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Abstract— The goal of the present study is to propose an alternative
FCC quadrupole design where the risk from both their fabrication
and their operation in the machine is reduced compared to previous
analysis. Therefore, the number of coil layers has been reduced from
four to two layers and the load-line margin increased from 14% to
20% compared to previous investigations [1]. Indeed, the idea is to
only challenge the ~5000 FCC main dipoles and stay at a relatively
low complexity for the ~700 FCC main quadrupoles so they have a
limiting impact on the machine operation and reliability. An explo-
ration of the strand diameter (0.7 mm to 0.9 mm), cable size (40 to
60 strands) as well as protection delay (30 ms to 40 ms) is performed
on 2D magnetic designs of the FCC main quadrupole. A discussion
on cable windability allows for the selection of one design generating
367 T/m. The design is mechanically constrained with a conven-
tional collar structure leading to collaring peak stress of 115 MPa. A
single coupling loss induced quench unit ensure a safe magnet oper-
ation with a 300 K hotspot temperature.

Index Terms—NbsSn coil, collar structure, CLIQ protection sys-
tem, MQ

I. INTRODUCTION

N the frame of a collaboration agreement between CERN and
CEA, the Main Quadrupole (MQ) design of the so-called Fu-
ture Circular Collider (FCC) is investigated. The present work
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Fig. 1. Parametric analysis of the gradient versus the coil size for various

cable strand diameter, number of strands in the cable and protection delays.
The star represents the design (v12) described in section 111 of the paper.
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is included in the magnet section of the FCC Conceptual Design
Report. It is worth reminding that the initial philosophy was to
push the MQ to their gradient limit in order to reduce their
length and give some extra length to the FCC main dipoles
(MB) inside the FODO cell [2]. Each FCC FODO cell consists
in 2 quadrupoles and 12 dipoles. Such approach was based on a
reduction of the quantity of NbsSn conductor for the whole ma-
chine considering both the MB and MQ. After a detailed study
of a 4-layer design, it seems more risky to build challenging
4-layer quadrupoles besides the also challenging and more nu-
merous 4-layers dipoles. Therefore, the complexity of the MQ
assembly is mitigated by setting a 2-layer configuration as the
baseline. Similarly to the LHC at nominal (7 TeV per beam),
the load-line margin is increased to 20% with respect to 14%
for the MB. These two measures are taken with the aim to min-
imize the impact of the MQ training on the operation of the FCC
machine. Based on this philosophy and after some iterations
with the FCC beam opticians and the FCC main dipole design-
ers it was decided to set the integrated gradient of the FCC MQ
to 2592 T with a nominal gradient of 360 T/m.

1. 2D PARAMETRIC EXPLORATION

A. Parameters space

First, the critical current density J. of the NbsSn conductor is
the FCC target density (Jc =2300 A/mm2 @ 1.9 K and 16 T)
with a 3% cabling degradation.

J
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where t = T/T¢o and b = B/B,(t) and B is the magnetic flux den-
sity on the conductors. Teo= 16 K, Beo =29.38 T, a = 0.96,
Co= 275880 AT/mm? are fitting parameters [6]-[8].
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Fig. 2.

The impact on the gradient of three parameters is explored:

e  The strand diameter: 0.7 mm and 0.9 mm;

e The number of cable strands: 40, 51 and 60;

e  The total protection delay: 30 ms and 40 ms.
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TABLE |
FCC MQ CABLE CHARACTERISTICS

Flux density distribution in the FCC MQ magnet. Top: coil cross-sec-
tion (ROXIE sofware). Bottom: collars and yoke.

Parameters Units FCC MQ (v12)
Strand diameter mm 0.85
Cu/nonCu - 1.65
Number of strands - 35
Bare width (before/after HT) mm 15.956/16.120
Bare thickness(before/after HT) mm 1.493/1.538
Bare thin edge (before/after HT) mm 1.438/1.481
Bare thick edge (before/after HT) mm 1.549/1.596
Cable width expansion % 1
Cable thickness expansion % 3
Keystone angle ° 04
Transposition pitch length mm 96
Insulation thickness per side at 5 MPa mm 0.15
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Fig. 3. Combined geometric, saturation and persistent current errors on the

first two allowed multipoles bg and by, from injection at 3.3 TeV/beam to nom-
inal at 50 TeVV/beam with 2 different filament sizes (55 um: MQXF strand state
of the art; 20 pum: FCC target).
TABLE II
FCC MQ MAGNET CHARACTERISTICS

Parameters Units FCC MQ (v12)

Gradient T/m 367

Current A 22500

Peak field T 10.52
Load-line margin % 20.1
Temperature margin K 4.6
Inductance ( 2 apertures) mH/m 2.04
Stored energy (2 apertures) kJ/m 520
Azimuthal force per % coil MN/m 1.74
Radial force per ¥z coil MN/m 04
Midplane shim pm 325
Interlayer insulation mm 0.5

Number of turns per layer - 8+10
Area of conductor per magnet cm? 57.2
Estimated weight of conductor* tonnes 270

*Weight estimated for the 744 MQs of the FCC with a conductor density

The protection delay is the time from the quench ignition till
the whole coil is resistive. A delay of 40 ms tends to represent
conventional quench heater technology whereas the 30 ms de-
lay is more representative of a CLIQ system [9]. A detailed pro-
tection analysis is discussed in the coming sections.

