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Toward 16 T magnets

L . Schematic of an
4 80-100 km
s long tunnel
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Operation close to critical surface

* Compact cost effective * HighJe >600A/mm2
magnets - Large Cu fraction Cu/NonCu > => Ensuring Nb;Sn integrity during
* Reliable series production 1.2 its life cycle
* Field quality « Jc(@4.2K, 16 T)> 1500 A/mm? |
K. Fast training magnets ) e RRR>100 Somr CONCLUSIONS
\. CI)eff< 20 Mm 10T<By<13T  — Conductor dominated Nb3Sn
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will require improvement in
Je to reduce volume of
superconductor required.
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Non Cu Jc improvement through

A constant Non-Cu J_ improvement

e Strand architecture
e Strand fabrication process
* HT optimization
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J. development toward FCC target
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(& J. development toward FCC target
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ME Strand to Rutherford cable
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Snapshot on Nb;Sn acceleror magnet history

% '!’ l’ i 2 Ny —
"4 s~y |NIVERSITY
OF TWENTE.

A -

2 . i Courtesy of H. Ten Kate

Courtesy of ELIN, Austria

BROOKHFRYEN

NATIONAL LABORATORY

NATIONAL LABORATORY

1954
DISCOVERY

=1 A
P D20
BERKELEY LAB

Grading / double layers
MJR and other IT conductor
50 mm aperture

1m lon
g ‘ common coil configuration
12.8Tat4.4kK — e W&R
13.5Tat1.8K
- 199: TR e MJR conductor
post - bladder => Birth of the bladder and

Key technology

kCourtesy of S. Caspi 14.7 T bore at 4.5 K ; e
\in 2001 EXW ol

24/09/2019 Bladder and keys: one Stepping stone for today’s technology 13




DIPOLES

QUADRUPOLES

©

2000s: progress on dipoles and quadrupoles
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(& The LHC Accelerator Research Program (LARP)

e Develop reliable coil technology m =

. oy Ih
= | Demonstrate Nb,Sn technology viability * Develop reliable magnet assembly process el
. . . o BROOKHIAEN BERKELEY LAB

Q | for the interaction region upgrade  Demonstrate long magnets feasibility B B

 Demonstrate accelerator integration readiness
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Supporting tools:
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* Mechanical instrumentation on magnets
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ME The LHC Accelerator Research Program (LARP)
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(& LARP Main contributions
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Develop reliable coil technology
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NE LARP Main contributions @

Develop reliable assembly process - Maturation of an innovative support structure: Shell based a.k.a LARP

Control of coil transverse stress during all Bladder&Key support structure
stages of magnet assembly and operation

1) Progressive and reversible application of the preload
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LARP

Develop reliable assembly process e Maturation of an innovative support structure: Shell based a.k.a
Control of coil transverse stress during all Bladder&Key support structure
stages of magnet assembly and operation

1) Progressive and reversible application of the preload
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Develop reliable assembly process - Maturation of an innovative support structure: Shell based a.k.a LARP
Control of coil transverse stress during all Bladder&Key support structure

stages of magnet assembly and operation

1) Progressive and reversible application of the preload
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Develop reliable assembly process - Maturation of an innovative support structure: Shell based a.k.a LARP
Control of coil transverse stress during all Bladder&Key support structure

stages of magnet assembly and operation

1) Progressive and reversible application of the preload

Cool-down
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Develop reliable assembly process - Maturation of an innovative support structure: Shell based a.k.a LARP
Control of coil transverse stress during all Bladder&Key support structure

stages of magnet assembly and operation

1) Progressive and reversible application of the preload
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Develop reliable assembly process - Maturation of an innovative support structure: Shell based a.k.a LARP
Control of coil transverse stress during all Bladder&Key support structure

stages of magnet assembly and operation

1) Progressive and reversible application of the preload
2) Development of the B&K support structure toward integration in an
accelerator
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Pole g, (microstrain)

LARP Main contributions
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Developping assembly process for reliable magnet performance
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Pole g, (microstrain)

