage. The estimation may be based on the coil resistive
voltage development (in the most critical turn), and the needed
delay for the electronics. This allows estimating the maximum
delay for the protection system to quench the coil.

Step 2. Computation of feasible heater delays and mapping the
parametric dependence of heater delay: This requires setting
the key heater technology limitations (insulation thickness,
strip thickness, Cu-plating thickness). The calculation can be
done by modeling the heat conduction from the heater to the
cable in 2D (longitudinally along the cable) and computing
how long it takes to exceed the current sharing temperature.
Tools to do this are for example CoHDA [14], or COMSOL
[8]. The prediction power in this simulation approach is
typically quite good at high current, but decreases at low
currents, or at lower field region [15], [16].

One can first simulate the delays with very high heater power
(highest possible not to overheat the strip itself) to get the
reference possible minimum delay. Then one can do a parametric
study with different heater peak power, heater voltage decay
time constant, and heating station length. The analysis should
include the different cables, field regions and different operation
conditions. The delays obtained for average field in the coil
blocks can be compared with the needed average delay estimated
in Step 1, and one already gets an idea of the feasibility of heater
based protection.

Step 3. Analysis of the coil internal voltages and resistance
development characteristics: This step can be done by simu-
lating a uniform quench in the coil (e.g., using Coodi, ROXIE,
or COMSOL-based models [17]) and looking at potential to

ground along the coil turns. The inductive voltage typically
has a larger component in the low-field region. One may need
to consider this in the heater design so that these turns are
quenched relatively quickly to increase their resistance and
balance the inductive voltage [12]. If the coil is graded, e.g.,
uses different cable in high field (HF) and low field (LF)
region, the cables may participate differently. In particular,
the resistance may grow faster in the smaller LF cable. In
long magnets, these features may imply a heater design that
focuses more heat on LF region/cable. In contrary, in small
single-cable magnets where the voltages are not a problem, it
is more efficient to heat the high field region first [18].

Step 4. Design strip geometries and heater powering circuits:
This requires setting the charging voltage, capacitance and
number of capacitor banks used for heater powering. The
strip geometries (width, length of heating station, distance
between heating stations) must be designed considering the
total available heater powering energy. One approach is to
start by defining the ideal HS length and power for different
field regions, based on the results from steps 2 and 3. After
this, one decides the type of heater geometry (for example
a straight strip or a stair-case type shape). After this one
can compute the obtainable heater powers assuming different
circuit powering configurations (number of strips in parallel or
in series) and different distance between HS and strip widths
(total resistance of each strip). It is important to add some
margin (0.5–1.0 Ω) to the strip resistance for wires, etc. An
Excel table can be helpful in computing the powers.

Step 5. Simulation of magnet current decay and the resulting
hotspot temperature and voltages: After finding an attractive
heater geometry in step 4, one has to simulate the magnet
current decay based on the induced resistance increase in
coil. One way to do this is to first simulate the delays in
different coil regions, and then compute the current decay
with Coodi, which takes the simulated heater delays and
quench propagation velocities as input. This approach gave
reasonable results when compared to HL-LHC magnet tests
[16]. If the HS is long enough so that it can be simulated as
1D heat conduction from heater to cable, then more tools are
available. If a dump resistor or CLIQ is used together with
the heaters, its impact should be considered within this and
the previous step.

III. CASE STUDY: HEATER DESIGN FOR R2D2

A. Magnet Parameters and Heater Design Constraints

The R2D2 magnet geometry is shown in Fig. 1, and its
parameters are summarized in Table I. In this analysis we assume
50 μm polyimide insulation from heater to coil, which is 25 μm
less than in long FCC magnets due to lower voltages. We
consider powering the heaters with two capacitor banks, each
with 450 V and 19.2 mF. The capacitor bank values may be
updated later based on the test facility equipment.

We assume that the longitudinal quench propagation velocity
between heating stations is 20 m/s, and that there is 10 ms turn-
to-turn quench propagation time from the neighboring turns for
the coil turns that are not covered by a heater.
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Fig. 1. Left: Cross-section of the R2D2 coils and the mechanical components
around them. Right: 3D schematics showing the high field- and low field cable
blocks [21].

TABLE I
MAGNET PARAMETERS USED IN HEATER DESIGN

Fig. 2. Left: Hotspot temperature vs protection delay in R2D2. Right: Dis-
tribution of resistances and voltages to ground in the turns of the half-coils
cross-section after uniform quench.

B. Step 1: Analysis of Needed Heater Delays

The first step in the analysis was to simulate the coils tem-
perature evolution after inducing a uniform and instantaneous
quench in all coil turns. The hotspot temperature is computed
adiabatically based on the Joule heat by the magnet current
during the quench delay and the subsequent current decay. The
simulation was done with Coodi. The hotspot temperature vs.
the uniform quench delay is shown inFig. 2.

