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Considered EuroCirCol 16 T dipole designs
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Magnet, version Cos, 22b 38 vl Block VV2ari194 Commoncoil, vh12 2ac6 (#11)
Inom (A) 11390 10000

Ld,nom(mHm) 2x19.8 2 X 24.8

Cable HFcable LFcable HFcable LFcable HFcable LFcable
Cablew xt (bare) (mm) 13.2x1.95 | 14.0x1.265 12.6 x 2.0 12.6 x 1.27 19.2x2.2 12.0x 2.2
Numberof strands 22 38 21 34 30 18
Stranddiam. (mm) 1.1 0.7 1.1 0.7 1.2 1.2
CusC 0.82 2.1 0.8 2.0 1.0 2.5

Cable ins. : 0.15 mm, RRR = 100, filament twist = 14 mm, $twésid 15

Jewith Bordinifit: T, =
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Introduction: Why is quench protection so critical?
1. The steps in the quench protection design

2. Protection with CLIQ (baseline)
A Cos' , Block, Common-coil

3. Protection with quench heaters (back-up option) — .
A Cos' ., Block, Common-coil See also the talks W; Priolic a SOK | 3[ A O | €
Iyt &8&a8Aad RdzZNAY3I |jdzSy OK¢
LINP 0 SOUA2YE
4, Summary

Appendix: Description of the computational tools and assumptions
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Introduction: Why guench protection is so critical?

A High magnetic field + compact size A High stored
energy density 1000

A 16 T CosT, Block, C-c: ~40 MJ, ~130 MJ/m3

100

A Quench A Energy needs to be absorbed
A Joule heating in the quenched cables

10

Energydensity (MJ/m)

1 10
Bore field (T)

Storedenergydensityin dipolesvs. peakfield,
Plot by courtecyof L.Botturaand D. Schoerling
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Introduction: Why guench protection is so critical?

A High magnetic field + compact size A High stored
energy density

A 16 T CosT, Block, C-c: ~40 MJ, ~130 MJ/m3

A Quench A Energy needs to be absorbed

A Joule heating in the quenched cables <
:g
A Magnet resistance drives the energy discharge % '
.
(@)
A Need to quench the entire magnet fast ﬂ - 0 (0 i i
A Detection (~20 ms) - e 4 .
A Heaters/CLIQ (~10-30 ms) Magnet powering circuitin accelerator
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1. The steps In the quench protection design

STER.: Desigrcriteria
Maxtemperature 350 K and voltage 1200 V
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1. The steps In the quench protection design

STER.: Desigrcriteria
Maxtemperature 350 K and voltage 1200 V

S ———

STEP 2: Simplified analysis
A Protection efficiency: 20 mdet. + 20 mdeaters
A Toolsfor quickfeedback

S ———
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1. The steps In the quench protection design

STER.: Desigrcriteria
Maxtemperature 350 K and voltage 120

- =

STEP 2: Simplified analysis
A Protection efficiency: 20 miet. + 20 mde:
A Toolsfor quickfeedback

— s
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/4

urrent - ----- 1 018

‘ Magnet +{ 0.14%
resistance 1 0.12 ©

0.1 0.2 0.3 0.4
Time (s)

Schematiof magnetcurrentdecay
after 20+20 mgorotectiondelays
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1. The steps In the quench protection design

STER.: Desigrcriteria
Maxtemperature 350 K and voltage 1200 V

S ———

STEP 2: Simplified analysis
A Protection efficiency: 20 mdet. + 20 mdeaters
A Toolsfor quickfeedback

S ———

STERS: Detailed protection schemes
A CLIQ, quench heaters, circuit
A Detectiontime 20 ms

A Developedtools —————TIODAY

Magnets can be protected: CLIQ chosen as baseline,

heaters a back-up solution

T. Salmi and M. Prioli, FCC week 2018 11
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2. Protection with CLIQ: The principle

CLIQT Coupling Loss Induced Quench CLIQeadsin the 15 m long LHC maitipole (Aug 2015),
A Discharge capacitor bank across part of the Photoby courtecyof E. Ravaioli
winding

= Oscillations of transport current
=> Coupling losses =» Quench

Advantages:
A Heat deposition directly to the strand

A Connection can be made external to the
magnet A Accessible for repair etc.