(& LARP Main contributions
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LARP
200 Developping assembly process for reliable magnet performance
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2000s: progress on dipoles and quadrupoles
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Block configuration: an option for high field dipoles

Following the quest toward simplicity : Dipoles for future colliders (energy frontier)

=> Block configuration

/PFOS

* Flat cable
e Coil width controlled by number of turns =>
high field
* Low number of coil components
* No end spacer (3D)
K High field versus high stress location

~

/

24/09/2019
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Courtesy of G. Sabbi, P. Ferracin
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Inner support required
 Smaller clear bore
e Coil Assembly can be delicate

Flared ends to clear the beam

______________
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Block type magnets

* 8 mm aperture

* Racetrack, 1-m

e 155-185 MPa

16 T bore field @ 4.3 K

24/09/2019 Courtesy of G. Sabbi, LBNL
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BERKELEY LAB

HD2-3

36 to 43 mm aperture

Flare ends
1m-long
140-180 MPa

13.8T @ 4.3 K in 2008 in HD2
134T @ 4.3Kin 2013 in HD3

2020s
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\& Block type magnets

Fresca2

R\ T HD2-3 4

HD1 -

* 36to43 mm aperture

 Flare ends -
* 1m-long 13.8 T @ 4.3 K in 2008 in HD2 i1n4-2501 :t 19K
e 140-180 MPa 134T @ 4.3Kin 2013 in HD3

J
* 8 mm aperture 7 \ Cérn iy \ 4
SMC g

<\\ E? Test facility (13 T) and
* Racetrack, 1-m Technology carrier for HFM
e 155-185 MPa e = 5 |
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in 2003

16.2 T peak = 100mm bore
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(& On the way to HiLumi
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Nb;Sn in HL-LHC: MQXF an outcome of LARP

Short Model program

160 Courtesy of P. Ferracin \
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(& MQXEF : a word on field quality

Magnetic measurements /
' * Systematic b, => cross-section

tweaking

Coil Coil pack Coil pack Magnet SS Cold

manufacturing assembly Centering preloading welding  powering
* Good correlation warm/cold

allowing for partial correction
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K magnetic shims

After coil pack assembly
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< Nb,;Sn Dipole in HL-LHC: 11 T dipole

Double aperture magnets (5.5 m)
Short model program (Single and 2-in-1 model)

Stainless steel core

Optimisation of the insulation
scheme

Optimisation of the collaring process
through:

* Mock ups

* Instrumentation

Instrumented - NI - * Pressure sensitive films
MBHB-002 training

Thick edge
Width

\—<| C-shaped mica foil

S2-glass

:
: 12 o e e e = = A - -|; D - —gmm - =
e ]
‘5.’: SS spacers 10 E .
E” . : — ' (]
/\ « < 8 9
.. f K] : o
) . | [ e ol
‘ : c © I o
AL e
207 ~ 3 QLJl -
\\\" : 3
N O =
2 CD1 CD1: CD2 CD2
; 19K 45Ki 19K 45K
0
k- - 0 1 2 2 4 5 6 7
o - Event #

= Courtesy of A. Devred
Courtesy of S. Izquierdo Bermudez

570

540

D1U
D1L
D2L
D2uU

No quench

= = = Nominal

Ultimate

117 dipole 11T dipole

60 mm aperture
B ..11.2T@ 19K

nom

80 % on the LL

Courtesy of F. Savary

1st dipole tested => ready for
tunnel in 10/2019

All four dipoles should be
ready in April 2020
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&

Looking closely at performance

Successful 11* T Nb;Sn long dipoles and quadrupoles

—> User point of view: operating field and gradient

14

MBHB-002 training

12 e e e =

10

Current [kA]

— Magnet engineer stand point: how close are we

from the critical surface/ maximum performance?

Short models are a great tool!

