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Considered EuroCirCol 16 T dipole designs

T. Salmi and M. Prioli, FCC week 2018 2

Magnet, version Cos̒ , 22b_38_v1 Block, V2ari194 Commoncoil, vh12_2ac6 (#11)

Inom(A) 11390 10000 16400

Ld,nom(mH/m) 2 x 19.8 2 x 24.8 21.1

Cable HF-cable LF-cable HF-cable LF-cable HF-cable LF-cable

Cablew x t (bare) (mm) 13.2 x 1.95 14.0 x 1.265 12.6 x 2.0 12.6 x 1.27 19.2 x 2.2 12.0 x 2.2

Numberof strands 22 38 21 34 30 18

Stranddiam. (mm) 1.1 0.7 1.1 0.7 1.2 1.2

Cu/SC 0.82 2.1 0.8 2.0 1.0 2.5

Cable ins. : 0.15 mm, RRR = 100, filament twist = 14 mm, strand twist= 15°

Jc with Bordini fit : Tc0 = 16 K, Bc20 = 29.38 T, h = 0.96, C0 = 267845 A/mm2T
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Introduction: Why is quench protection so critical?

1. The steps in the quench protection design 

2. Protection with CLIQ (baseline) 

ÅCos ,̒ Block, Common-coil

3. Protection with quench heaters (back-up option)

ÅCos ,̒ Block, Common-coil

4. Summary

Appendix: Description of the computational tools and assumptions

See also the talks by M. Prioli άaŜŎƘŀƴƛŎŀƭ 
ŀƴŀƭȅǎƛǎ ŘǳǊƛƴƎ ǉǳŜƴŎƘέ ŀƴŘ ά/ƛǊŎǳƛǘ ƭŀȅƻǳǘ ŀƴŘ 
ǇǊƻǘŜŎǘƛƻƴέ
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Introduction: Why quench protection is so critical?

ÅHigh magnetic field + compact sizeĄ High stored
energy density

Å16 T CosT, Block, C-c: ~40 MJ, ~130 MJ/m3

ÅQuenchĄ Energy needs to be absorbed

ÅJoule heating in the quenched cables
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Introduction: Why quench protection is so critical?

ÅHigh magnetic field + compact sizeĄ High stored
energy density

Å16 T CosT, Block, C-c: ~40 MJ, ~130 MJ/m3

ÅQuenchĄ Energy needs to be absorbed

ÅJoule heating in the quenched cables

ÅMagnet resistance drives the energy discharge

ÅNeed to quench the entire magnet fast

ÅDetection (~20 ms)

ÅHeaters/CLIQ (~10-30 ms)
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1. The steps in the quench protection design
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STEP 1: Design criteria
Max temperature 350 K and voltage 1200 V
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STEP 1: Design criteria
Max temperature 350 K and voltage 1200 V

STEP 2: Simplified analysis
Å Protection efficiency: 20 ms det. + 20 ms heaters

Å Tools for quickfeedback
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STEP 1: Design criteria
Max temperature 350 K and voltage 1200 V

STEP 2: Simplified analysis
Å Protection efficiency: 20 ms det. + 20 ms heaters
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1. The steps in the quench protection design
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Magnets can be protected: CLIQ chosen as baseline,

heaters a back-up solution

STEP 1: Design criteria
Max temperature 350 K and voltage 1200 V

STEP 2: Simplified analysis
Å Protection efficiency: 20 ms det. + 20 ms heaters

Å Tools for quickfeedback

STEP 3: Detailed protection schemes
Å CLIQ, quench heaters, circuit

Å Detection time 20 ms
Å Developed tools 
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2. Protection with CLIQ: The principle

CLIQ ïCoupling Loss Induced Quench

ÅDischarge capacitor bank across part of the 
winding

Oscillations of transport current

Coupling losses Quench

Advantages:

ÅHeat deposition directly to the strand

ÅConnection can be made external to the 
magnet ĄAccessible for repair etc.