Cautions:

A New technology, HL-LHC will provide first
experience in real accelerator

T. Salmi and M. Prioli, FCC week 2018
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2. Protection with CLIQ: Design considerations

CLIQconnectionscheme

A Important CLIQ design parameters:

A Location of the CLIQ leads

A Location of losses, voltage accumulation
A Number of CLIQ units
A Charging voltage and capacitance of the units

Currents in the system, / " 1 I 1 ¢

Division of the magnet teelectricalparts (8)
T. Salmi and M. Prioli, FCC week 2018
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2. Protection with CLIQ: Cos®

Locationof the peakheat deposition in CLIQ mVoItagedllstrlblutlorll 129 mslafterl CLIIQacltlvatmn

protected 2-aperture magnet 006

0,05

200
G600

0,04
400

.03 200

0,02 -

0.01F -200

I I I I
0.1 012 0.14 0.16 0.18 m

Max. voltage to ground 809

Finaltemperature distribution after CLICQactivation

=4 1 200

180
-0.01, | 1 | | 1 | | 1 7 I

180
0.02 0.04 0.08 0.08 0.1 0.12 0.14 0.186 0.18 m
V,=1.25 kVC=50 mF
Hot-spottemperature286 K

Simulationwith S¥EKN -COMSOL (at|.) ¢ M. Prioli T. Salmi and M. Prioli, FCC week 2018 15
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2. Protection with CLIQ: Cos’
- Sensitivity analysis and redundancy

Simulatedtemperature and voltage for varying cableparameters

Ref

Simulationwith LEDET

Fil. TWISt(mm RRR HF/L Tmax(K) Vmax(V)

f. . =Scaling factor fomatrix transverse resistivitipr

interfil. coupling loss.

100/100
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
200/50 1 1170
100/100
14 100/100 2 311 930

Thisanalysissdoneat 105% otnom (tap.).

=) Impactof filamenttwist, RRR anfl .sis < 20 K, 250.

T. Salmi and M. Prioli, FCC week 2018
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2. Protection with CLIQ: Cos’
- Sensitivity analysis and redundancy

Simulatedtemperature and voltage for varying cableparameters

[T

Simulationwith LEDET

Fil. TWISt(mm RRR HF/L Tmax(K) Vmax(V)

f. . =Scaling factor fomatrix transverse resistivitipr

interfil. coupling loss.

100/100
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
200/50 1 1170
100/100
14 100/100 2 311 930

Thisanalysissdoneat 105% otnom (tap.).

=) Impactof filamenttwist, RRR anfl .sis < 20 K, 250.

Basedon a CLIQeliability studyby A. Fernandez:

Redundancyanbe obtainedwithin the CLIQunit:

- Componentselatedto triggeringfully redundant

- Configurationof severalcapacitors Shortcircuitin
oneleadsonlyto reductionof energy

T. Salmi and M. Prioli, FCC week 2018 17



2. Protection with CLIQ: Block

Locationof the peakheat deposition in CLIQ Voltagedistribution 70 msafter CLIQactivation
0.055f ]
K| g
0.04: 0
Yoo - ] -;gg
0.025F ] -
i [
0005 e00
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Max. voltage to ground 0OkV

Finaltemperature distribution after CLICQactivation

0.055i

CLIQconfiguration oqal - 190
0,035, - 170
otz ts ke bs Lo L7 L o i
o> F ¥ j ¥ j ¥ f ¥ j ¥ f U3 b § § j 0 § —o 0%%: . 130
e 533! 125
ICLIQ2|+ - Or . . ‘ . . 100

CLIQ1V,=0.6 kvVC=50 mF ' ' ' \ ' "
CLIQ2V,=1.2 kVC=50 mF Hot-spot temperature 286 K

Simulationwith SYEAN-COMSOL (at ) ¢ M. Prioli T. Salmi and M. Prioli, FCC week 2018
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2. Protection with CLIQ: Common-coill

: Currentoscillations
Locationof the peakheat 20 ‘ , . |
. deposition in CLIQ 2 o /\ | Strong difit requires
L protected2-aperture = ”U \_ .| experimental
C. magnet o AU validation
L, SN N\ | £
L s o g
5] =i
T 0.1 Sﬁme, t [s]o.s 04 0.5
! Temperatureand voltage distribution
6
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200

=
f=1
=]

100 ms[V]

Ll L2 L3 I—4-5 L6 L7 L8 L9—1O

180

wh
(=3
(=}

160

-
140 |
120

100

Simulationwith S¥EAN -LEDET, apertures(at |.,,,,) T. Salmi and M. Prioli, FCC week 2018
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3. Protection with heaters: Heater technology

Schematiof heater strip layout

Striplength2 x 14.3 m Stainlessteelheatingstations Copper

A Similartechnologythanin LHCand HELHG?3:
A Cuplated stainlesssteelstrips

A SShickn. 25um, Cuthickn. 10pum
A Insulationto coil: 75 umpolyimide
QP

A Poweringwith capacitorbankdischarge Heaterson HILHC quadrupole
A HeaterFiringUnit (HFU)1200V and 10mF(LHC: 900 V andriiP) MQXFS03, Photo: CERN