24/09/2019

N
N

1
- e e, o . :— e = e = -
]
E [ ] D1U
! o DiL
o
E: o D2L
gi ® DU
g: = Noquench
Ccbl1 CD1! cD2 CD2 = = ~ Nominal
19K 4.5 KE 19K 45K Ultimate

3 4 5 6 7

Event number

o]
o

[ O S N
o N B Oy

Quench current (kA)

o N B O

-4 MQXFAP1, 1.9K 20 A/s
*MQXFAP2, 1.9K 20 A/s
-o-MQXFAP1b, 1.9 K 20 A/s

10 15 20 25
Training quench #
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Fraction of Iss (%)

Dipoles with bore: training performance summary

| 00000
0 5000°0 0 & 00000
e® O 0090 o XXX oS ¢
>0 xx& o @
O~ 00° x X" o®
oo ®
X0 xo"om’” °®
l b4
® o ® oxg @ °
9000 .8 <@
X x OGO
DU
s”“
— 0000
x> ©
x
| X0
<&
+—
—
<&
<&
[ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [
1 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 69 73 77 81

24/09/2019

Quench number

O HD2a 4.5K
@ Hd2b 4.5K
0 HD2c 4.5K
x HD2d 4.5K
<& HD3a 4.5K
© HD3b 4.5K

Data are courtesy of LBNL

and CERN
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Dipoles with bore: training performance summary

oy

Fraction of Iss (%)

-

5 9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 69 73 77 81

24/09/2019

Quench number

O HD2a 4.5K
@ Hd2b 4.5K
© HD2c 4.5K
x HD2d 4.5K
¢ HD3a 4.5K
® HD3b 4.5K
A Fresca2a 1.9 K
A Fresca2b 1.9K
A Fresca2b 4.5K
A Fresca2c 1.9K
A Fresca2c 4.5K

Data are courtesy of LBNL
and CERN



Fraction of Iss (%)

Dipoles with bore: training performance summary

1

5 9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 69 73 77 81

24/09/2019

Quench number

O HD2a 4.5K
@ Hd2b 4.5K
0 HD2c 4.5K
x HD2d 4.5K
¢ HD3a 4.5K

© HD3b 4.5K -

A Fresca2a 1.8K
A Fresca2b 1.9K
A Fresca2b 4.5K
A Fresca2c 1.9K
A Fresca2c 4.5K
@ MBHSP101 1.9K
@ MBHSP101 4.3K
@ MBHSP102 1.9K
= MBHSP102 4.3K
O MBHSP103 1.9K
o MBHSP104 1.9K
= MBHSP106 4.3K
= MBHSP106 1.9k
0 MBHSP109 4.3K
O MBHSP109 1.9K

Data are courtesy of
LBNL and CERN



Dipoles with bore: training performance summary

100
. . . i
96 ~10 % missing O HD2a 4.5K I\/Iagnet typically |

@ Hd2b 4.5K designed for 20 % margin

--------------------------- © HD2c 4.5K
x HD2d 4.5K * Magnet with an effective

T O GO g
000 99000000 ¢ & HD3a 4.5K

margin of 10%
¢ HD3b 4.5K

A Fresca2a 1.9K
A Fresca2b 1.9K

e Future Colliders => which
margin?

A Fresca2b 4.5K

A Fresca2c 1.9K

A Fresca2c 4.5K

0 MBHSP101 1.9K

0 MBHSP101 4.3K

@ MBHSP102 1.9K

® MBHSP102 4.3K

48 1o 0 MBHSP103 1.9K

' 0 MBHSP104 1.9K

o b @ MBHSP106 4.3K

. B8 MBHSP106 1.9k Data are courtesy of LBNL
0 MBHSP109 4.3K and CERN

0 MBHSP109 1.9K

Fraction of Iss (%)

3 2 f f f f f f f f f f f f f f f f f f f f

1 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 69 73 77 81
24/09/2019

Quench number 40



cea ,0// M Search for the missing margin

103%
’ Plateau Level Courtesy of H. Bajas, JC Perez, CERN

101% * Magnet typically

designed for 20 % margin

99%

97% * Magnet with an effective

margin of 10%

95%

93%

1,/ 1, [%]

e Future Colliders => which

91% margin?
89%
* Magnet without bore

87% reach higher plateaus

85%
RRP PIT120 RRP

108/127 132/169 —
SMCLIT ST | e => The conductor should be
able to get there

5

SMC

Performance limitation * Quantification of Nb;Sn degradation

. during magnet life cycle
and Long training - | . : . i
- Conductor degradation nnovative magnet configuration