B. Results

Each dot shown in Fig.1 is a 2D conceptual design with its
gradient in [T/m] versus its coil size represented by the equiva-
lent coil width weq [3]. The hotspot temperature is fixed at
~350 K. For the designs with a 30 ms delay it is noticed that an
increase of the time delay by 5 ms (30 to 35 ms) leads to a
hotspot increase by ~50 K when the magnet is operated at nom-
inal. With 50 mm aperture magnet, this study coupled to previ-
ous results [1] demonstrates that the 2-layers configuration be-
comes less efficient compare to 4-layers layouts at about
Weg = 33 mm [2] (vertical blue line in Fig. 1). This is due to a
worse coil compaction coming from the large copper wedges in
a 2 layer large cable magnet. The impact of a smaller protection
delay by 10 ms allows for a strengthening of the gradient by
~20 T/m or a coil size reduction by ~13% at the baseline gradi-
ent of 360 T/m. To reach 360 T/m, a perfect design needs an



equivalent coil width of 26 mm (30 mm) for a protection time
delay of 30 ms (40 ms), which could be translated for a 2-layers
design in a cable width of 13 mm (15 mm). Actually, in that
specific case, the cable has to be about 20% wider to accommo-
date the loss due its discrete nature — copper wedges and inter-
layer insulation — leading to a cable width of 15.6 mm (18 mm).

C. Discussion

To select a design the windability of the cable through its
number of strand and compaction shall be taken into account.
So far, only NbsSn quadrupoles with large aperture > 90 mm
have been designed, manufactured and tested (TQ, HQ, LQ,
QXF) and dipoles with small apertures < 60 mm (D20, HD se-
ries, 11T), for FCC MQ the combination of a small aperture and
a quadrupole layout is challenging for the cable mechanical sta-
bilility while winding. It turned out that the 11T and MQXF
cables made of 40 strands “have been characterized by marginal
mechanical stability” [7]. Based on these considerations, the ca-
ble width to reach 360 T/m and some additional design itera-
tions (electromagnetic and protection), a cable made of
35 strands of 0.85 mm in diameter is selected.

I1l. 2 LAYER DESIGN

A. Cable design

The cable features are reported in Table I. Made of 0.85 mm
strands, the first generation QXF cable with a 0.55° keystone
angle and RRP strands is taken as a reference to estimate the
MQ cable compaction. Therefore, a compaction of 15.4% is
used for the thin edge of the MQ cable, a keystone angle of 0.4°
helps to compact the thick edge (8.9%) in an attempt to improve
the mechanical stability of the cable. With RRP strands the ca-
ble degradation shall not be an issue [8].

B. Electromagnetic design

Each aperture of the 2-in-1 FCC Main Quadrupole is based
on the so-called cos-26 coil layout (Fig. 2). The iron yoke is
600 mm in diameter and features the same holes for cryogenic
purpose than the FCC MB [10],[11],[12]. The main character-
istics of the FCC MQ are reported in Table II.

A field quality analysis taking into account the geometry of
the coil, the saturation of the iron and the persistent current in
the strand filaments is performed on the first two allowed har-
monics bg and bio. For the filament sizes, the state of the art with
55 pm and the FCC target with 20 pum, are investigated (Fig. 3).
At low current bs reaches 23 units whereas by stays below
2 units.

An estimation of the random geometric errors is performed
on the coils and leads to a RMS value o, for the n-harmonic
[13]:

on = doff"
where d is the displacement from nominal in pum, n > 2 is the

harmonic order, = 0.59 and a = 0.4 (or 0.8 for allowed har-
monics: bs big b14 and so on [14]).

C. Protection analysis

The magnet is designed with a relatively tight time margin:
30 ms to 350 K. It means that the copper in the cable is sized
such that the hotspot temperature does not exceed 350 K if the
magnet quenches at 105% of the nominal current and the
quench protection system (including quench detection, valida-
tion, switches, and the active protection heating system) is able
to effectively quench the entire coil in 30 ms [15][16].

The magnet protection is based on the CLIQ (Coupling Loss
Induced Quench) technology [17]. The CLIQ system relies on
a charged capacitor bank to be discharged in the magnet wind-
ings upon the quench detection. The transport current oscilla-
tion and, therefore, magnetic field variation generate inter-fila-
ment and inter-strand coupling losses (Fig. 4), which rapidly
quench the superconducting cables. The technology was devel-
oped over the past years at CERN within the HL-LHC project.
Measurements and simulations have demonstrated more effi-
cient performance than conventional quench protection heaters
[18][19]. Actually CLIQ will be used in the HL-LHC inner tri-
plet quadrupoles alongside with the protection heaters [18].
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Fig. 4. a) CLIQ configuration and the simulated loss deposition in the

preliminary protection analysis. b) Simulated currents after CLIQ discharge.

