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How to design 16 T dipoles that can be protected?

And keep the magnets as compact as possible.

Quench protection analysis was integrated into the magnet design:
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1. Assumptions about the safe temperatures and 

voltages

• Maximum allowed hotspot temperature: 350 K
 Same reference than HiLumi

 For justification, see G. Ambrosio, WAMSDO 2013

• Maximum voltages inside the coil: 2 kV
 Design choice, based on insulation thickness .
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2. Assumptions about the protection system

• Quench detection by measurement the resistive voltage
 Assumed detection delay = 20 ms (based on the LHC)

• Quenching magnet by-passed using a diode, like in LHC:

• Protection by either quench heaters or/and CLIQ, which quench the 

coil and drive the current decay
 Quench delay estimated based on HiLumi technologies

Rmag(t)Lmag(I)
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2. Obtainable quench delay

• Assuming HiLumi heater technology applied to FCC dipole
 Assumed improvement: All coil surface can be covered
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Example of heater delay simulations using CoHDA

Average delay

~20 ms (at Inom)

Preliminary analysis of 

CLIQ suggests ~similar 

value (Marco Prioli)

The design 

requirement: If the 

magnet is completely 

resistive 40 ms after 

the initial quench, the 

peak temperature 

must stay below 350 K 

at 105% of Iop
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3. Methods and tools for quench analysis

Two new tools developed for fast feedback during the magnet design
 ”Temperature calculation work sheet” and ”Coodi”

Adiabatic temperature calculation:

Final temperature (K)

The heating power when 

all Imag flows in Cu

The heating energy during one 

time step (in J/m3)

Cable specific heat (in 

J/(Km3))

Cable temp. 

Increase during a 

time step (in K)

Cable current moves from SC to Cu at the 

time instant of ”det + protection delay” (input)

Cu resistivity and specific heats 

depend on cable temperature 

and field. 
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3. Calculation of voltages

1. Total voltage computed is at each turn:

V1

V2 V3

R1

R2

R3

R4

A sum of resistive and inductive component.

The turn resistance is based on the Cu 

resistivity and area and turn length.

The ”effective inductance” accounts the 

turn self inductance and the mutual 

inductances with the other turns.
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3. Calculation of voltages

2. Potential to ground is obtained by summing the turn voltages (in 

the order of current flow).

V1

V2 V3

0 V (gnd)U2 = V1+V2

U3 = V1+V2+V3

U1 = V1

Vtot,turn (V)

IN

OUT
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3. Calculation of voltages

3. Critical peak values are defined from the potential: 

Voltage to 

ground

Voltage 

between 

turns

Voltage 

between 

layers
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Cable parameters

Coil blocks: #of turns, cable, field

”heater” 

delay

Iop, induct., det. 

delay, ..
Worst case hotspot 

updates in  seconds when 

changing the input.

Tcs calculated 

based on the 

agreed Jc-fit.

Cable parameters
10
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4. Analysis of the designed magnets
11

Design, cable Ains.

(mm2)

fCu FNb3S

n

fG10

Block, 1 (HF) 32.5 0.36 0.36 0.27

Block, 2 (LF) 21.9 0.34 0.34 0.33

Cosθ, 1 (HF) 38.0 0.36 0.36 0.28

Cosθ, 2 (LF) 22.4 0.45 0.22 0.32

CC, 1 (HF) 33.9 0.36 0.36 0.29

CC, 2 (HMF) 23.2 0.43 0.25 0.32

CC, 3 (LMF) 19.0 0.51 0.15 0.34

CC, 4 (LF) 19.0 0.53 0.13 0.34

Imag,nom (A) L (mH/m)

Block 8440 42.5 x 2

Cosθ 10275 26.0

CommonC 9000 110

Block
(v26_b)

CosT
(16T_v28b-38-opt5d)

CommonC
(v1h_intragrad_t2)
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4. Simulated hotspot temperatures assuming 

uniform protection delay

• All the coil resistive after the protection delay
 Assume worst-case location for hotspot

All designs valid

from hotspot

temperature point

of view (< 350 K 

with 40 ms 

protection delay).
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105% of Iop
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4. Simulation with distributed heater delays

• Heater delay simulation assuming
 25 um thick stainless steel heaters with 75 um polyimide insulation to coil

 Peak power 100 W/cm2, circuit time constant 50 ms

 Heaters cover all the coil turns entirely

13

Block CosT CommonC

First heater delays 3-4 ms in all magnets 105% of Iop (4.5 K)
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4. Results at 105% of Iop
14

T max 

(K)

V to gnd 

(kV)

V turn-to-turn 

(V)

V layer-to-layer 

(kV)

Block 308 -1.2 …+1.2 82 1.1

CosT 328 -1.4 … 0.4 103 1.8

CommonC 315 -2.3 … 1.4 75 3.3

T max 

(K)

|V| to gnd

(kV)

V turn-to-turn 

(V)

V layer-to-layer 

(V)

Block 291 1.6 107 1.6

CosT 305 1.4 123 2.2

CommonC 293 2.7 93 4.1

Tdelay = 40 ms

Distributed heater delays (+ detection 20 ms)

Temperatures OK!

But voltages are large… Analysis ongoing.
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Conclusion

• Integrated quench protection analysis applied to 16 T dipole design
 Goal was to ensure temperatures stay < 350 K 

 The protection efficiency, 40 ms delay, was based on LHC and HiLumi

experience and foreseeable improvements in the technology

 Goal was obtained by fast feedback loop and team work

• Voltages need more analysis

• During the magnet design phase focus was on nominal cases to 

ensure it is not impossible to protect
 Future analysis includes more details and failure scenarios
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