. Disturbance spectrum? * |Innovative diagnostics

41




Programs and collaborations aiming at tackling these topics

\

Item 2.4 : Magnet Science: Developing
Underpinning Technologies

/(()}nggéfﬁ% ASC/NHMFL, BNL, FNAL, LBNL \

Leveraging past experience (&) Tne us. Magnet

%24 Development Program Plan

Item 2.2 : High Field Dipole Development ==
to Explore the Limits of Nb;Sn -

/ ((ECE)) CEA, CERN, CIEMAT, UNIGE e, KEK, \

/NFN, TampereU, UTwente

Eur::CirCol

e Design study for FCC CDR

 R&D magnets and associated
development

wodel magnets

-

o

Series of Worskhops on Nb;Sn technology for
accelerator magnets —
2017: https://indico.cern.ch/event/665458/ =

2018 : https://indico.cern.ch/event/743626/ -
2020 in preparation

Budker INP \\
Novosibirsk

Ongoing
discussion on high
field dipole

24/09/2019

High field magnets development

L Focus on innovative concept
\_ Program deflnltlon/ \_

42
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What is the effective strain state of Nb;Sn during its life cycle? Impact on |I_?

BERKELEY LAB |

i o N

Optimization of the
cabling process

Extracted strand |,
measurements

~

Post cabling |,
(includes
cabling
degradation)

24/09/2019
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What is the effective strain state of Nb;Sn during its life cycle? Impact on |I_?

Optimization of the
cabling process

Extracted strand |,
measurements

COIL TECHNOLOGY

* Dimensional changes
during HT

e Empirical
guantification

v

Post cabling I,
(includes
cabling
degradation)

24/09/2019

<

Assumption

8post HT = 0

44



Study of Nb;Sn cable dimensional changes during HT

We know how to empirically minimize post-HT strain

Empirical approach to assess cable dimensional
P PP N during HT We do not know (yet):
changes durin . . .
g g - how to predict dimensional changes w/o direct measurement
Courtesy of M. Durante - the Nb,Sn strain state at the end of the HT
/s cea Courtesy E. Rochepault
[ ME e sleere " In situ measurements of thermal expansion/contraction )
(@)
: e H.Q-Coﬂf-'?ﬂeEVe oL) "2 ———RRP #7419 wire-heating °C> °
o e ° ---- Linear trend g ,,,,,, Nb (literature) @
e © LARP cail 1 S 10| ---316LN o -03
‘ I . o CERN coil 101 o Ty & o
o Tl E 0.8 1~ — - Cu wire-heating '% 08 [ogpmonnod
@ os E 08 bbbt gA# .| ——DISCUP C3/30
ESPOR N N U O P S 8 | e sesons
P T P L s ‘ ) LI :v:NbSSn{Iitsr-:tZrel}n
£ D it |
-0’6 -0’2 L th 0/ 0 6 %1) o0 0 50 100 150 200 250 300 350 400 450 500 550 600 6% I‘E’D h ” * = = 3{:) 0 = .
ength [%] S T c 5 Temperature (°C)
] t ° —
emperature (*C) Courtesy of C. Scheuerlein, CERN
In situ length change tracking via * In situ tracking of the
extensometers | displacement field via Digital

Image correlation
 Modeling
=> Ultimate goal: predictive model

Courtesy of M. Abdel Hafiz,
E. Rochepault

24/09/2019 \_ Courtesy of M. Michels




What is the effective strain state of Nb;Sn during its life cycle? Impact on |I_?