The protectability of the FCC main quadrupole is analyzed
by assuming 21 ms time delay for the quench detection, valida-
tion and switch operation. The CLIQ system is connected
across one half of each magnet aperture, as shown in Fig.4. The
highest magnetic field change rate occurs at the coil mid-planes,
thus most energy is deposited there. The present CLIQ unit has
a capacitance of 50 mF, and it is charged to 500 V.

Simulation is performed using the recently released STEAM-
SIGMA model builder and COMSOL FEM simulation
[20][21][22]. The simulated energy deposition within the first
10 ms after CLIQ discharge is shown in Fig 4. The oscillations
of the transport current in the coil sections after CLIQ discharge
and the current decay due to resistance increase in the windings
are reported in Fig. 4.

Based on the current decay profile the hotspot temperature is
estimated analytically using the adiabatic MIITs concept [15]
and the assumed 21 ms initial delay at constant current. At nom-
inal current the hotspot temperature is about 300 K, and 350 K
at 105% of the nominal current. The peak voltage to ground was
250 V and associated with half of the initial CLIQ discharge
voltage. It is worth noticing that the protection at low current
(1 kA\) can be obtained with this CLIQ configuration even if the
energy margin to quench is higher.



D. Collared mechanical structure

A collared structure similar to LHC MQ is numerically ana-
lyzed with the CEA in-house code: Cast3m [23]. The self-sup-
porting collar structure allows for a single aperture simulation,
but still needs to be better proven with NbsSn coils [24]. The
geometry is shown in Fig. 5 and represent one eight of the col-
lared aperture of the magnet. The double pancake is glued in-
cluding the 4 NbsSn coil blocks, the 3 copper wedges and the
interlayer insulation. The other contacts are sliding without sep-
aration. The material properties are reported in Table I1l. The
collars are 27.7 mm wide and 19.2 mm at the narrow location
of the 8.5 mm thick key and their inner radius is 59.3 mm — al-
most identical to the LHC MQ collars.

TABLE Il
MATERIALS PROPERTIES

E[GPa] E[GPa] Integrated ther-
Materials @293K @4.2K mal contraction
293 Kto4.2 K
[mm/m]
NbsSn 30 33 3.4e-3**
Epoxy 5 8 6.0e-3
13RM19 steel 200* 210** 2.7e-3*
DISCUP copper 96*** 96 3.3e-3

*:[25], **[27], ***:[28]

Fig. 5. FE mechanical model of one apertre eighth on Cast3m with smeared

out material properties defined in Table I1I. A front collar with its nose and a
back collar with a separated pole piece are simulated.

Fig. 6. FE mechanical model W|th plastic deformatlon of the front and back
collars. The von Mises stress saturates at 440 MPa, the yield strength of the
13RM19 grade steel.

P n»*

Four different steps are simulated in elastic mode: the collar-
ing, the creep of 10% of the NbsSn double pancake, the cool-
down of the magnet and finally the energization of the coils.

TABLE IV
PEAK AND AVERAGE AZIMUTHAL STRESSES IN THE Nb3Snh COIL BLOCKS

[MPal  collaring + + +
Creep Cool-down Powering
Peak -101.5 -91.4 -88.5 -1111
Average -85.5 -76.9 -73.2 -69.7

Under nominal powering the collaring provides a coil-pole min-
imal compression of 5 MPa. At each stage, the azimuthal peak
stress and the average stress level in the coil blocks are recorded
in Table V. For the collar a plastic model is eventually imple-
mented in which the stress in the collar saturates at 440 MPa
according to the yield strength at 0.2% of the 13RM19 graded
steel of LHC MQ collar [25] (see Fig. 6). This model leads to
an increase of the peak stress by 10 MPa whereas the average
stress remains the same. In any case, the level of stress is well
below the 150 MPa limit for NbsSn coil at room temperature
and below the 125 MPa at which a strong creep behavior has
been observed [26].

IV. CONCLUSION

An exploration of the 2-layers design options for the FCC
Main Quadrupole has been carried out. The study is performed
using the same assumptions for what concerns conductor and
material properties as the FCC 16 T dipole development pro-
gram. A gradient of 360 T/m is found providing a good balance
between performance and complexity of the magnet technol-
ogy. At this stage, a design with a 35-strand cable slightly nar-
rower than the High Luminosity MQXF cable is selected as
baseline. The magnet design meets the field quality target re-
quirements and can be mechanically constrained by a conven-
tional collar structure with an azimuthal peak stress value
slightly above 110 MPa in the NbsSn during collaring. The pro-
tection investigation shows that a single CLIQ unit (50 mF and
500 V) allows for a protection of the magnet within the 350 K
hotspot limit.

As a next step, the windability of the cable shall be carefully
investigated. Some tests are already foreseen in the framework
of a collaboration agreement between CERN and CEA.
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