Cautions:

ÅNew technology, HL-LHC will provide first
experience in real accelerator
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CLIQ leadsin the 15 m long LHC main dipole (Aug2015),
Photo by courtecyof E. Ravaioli



2. Protection with CLIQ: Design considerations

ÅImportant CLIQ design parameters:

ÅLocation of the CLIQ leads

ÅLocation of losses, voltage accumulation

ÅNumber of CLIQ units

ÅCharging voltage and capacitance of the units
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2. Protection with CLIQ: Cosʻ
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Hot-spot temperature286 K 

Max. voltage to ground 800 V

L4
L3

L2

L1

L5

L6

L7

L8

L1 L2 L3 L4 L5 L6 L7 L8

V0=1.25 kV, C=50 mF

Simulationwith -COMSOL (at Inom) ςM. Prioli

Locationof the peakheat deposition in CLIQ-
protected2-aperture magnet

CLIQ configuration

Finaltemperaturedistribution after CLIQ activation

Voltagedistribution 120 ms after CLIQ activation
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2. Protection with CLIQ: Cosʻ
- Sensitivity analysis and redundancy

16

Fil. Twist (mm) RRR HF/LF f ,́eff Tmax (K) Vmax (V)

14 100/100 1 304 950

10 100/100 1 305 940

20 100/100 1 311 940

14 150/150 1 312 1000

10 150/150 1 312 1000

20 150/150 1 313 1010

14 200/200 1 315 1000

10 200/200 1 320 1000

20 200/200 1 320 1010

14 50/50 1 292 950

10 50/50 1 304 950

20 50/50 1 291 1000

14 50/200 1 306 1150

14 200/50 1 298 1170

R
e
f. 

Fil. Twist (mm) RRR HF/LF f ,́eff Tmax (K) Vmax (V)

14 100/100 0.5 305 970

14 100/100 2 311 930

f ,́eff = Scaling factor for matrix transverse resistivity for 
interfil. coupling loss.

S
im

u
la

tio
nw

ith
L

E
D

E
T

Thisanalysisis doneat 105% of Inom (1-ap.).  

Impactof filament twist, RRR and f ,́eff is  < 20 K, 250 V.

Simulatedtemperatureand voltage for varyingcableparameters
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Thisanalysisis doneat 105% of Inom (1-ap.).  

Redundancycanbe obtainedwithin the CLIQ unit:
- Components relatedto triggeringfully redundant
- Configurationof severalcapacitors: Short circuit in 

one leadsonly to reductionof energy.

Impactof filament twist, RRR and f ,́eff is  < 20 K, 250 V.

Basedon a CLIQ reliability studyby A. Fernandez:

Simulatedtemperatureand voltage for varyingcableparameters
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2. Protection with CLIQ: Block

18

Hot-spot temperature 286 K

Max. voltage to ground  0.7 kV

CLIQ1: V0=0.6 kV, C=50 mF
CLIQ2: V0=1.2 kV, C=50 mF

L1 L2 L3 L4 L5 L6 L7 L8

L1

L2

L4

L3

L6

L5

L7

L8

Simulationwith -COMSOL (at Inom) ςM. Prioli

Locationof the peakheat deposition in CLIQ-
protected2-aperture magnet

CLIQ configuration

Voltagedistribution 70 ms after CLIQ activation

Finaltemperaturedistribution after CLIQ activation
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2. Protection with CLIQ: Common-coil

Strong di/dt requires  
experimental 
validation

19

CLIQ1: V0=0.9 kV, C=80 mF, CLIQ2: V0=0.9 kV, C=80 mF
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Hot-spot
temperature280 K

Max. voltageto 
ground1.35kV

Simulationwith -LEDET, 2 apertures(at Inom)

L1 L2 L3 L4-5 L6 L7 L8 L9-10

Locationof the peakheat
deposition in CLIQ-

protected2-aperture 
magnet

CLIQ configuration

Temperatureand voltage distribution

Currentoscillations
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3. Protection with heaters: Heater technology

ÅSimilartechnology than in LHC1 and HL-LHC2,3:

ÅCu-platedstainlesssteelstrips:

Å SS thickn. 25 µm, Cuthickn. 10 µm

ÅInsulationto coil: 75 µm polyimide

ÅPoweringwith capacitorbankdischarge: 

ÅHeater FiringUnit (HFU): 1200 V and 10 mF(LHC: 900 V and 7 mF)

Å1 ʍfor wiresetc. / circuit

T. Salmi and M. Prioli, FCC week 2018 21

Striplength2 x 14.3 m CopperStainlesssteelheatingstations

1F. Rodriquez-Mateos and F. SonnemanΣ έQuench heater studies for the LHC ƳŀƎƴŜǘǎέΣ tǊƻŎΦ ƻŦ t!/Σ нллмΦ
2IΦ CŜƭƛŎŜ Ŝǘ ŀƭΦΣ έInstrumentationand Quench tǊƻǘŜŎǘƛƻƴ ŦƻǊ [!wt bōо{ƴ aŀƎƴŜǘǎέΣ IEEE TAS, 19(3), 2009.
3P. Ferracin et alΣ έDevelopment of MQXF, the Nb3Sn Low-ʲ Quadrupole for the HiLumiLHCέ, IEEE TAS, 26(4), 2016.