Optimization of the
cabling process

Extracted strand |,
measurements

COIL TECHNOLOGY

* Dimensional changes
during HT

* Empirical
quantification

ASSEMBLY & Cool-down

3D FE Models
Mechanical
instrumentation

v

Post cabling |,
(includes
cabling
degradation)

24/09/2019

v

Assumption

8post HT = 0

-

Some correlation

Precise properties of Epoxy
impregnated Nb,Sn?
Implementation in FEM

46



sZpral NG

Ongoing progress on mechanical behavior characterization of Epoxy impregnated Nb;Sn

Coil ridigity used in FEA so far: Linear assumption with elastic modulus value in the stress range of interest

BRRP106Z7

LVDTs
vertical

Test sample

LVDTs
transversal

10-stack of impregnated
insulated reacted cable

Y-Azimuthal

Z-Axial

= directions 0
C\ERN

140 ¢

Azimuthal

120
stress

100 |

@
o

o—€ curves
along the 3
sample

Stress (MPa)

(=]

15

0.5 1
Strain (ue)

Unloading

Power Law: A=3.8 GPa,‘-n:U,Sl
Hognestad: B=46.3 GPa, 0y=140 MPa

(CERN h g
\
Z

I
o

do/de (GPa)
&

N
o

X-Radial

150

50 100

Courtesy of M. Durante (CEA) and C. Fichera (CERN)
24/09/2019

Stress (MPa)

Stress (MPa)

First Load.
e Unload.
e Reload.

-

\

A complex non
linear orthotropic
behavior observed
dependant on

g loading phase
o /

a) Nb3Sn cable stacks

120
100 -
80 - 293K
60 A
40 1

20 4

1.5

0 0.5 1
Strain (%)

Ongoing attempt to
have a coil rigidity

Ongoing detailed characterization => FEA

Uormulation in FE
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What is the effective strain state of Nb;Sn during its life cycle? Impact on |I_?

Optimization of the
cabling process

Extracted strand |,
measurements

COIL TECHNOLOGY

Dimensional changes
during HT

Empirical
quantification

e 3D FE Models
e Mechanical
instrumentation

OPERATION

3D FE Models
Mechanical
instrumentation

v

Post cabling I,
(includes
cabling
degradation)

24/09/2019

v

Assumption

8post HT = 0

v

Some correlation

Precise properties of Epoxy

impregnated Nb,Sn?
Implementation in FEM

.

Some correlation

l.=>as I(B,T,g)
Quench induced
stress

48




'\@ Ic reduction versus transverse stress

I & |
I H

/ Strand electromechanical \ /Cable electromechanical

characterization characterization Y
- Low-pressure regions o M a g n et pe rfo rmance '
. :::..Llc:"::/ High-pressure reglon\ “ Q
"‘\ T s >120 MPa d
b 70cm 94 o " 7 /0
1.30 mm CERN 92 >160 Mpap,gb B eege- .
3 groove widths £—1.15 mm Courtesy Of B. Bordini \\-/ %0 ﬂ//l——-fof-—g.ﬁc— oo 5 A’
1.00 mm UN'VERS'TE §33 1 >200 MPa
NIVERSITY = =
Courtesy of C. Senatore DE GENEVE ONIVERSITY 3 g
FACULTE DES SCIENCES 22 : ; H 4.0 = r?"
. . . . . . T=4.2K,B,= 10T, 10uV/m 8 1 ~-Tas03a143K
| U -@-TQS03a-24.3K
1.0 W;.._,.._'.;ﬁ.ﬁ.a.n..aa.; ........................ a 20 B \ 82 " —O—TSSOBh 43K
95% 1o 180009 g g Ty = 804 e
e ~9NO, S 78
08 . 16 ® e g o 20% 5 1 3 5 7 9 11 13 15 17
= A | __.__.h(: D < © Quench Number
[~ 19T < 14 ¢ o 208
— 06L& N R - — | —-o--lIrreversible degradation /! S ] .
12 152 || 88 % of |, operation with >200 MPa
! o n
PIT #31712 @ = 1.0 mm ] /_/' (‘TJ ~ 12 T
o4r _:_ :::::Z :i :z::: after force unload — 10} ,-O/ 10 T 1.0 E
sample #2 15% rolled 1 8 i o‘__A.o-—" """" o~ L 0 5 o ’
0.2 Smple #2 13N rolled ater force uniopd @42 19T | 0= 07O . | reduction due to transverse stress:
0 5 10 15 20 25 30 35 6 . - : 0.0 . .
Transverse force [kN] 0 50 100 150 - Reversible (B, reduction)
L I 1 1 ! 1 Gtmnsl(MPa)