The delay time related to the maximum allowed temperature,
350 K, is 23 ms at nominal current, Inom, at 4.2 K (14588 A).
It decreases to 6 ms at short sample current at 1.9 K (19842 A).
These times are very short compared to the FCC study which

Fig. 3. Heater delay as a function of heater power or heating station length.

allocated ∼20 ms for only detection and validation. The highest
hotspot temperature occurs in case of a quench is in the LF cable
with the highest field.

The RRR of LF cable is expected to be unusually high (450)
[20]. To quantify the impact of LF cable RRR on the hotspot
temperature, the simulation for the nominal current case at 4.2 K
with 23 ms delay time was repeated with RRR values of 200 and
100. The results suggests that the hotspot temperature increases
by less than 3 K, even if the RRR decreased down to 100. The
stronger heating at constant current was compensated by a faster
current decay.

C. Step 2: Computation of Obtainable Heater Delays

Heater delay is simulated in HF and LF cable using CoHDA.
The delay vs. heater peak power is shown in Fig. 3. There
is no saturation, and the delay decreases as the peak power
is increased. It also shows the impact of the circuit RC-time
constant (τRC). Above 150 W/cm2, a time constant smaller than
of 15 ms starts to increase the delay. The results are shown for the
maximum and minimum magnetic field in the HF and LF cable
blocks. For the same field value, the LF cable would quench
faster, because its superconductor current density is over two
times higher than in the HF cable, so its critical temperature is
lower.

The impact of heating station length is shown in Fig. 3. In
general, one would like to have a sufficiently long HS not to
increase the delay, but not too long because shorter length allows
more HS and more propagating fronts. It seems that about 20 mm
is needed in high field regions and 40 mm in low field regions.

Average delay of 8–10 ms is possible at nominal current if
high heater power is used (200–300 W/cm2). Compared with
the needed protection delay based on step 1, the feasibility of
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Fig. 4. From top to bottom: A schematic of the U-shaped heater strips on the
coil surfaces, 3D view of the LF (red) and HF (orange) coils, and the three heater
layout options. Option 1 is a regular straight strip, option 2 is a staircase with
variable length heating stations, and option 3 is a straight strip with variable
length heating stations. The strips repeat this pattern to make a U-shape that
extends the entire coil length and back. The orange represents copper and black
stainless steel heating stations.

only heater-based protection seems very challenging: The time
available to detect the quench and quench the coils was 23 ms. If
we were able to use the very high heater power in all coils, and
obtain 8–10 ms average heater delays, only 13–15 ms is left for
the detection. Even if this was possible, there is very little room
for redundancy to cope with failure cases. We however complete
the study to see the potential efficiency of practical heaters.

D. Step 3: Guidance for Heater Delay Distribution Based on
Voltages and Resistance Development

We used Coodi simulations to analyze the resistance distribu-
tion in the coil after a uniform quench. The simulation takes into
account the difference in HF and LF cables Cu areas, magnetic
fields, RRR’s, and temperature evolutions due to the losses. The
resistance in the coil LF block turns is higher than in the HF
block turns, see Fig. 2. The turns with the highest resistance are
the LF cables with the highest field.

The voltages in this short magnet are only a few tens of volts.
Therefore, the heater design can focus on reducing the hotspot
temperature. In this pursuit, it is more efficient to aim to quench
first the LF turns with high field.

E. Step 4: Heater Geometries and Heater Circuits

In this first iteration of the heater design, we consider one strip
per HF block and one for LF block. The strips follow the coil
blocks in the return end to make a U-shape, as shown in Fig. 4.
The length of the HF strip is 1.2 m and that of LF is 2.7 m. The

HF strips of both coils are connected in parallel to one capacitor,
and the LF strips to one. We assume 0.5 Ω margin in series with
each heater circuit. This configuration is not optimal because
the longer strips dilute the heating energy in the LF block,
which was the main driver for coil resistance development. The
reason for this design decision was to allow testing LF and
HF strips separately. The future design iterations will consider
also other options, and adding more capacitor banks. Three
different heater geometry options are considered, as sketched in
Fig. 4.