QP

Heaterson HL-LHC quadrupole 
MQXFS03, Photo: CERN

Schematicof heater strip layout



3. Protection with heaters: Cosɗ

ÅHeaterscover62% of turns

Å14 HFUõs/ 2-ap. magnet 

ÅAt 100% Inom :  Heater delays: 8-21 ms

ÅHotspot temperature 322 K

ÅPeak voltage to ground 980 V

ÅBetweenturns 80 V

ÅBetweenlayers980 V

T. Salmi and M. Prioli, FCC week 2018 22

Locationsof heater strips
(No inner layer heaters!)

HFU QH Strips Strip width (cm) HS/ period (cm) PQH,0(W/cm2) ṞC(ms)

#1 2Ac1|| 2B c1 || 2A c2 || 2B c2 1.0 4/18 100 40

#2 2Cc1 || 3A c1 || 3B c1 || 3C c1 1.0 4/18 100 40

#3 4Ac1 || 4B c1 1.3 6/30 150 50

#4 4Cc1 || 4D c1 1.3 6/30 150 50

#5 2Cc2 || 3A c2 || 3B c2 || 3C c2 1.0 4/18 100 40

#6 4Ac2 || 4B c2 1.3 6/30 150 50

#7 4Cc2 || 4D c2 1.3 6/30 150 50

Heater strip geometriesand powering

Simulationwith CoHDA+Coodi



3. Protection with heaters: Cosɗ
-Failure analysis

Å1 strip fails on both sides of the coil, for both apertures

ÅĄ Temperature and voltage increases only 5 K & 100 V 

23

Failedstrip Tmax (K) Vmax,gnd(V)

QH2A 325 930

QH2B 324 930

QH2C 324 930

QH3A 327 900

QH3B 325 910

QH3C 324 930

QH4A 330 870

QH4B 326 1130

QH4C 325 1100

Qh4D 324 1070

Simulationof temperatureand voltage
after strip failure* ,**

No failures: 322 K, 960 V S
im

u
la

tio
nw

ith
C

o
H

D
A

+
C

o
o

d
i

*Turnsunderfailedstrip quench40 ms after heateractivation
(layers2-3) and 50 ms later (layer4)
** Failureson layer2 do not affect the quenchingtime of layer1
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3. Protection with heaters: Block
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Heater strip geometriesand powering

Locationsof heater strips
ÅHeaterscover77% of turns

Å13 IC¦Ωǎ/ 2-ap. magnet

ÅAt 100% Inom:  Heater delays: 7-41 ms

ÅHotspottemperature321 K

ÅPeak voltageto ground870 V

ÅBetweenturns90 V

ÅBetweenlayers1160 V
HFU QH Strips Strip width (cm) HS/ period (cm) PQH(0) (W/cm2) ṞC(ms)

#1 1Ac1|| 2A c1 1.9 5/22 100 40

#2 1Bc1 || 2A c1 1.8 6/30 130 40

#3
(3Ac1 + 4Ac1 + 3Ac2 + 4Ac2) || 

(3Ac1 + 4Ac1 + 3Ac2 + 4Ac2)
Ap2

2.1 5/35 100 20

#4 3Bc1 || 4B c1 2.4 6/30 110 30

#5 1Ac1|| 2A c1 1.9 5/22 100 40

#6 1Bc1 || 2A c1 1.8 6/30 130 40

#7 3Bc1 || 4B c1 2.4 6/30 110 30

Simulationwith CoHDA+Coodi



3. Protection with heaters: Common-coil

ÅHeaterscover70% of turns

Å15 IC¦Ωǎ/ 2-ap. magnet 

ÅAt 100% Inom:  Heater delays: 6-20 ms

ÅHotspottemperature330 K

ÅPeak voltageto ground1040 V

ÅBetweenturns80 V

ÅBetweenlayers1060 V

T. Salmi and M. Prioli, FCC week 2018 25

HFU QH Strips Strip width (cm) HS/ period (cm)
PQH(0) 

(W/cm2) ṞC(ms)