A 1 mfor wiresetc. / circuit

'F.RodriquezMateos and FSonnemai Quenchheater studies forthe LHCI 3y SGaé¢s t N2 O® 2F t !/ 25
2l @ CSt AlBuméniatiohahd@iencht N2 § SO0 A2y T2 N [IEEETAIHI,@J0Y. al Iy Si aé 3
SP. Ferracin ealz Deielopmenbf MQXF, the Nb3Sn LeéwQuadrupolefor the HiILumiLHCE, IEEHAS26(4), 2016.
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3. Protection with heaters: Cosd

A Heaterscover 62% ofturns

Locationsof heater strips

(Noinnerlayer heaterd)

A 14H F U/@sp. magnet

A At 100% Inom : Heaterdelays821 ms

A Hotspot temperature 322 K
A Peak voltage to ground 980V
A Betweenturns 80V
A Betweenlayers980V

HFU QH Strips

#1 2AJ12B ]| 2A 4 2B
#2 2G4 113A 4138 o, ]|3C

#3 4A |l 4B
#4 4C, || 4D 4
#5 2Cc2” 3A c2” 3B c2” 3C c2
#6 4A., |l 4B ,
#7 4C,, || 4D .,

Simulationwith CoHDA+Coodi

T. Salmi and M. Prioli, FCC week 2018

Strip width (cm) HS/ period (cm) Py, o(W/cn?)

1.0
1.0
1.3
13
1.0
13
13

4/18
4/18
6/30
6/30
4/18
6/30
6/30

Heaterstrip geometriesand powering

100
100
150
150
100
150
150

_rc(mMs)

40
40
50
50
40
50
50
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3. Protection with heaters: Cosd
-Failure analysis

A 1 strip fails on both sides of the coil, for both apertures
A A Temperature and voltage increases only 5 K & 100 V

l 1 Ll 1

Nofailures 322 K, 96/

*Turnsunderfailed strip quench40 msafter heateractivation
(layers2-3) and 50 méater (layer4)
** Failureson layer2 do not affectthe quenchingtime of layer1

T. Salmi and M. Prioli, FCC week 2018

QH2A
QH2B
QH2C
QH3A
QH3B
QH3C
QH4A
QH4B
QH4C
Qh4D

325
324
324
327
325
324
330
326
325
324

Simulationof temperatureand voltage
after strip failure* **

Failedstrip | Tmax (K)| Vmax,gnd(V) §

930
930
930
900
910
930
870
1130
1100
1070

Simulationwith CoHDA+Cood
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3. Protection with heaters: Block

Locationsof heater strips

A Heaterscover77%of turns

A 131 C'!/@-ap.magnet

A At 100%Inom: Heaterdelays 7-41 ms

A Hotspottemperature 321K
A Peakvoltageto ground870 V
A Betweenturns90 V
A Betweenlayers1160 V

Simulationwith CoHDA+Coodi

Heaterstrip geometriesand powering

HFU QH Strips
#1 1ALl 2A
#2 1B, || 2A .,

w3 GAtAA ¥ 3AL A |
(8Acy+ 47, + 3A, + 4792

#4 3B, || 4B
#5 1Al 2A o
#6 1By || 2A
#7 3B || 4B

T. Salmi and M. Prioli, FCC week 2018
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QH4A
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H

II,

QH4B

|||||||||

QH 1B

Strip width (cm) HS/ period (cm) Py(0) (W/cn?)

1.9
1.8

2.1

24
1.9
1.8
2.4

5/22
6/30

5/35

6/30
5/22
6/30
6/30

100
130

100

110
100
130
110

_rc(MS)

40
40

20

30
40
40
30
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3. Protection with heaters: Common-coill

A Heaterscover70%of turns

A 151 C!/Q-ap. magnet

A At 100%Inom: Heaterdelays 6-20 ms

A Hotspottemperature 330K
A Peakvoltageto ground 1040V
A Betweenturns 80V
A Betweenlayers1060 V

Simulationwith CoHDA+Coodi

HFU

#1
#2
#3
#4
#5
#6
#7
#8

Locationsof heater strips

",..nll"”"””

1C

- 5:313
-
—E
-
ROXIE
Heaterstrip geometriesand powering
. . . =W (0))
QH Strips Strip width (cm) HS/ period (cm (V\?/cmZ)
0A.|| OB || OA ]| OB , 1.5 4/ 19 90
1A 1B 4]l 1Cl| 1D 4 1.5 4/ 19 90
2A.]| 2B 4 1.75 6/31 140
2A,1 2B ¢y 1.75 6/31 140
3Aull 3B 1.75 6/31 140
3CGull 3Dy 1.75 6/31 140
4A4| 4B o 1.75 6/31 140
4C,|| 4D, 1.75 6/31 140