O B erseaessnpal 210 240 - lrreversible (filament breakage
\ Transverse stress [MPa] / \ Courtesyof.MDha//e' / ( g )

24/09/2019 Challenge: from conductor to magnet




Accounting for |_reduction in the magnet design

—

c20

. o 152 2 a 05 2 :-‘-:-'-_- ¥wente mo:?:e: (tlsparameters)
Scaling Law to fit I_ (B,T,g) Je(B, T, £)=Co (5(8)) [(A =)A= t5)]* b7 (I-b) L Markiowics (4 parameters)
— = Twente (4 parameters)
Where: b= 5 B(g); o and a are parameters very close to 1 and; Cyis a constant * ‘
c2 22
Where B.,p= B.»(0,0), ¢ is the strain tensor, £ = T’fa) Egls ] .
¢, Gzﬁ W —clclzi) 1712 With 1, the hydrostatic invariant a .
s(e) == te M With J, the second deviatoric strain 10 — L LN
2 . . -1.5 -1 0.5 0 0.5 1 1.5
invariant e (%)
o Courtesy of B. Bordini
Fitting experimental data ( \
v -
28 kA
. Courtesy of G. Vallone
|.(B,c) at operating T yof
‘ 24 kA
|. reduction map 20 kA

using present FEM

' 0.95
0.85 FE Modeling of cable rigidity — 08_
. . . . ~ 0.7
.(B,5)/1.(B,0) accounting for Cu plasticization - | S
0.75 . ) . = 10f 0.7 0.8 0.93___
Validated with experiments L —Critical Suiface ]
L - -Critical Field - Pole
° o o 5f - -Critical Field - Mid-Plane|"
Courtesy of E.Rochepault » Ongoing comparison with magnet 2 Load Line . Polo
——Load Line - Mid-Plane
24/09/2019 \_ | performance T w w w w w(kA)/

Exponential - 2 parameters

Strain function

. reduction map




(& The multiscale approach

.

rrrrr r

A
|||‘

BERKELEY LAB

Macroscale problem with microscale details

= Multiscale approach

= Relevant physics at different length scales
Courtesy of D. Arbelaez

Coil Cable

ﬁ multiscale approach based on the material properties at the microstructural scale

Filament scale Strand scale Cable scale

RRP Filament

J

Barrier

Superconductor Homogenized egion
Definition of the RVE mechanical model Bi-metallic strand model Cable model

; . . Elastoplastic Cabling process
: - ‘m w|  behavior # modeling
INSTRON T 5 140+ fomceencncaeneced ....... s

1201
£ 100{--
g
=

CentraleSunélec

f\}]"m Characterization

e through nano

KM/O9/2019 %, lidentation — . o o ows
e s s s . )

Impregnation model

L)

Ultimate
goal:

Fully conformal » Estimate
mesh the

Courtesy of G. Lenoir, P. Manil, F. Nunio

reduction
of I,

/
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Understanding training: a key issue for the accelerator

Filaments
Sub-elements

microstructure

stabilizer  HD.IA
s E;”;ﬁ? Courtesy of S. Caspi
[ Strand } e TOST RUN
Friction, ;
sintering
’ : ;
Back to user’s point [Cable } \

Courtesy of S. Izquierdo Bermudez

(ol |

Interfaces with
components
Impregnation [ Magnet }

Preload
Macroscopic motions

of view:

Key issue is training
for installation in an
accelerator

Thermal stress
due to quench

Courtesy of P. Ferracin

“Physical mechanisms potentially
responsible for training coexists at very
different length and energy scales”