#1 0Ac1|| 0B c1 || 0A c2|| 0B c2 1.5 4/ 19 90 30

#2 1Ac1|| 1B c1 || 1C c1|| 1D c1 1.5 4/ 19 90 30

#3 2Ac1 || 2B c1 1.75 6/31 140 40

#4 2Ac1 || 2B c1 1.75 6/31 140 40

#5 3Ac1 || 3Bc1 1.75 6/31 140 40

#6 3Cc1 || 3Dc1 1.75 6/31 140 40

#7 4Ac1|| 4B c1 1.75 6/31 140 40

#8 4Cc1 || 4Dc1 1.75 6/31 140 40

Heater strip geometriesand powering

Locationsof heater strips

Simulationwith CoHDA+Coodi
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Comparison of the methods

Cos̒ Block Common-coil

CLIQ Heaters CLIQ Heaters CLIQ Heaters

Tmax(K) 286 322 286 321 280 330

Vmax(V) 800 980 700 870 1350 1040

Units/2-ap. 2 14 4 13 2 15

Estoredin QPS (kJ) 78 101 90 94 65 108
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CLIQ Heaters

Pros Cons Pros Cons

Homog., efficient, 
loss

Lowcurrentprot. Focusedheating Diffusiondelay

Accessible
connection

Leadsbtw pancake
layers, part of 
magnet circuit

Externalcircuit Delicatetechnology

Fewunitsneeded Complexunits Simpleunits Manyunits+heaters
needed

Efficiency

Technology

Cost/ 
complexity
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Summary

ÅMagnets were designed to comply with the ñ40 ms/350 K ñ protectability design criteria

ÅContinuous feedback loop between quench protection studies and magnet designs

ÅProtection with CLIQ feasible for all magnet options 

ÅMax temperatures below 300 K

ÅInternal voltages below 1000 V (except C-c, but work in progress) 

ÅProtection with heaters is considered a back-up option 

Ą Used methodology for protection design seems successful and the developed tools useful

ÅFor CDR: Almost all the studies are ready, writing of a final report is underway 
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Simulation tools and assumptions 1/2

Common assumptions in all simulations:

ÅAdiab. Hotspot temperature

ÅCurrent decay simulated in 2-D, discretized at turn level

ÅMaterial properties based on NIST libraries

ÅMaterial properties based on cable average magnetic field

ÅTcs for quench computed based on the cable peak field

ÅHotspot computed for the worst case cable

Å20 ms detection delay

Åò40 ms delayò: 

ÅCoodi: Adiabatic model for current decay, temperature, and voltage computation (no heat diffusion between turns)

ÅQuench time and propagation for each turn is an input

ÅNo AC (interfilament coupling loss)

ÅCurrent follows the strand path after quench

Å T. Salmi et al.,ñQuench protection analysis integrated in the design of dipoles for the Future Circular Colliderò, Phys. Rev. Accel. Beams 20, 032401

Å T. Salmi et al., òThe Impact of Protection Heater Delays Distribution on the Hotspot Temperature in a High-Field Accelerator Magnetò, IEEE TAS, 26(4), 2016.
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Simulation tools and assumptions 2/2

ÅCLIQ studies:
Å LEDET: Lumped element model for interfilament coupling loss after CLIQ activation

ÅCurrent decay, temperature and voltage evolution

ÅCo-simulation used to couple with PSPICE for asymmetric multi-CLIQ simulations
ÅCOMSOL: FEM for electrothermal behaviour after CLIQ discharge

ÅHeat diffusion between turns accounted

Å E. Ravaioli, PhD Thesis

Å L. Bortot et al., ñA consistent simulation of electrothermaltransients in accelerator circuits,ò IEEE TAS, 27(4), 2017.

Å I. C. Garcia et al., ñOptimized ýeld/circuit coupling for the simulation of quenches in superconducting magnets,ò IEEE Journal on Multiscale and Multiphysics 
Computational Techniques, 2017.

ÅHeater based protection:

ÅCoHDA: 2-D heat diffusion model for heater delays
ÅAccounts for the heater station length

ÅQuench when cable maximum temperature reaches Tcs

Å T. Salmi et al., "A Novel Computer Code for Modeling Quench Protection Heaters in High-Field Nb3Sn Accelerator Magnets", IEEE TAS,24(4), 2014.

Å T. Salmi et al., ñAnalysis of uncertainties in protection heater delay time measurements and simulations in Nb3Sn high-field accelerator magnetsò IEEE TAS, 25(4), 
2015.

ÅCoodi: Current decay when heater delay and quench propagation velocity are input for each turn
Å Quench propagation: 18 m/s btw heating stations, 11 ms btw turns, 20 ms btw layers
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