1) Option 1: A Regular Straight: A regular straight strip
has periodic stainless steel heating stations and copper between
them. The strip widths are 30 mm, covering 80% of the HF block
width and 88% of the LF block width. This width was chosen to
cover as many turns as possible while keeping the peak power
and time constant still high enough (above 200 W/cm2 and not
much below 15 ms). The HS lengths are based on the lowest
field under heater and are 4 cm in HF and 4.5 cm in LF. Copper
segment lengths between HS were decided 5 cm and 12 cm
leading to P0 = 240 W/cm2, τRC = 13 ms in HF heater and P0

= 200 W/cm2 and τRC = 14 ms in LF.
2) Option 2: A Tunable Staircase: In the staircase geometry

the heating station length (or width) can be varied based on the
field region under it. In this design the heater strip for HF block
has three heating stations per period, each 11.5 mm wide and the
LF heater has two, each 16 mm wide. The heater covers 91% of
HF block and 94% of LF block turns. The lengths of the heating
stations are in HF heater: 25 mm, 30 mm, and 40 mm, period
being 12 cm. The resulting powers are P0 = 300 W/cm2, τRC

= 25 ms. In LF heater the heating station length are 35 mm and
40 mm, and period is 17 cm. This results to P0 = 250 W/cm2

and τRC 22–26 ms. This option can cover more turns while still
obtaining high power. The downside is that there is a minimum
length for the period based on the total length of the heating
stations.

3) Option 3: A Novel Distributed HS: This is a straight heater
with variable heating station length: shorter heating stations are
placed between longer ones. At high current also the shorter HS
may quench the cable, but if not, they will pre-heat the cable
for faster quench propagation between the longer HS. At low
current the longest HS quench a sufficient fraction of the coil.
In the example heater we have 4 cm for the longest HS and 1
cm for the shortest HS.

This type of heater option would be particularly interesting for
long magnets, where the impact of quench propagation between
HS is larger. For example, the distance between HS in the FCC
magnets was up to 30 cm, corresponding to 7.5 ms propagation
time with 20 m/s [4]. Inducing an additional hotspot in the
middle of the period at high current could double the resistance
development rate and half the propagation time.

This type of heater would be also interesting when used in
combination with CLIQ. It enhances the potential of the heaters
to deposit wanted energies locally into the coil. CLIQ distributes
its capacitor bank energy more evenly into the coils, which leads
to a widespread quench at high current, but at lower currents it
would be more efficient, and sufficient, to focus the energy more
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Fig. 5. (a) Heater delay as a function of cable magnetic field for heater options
1 and 2 at nominal current (Inom), ultimate current (Iult) and shortsample current
(Iss) at 4.2 K. (b) Simulated hotspot temperature at nominal current as a function
of time delay before heater activation.

locally in order to limit the total energy. Combining the more
uniform heating by CLIQ with specifically targeted heated spots
by heaters could be designed to cover all magnet operation points
in an optimal way.

To properly consider this heater design option, one needs to
compute the impact of heat diffusion from quench propagation.
This was not done for this paper, but it will be the future work.

F. Step 5: Simulated Hotspot Temperatures

The heater delays with the above-described heater options 1
and 2 were simulated at different field regions and summarized
in Fig. 5(a). The delays are shown vs. the maximum magnetic
field in the cables. In a coil, the delay in each turn would be
defined by the magnetic field in it, and whether it is covered
by a heater or not. The first quench after heater activation at
nominal current at 4.2 K is 7.5 ms for option 1, and 6.6 ms
for option 2. The average delay was 12.4 ms for option 1 and
10 ms for option 2. This is without the quench propagation
between HS, but accounting for transversal quench propagation
to the turns that are not covered by a heater. When including
propagation between HS assuming 20 m/s, the average delay to
quench all turns totally is 14.4 ms with option 1, and 13 ms with
option 2.

Fig. 5(b) shows the simulated hotspot temperature as a func-
tion of time between original quench and heater activation for
heater options 1 and 2 at nominal current at 4.2 K. It shows that
detection time of 10 ms is required for option 1 to stay below
350 K, and 11.5 ms if using option 2. In the case of detection
time 10 ms, the designed practical heaters give approximately 20
K higher temperature than if all the coils were covered with the
heater. Covering all the coils with heater would require at least 5
HFU’s instead of 2. This suggests that only minor improvements
can be done with further iterations of the heater geometry.

The analysis at higher currents at 4.2 K was performed for
option 1. To stay below 350 K at ultimate current, the detection
time should be 4 ms, and at short sample current it should be
less than 2 ms, which is not achievable with today’s technology.

IV. DISCUSSION AND CONCLUSION

The outlined heater design process was applied to a short
model magnet with particularly stringent protection require-
ments. Following the process we were able to quickly estimate
the feasibility of heater based protection, and sketch the first
heater designs. In this short magnet the average heater delay
plus the quench propagation between heating stations was about
13-14 ms at nominal current. In the simulations quench detection
time within 10 ms was required in order to keep peak temperature
below 350 K. This fast detection time is difficult to achieve in the
real magnet. It seems thus that heaters alone cannot guarantee a
reliable protection in R2D2.

Since R2D2 short magnet can be protected with a dump
resistor, it could provide a test bench for future iterations of
new heater designs given that they will demonstrate a significant
gain with respect to the state-of-the-art heater technology for
long magnets. The dump resistor activation after measuring the
heater-induced start of the magnet resistance increase will ensure
magnet safety while still providing valuable data about heater
efficiency.
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