T. Salmi and M. Prioli, FCC week 2018

_rc(MS)

30
30
40
40
40
40
40
40
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Comparison of the methods

Tmax(K)

Vmax(V) 800 980 700 870 1350 1040
Unitg2-ap. 2 14 4 13 2 15
Estoredin QPS (kJ) 78 101 90 94 65 108
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Comparison of the methods

e T ek T Commoneoi
Tmax(K) 286 322 286 321 280 330
Vmax(V) 800 980 700 870 1350 1040
Unitg/2-ap. 2 14 4 13 2 15

Estoredin QPS (kJ) 78 101 90 94 65 108



Comparison of the methods
| ces |  Bock |  Commoncoil

Tmax(K) 286 322 286 321 280 330
Vmax(V) 800 980 700 870 1350 1040
Unitg/2-ap. 2 14 4 13 2 15

Estoredin QPS (kJ) 78 101 90 94 65 108

=) cLio

Efficiency Homog, efficient, Lowcurrentprot. Focusedheating Diffusiondelay
loss
Accessible Leadstw pancake  Externalcircuit Delicatetechnology
Technology )
connection layers part of
Cost/ magnetcircuit
complexity Fewunits needed Complexunits Simpleunits Many units+heaters
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Comparison of the methods
| ces |  Bock |  Commoncoil

Tmax(K) 286 322 286 321 280 330
Vmax(V) 800 980 700 870 1350 1040
Unitg/2-ap. 2 14 4 13 2 15

Estoredin QPS (kJ) 78 101 90 94 65 108

=) cLiQ

Efficiency ( Homog, efficient, Lowcurrentprot. (Ifocusemeating \%iﬁusiondelay !

loss

Technology Accessil_ole Leadsdtw pancake | Externalcircuit Delicatetechnology
connection layers part of

Cost/ magnetcircuit

complexity Fewunits needed Complexunits Simpleunits Many units+heaters
\ . . / @ \ . / \Qeeded. /



Summary

AMagnets were designed to compl y designlritetiah e
A Continuous feedback loop between quench protection studies and magnet designs

A Protection with CLIQ feasible for all magnet options
A Max temperatures below 300 K
A Internal voltages below 1000 V (except C-c, but work in progress)

A Protection with heaters is considered a back-up option

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

A For CDR: Almost all the studies are ready, writing of a final report is underway

T. Salmi and M. Prioli, FCC week 2018
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Simulation tools and assumptions 1/2

Common assumptions in all simulations:

A Adiab. Hotspot temperature

A Current decay simulated in 2-D, discretized at turn level

A Material properties based on NIST libraries

A Material properties based on cable average magnetic field
A Tcs for quench computed based on the cable peak field

A Hotspot computed for the worst case cable

A 20 ms detection delay

A0 40 dealsayo:
A Coodi: Adiabatic model for current decay, temperature, and voltage computation (no heat diffusion between turns)
A Quench time and propagation for each turn is an input
A No AC (interfilament coupling loss)
A Current follows the strand path after quench
A T.Samietal.liQuench protection analysis integrated in t hAeceldBeams 2003240l di pol es
A T. Sal niihe Impact af Protection Heater Delays Distribution on the Hotspot Temperature in-& Highl d Ac c e | dBEEB TAG26(4)\VedIFn et O,

T. Salmi and M. Prioli, FCC week 2018
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Simulation tools and assumptions 2/2

A CLIQ studies:
A LEDET: Lumped element model for interfilament coupling loss after CLIQ activation
A Current decay, temperature and voltage evolution
A Co-simulation used to couple with PSPICE for asymmetric multi-CLIQ simulations
A COMSOL: FEM for electrothermal behaviour after CLIQ discharge
A Heat diffusion between turns accounted

A E. Ravaioli, PhD Thesis
A L.Bor t ot Acensistent simulatigh aflectrothermat r ansi ent s i n ac TAS| 28 2adla r circuits, o | EEE

AlLC.Garci aOpti milzedAyel d/ circuit coupling for the simulation oftiphgsice nche
Computational Techniques, 2Q17

A Heater based protection:
A CoHDA: 2-D heat diffusion model for heater delays
A Accounts for the heater station length
A Quench when cable maximum temperature reaches Tcs

A T. Salmi et al., "A Novel Computer Code for Modeling Quench Protection Heaters ifFigighNb,Sn Accelerator MagnetsIEEE TAS24(4), 2014.

A;’dlSSalmi et al ., AAnal ysis of wuncertainties LSnhight o¢ledt a 00 e hIEEATASPS(4), ®d @

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

T. Salmi and M. Prioli, FCC week 2018 34