M. Marchevsky, IDSMO01
24/09/2019 52



A reborn concept: the Canted Cosine Theta (CCT)

Ribs intercepting
Lorentz forces

Presented in 1970 by D. Meyer, U. of Michigan => redescovered in the 2010s

Pros’
e Structure “embedded” in the coil
* Less components

Courtesy of L. Brouwer, S. Capsi, R. Hafalia (LBNL)

Spar providing rigidity

* Field quality Potential for
e Easy grading Eab Cost
Cons o . reduction

e Electrical insulation

PAUL SCHERRER TNSTITUT

Courtesy of D. Arbelaez (LBNL)

U.S. MAGNET
DEVELOPMENT
PROGRAM

CCT3 CCT4 CCT5
Bore size [mm] 20 90 90
1.25 mm gap 1.65 mm gap
Groove design constant width™ at pole at pole
RRP 54/61 RRP 54/61 _BRP 108/127
Conductor Ta doped Ta doped Ti doped Conductor damage
Field qualit
HT Temp (C] 650 ™ 660 665 * Cost gnd sgalability
Potting individual  Training
configuration full magnet full magnet layers : 7
Epoxy CTD-101K CTD-101K | FSU Mix 61 R
Layer-to-layer —
interface bonded mold released = bend & shim
10T technology toward high field /

\ Analysis tools

Uyy — Uy =0
Uy, —Uy; =0
Upp — Uy =8,

—_ —

/ Courtesy of B. Auchmann

CD1 under construction
A 11 Tin 65.6 mm bore

rrrererer

BERKELEY LAB

development

PAUL SCHERRER INS

(F=0

T

Supporting technology

Courtesy of B. Auchmann

SLM with stainless steel (CL 20ES)

& Inspire AG

ETHZ
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Is CCT behavior different?

O HD2a 4.5K
O Hd2b 4.5K

HD2c 4.5K

oo o'.‘<><> © 0% x HD2d 4.5K
%@o&go% % HD3a 4.5K
bt < HD3b 4.5K

A Fresca2a 1.9K
A Fresca2b 1.9K
A Fresca2b 4.5K
A Fresca2c 1.9K
A Fresca2c 4.5K
= MBHSP101 1.9K
o MBHSP101 4.3K
o MBHSP102 1.9K
o MBHSP102 4.3K
o MBHSP103 1.9K
o MBHSP104 1.9K
= MBHSP106 4.3K
o MBHSP106 1.9k
o MBHSP109 4.3K
2+ ®MBHSPI091.5K
® CCT5 at 4.5K

1 5 9 1317 21252933374145495357616569 7377 &1

Fraction of Iss (%)

24/09/2019 Quench number Importance to look at smaller scale causes for training




Understanding Ic reduction and training

3rd International Workshop of the Superconducting

Key importance of diagnostic tools o
C
Jb‘/o :/_146/7&.
Localizing at Ic reduction C/e”l‘/'s:rofl‘i \
S

10

8

V-l transition in
Segments of
magnets

a

Voltage (uV)
Y

\ Courtesy of G. Willering

-2
10.0 10.5 11.0 11.5 12.0 12.5 13.0 135
1 (kA)

CERN
\ . . . .
o Investigation of Vibration spectrum thanks to \
e 4 - -
[E 0.004 — (il ﬁ%ﬁ' ple up coils
% -u.ong — | i §
§ 0.004 — §
0.004] — I %
u.oog_ T ‘ _ %
0004} . ; :% g % Magnet
0.004 = ]
0004 I T :g i i: endS
0.004 F 7 T '§ Bl
0.004 | § Hl §
0 i ==
-0.004 i 1 1 | [— —
: = i % 25 50 75 100 125
! + . I’ kA]”

“H

1146.76
Time [s]

0.004 T T 1
|

-0.004 ¢
1146.73  1146.74  1146.75

Courtesy of G. Willering

Magnets Test Stands

First Workshop on Instrumentation and
Diagnostics for Superconducting Magnets

IDSMO 7

Berkeley, California, USA 24-26 April 2019

Accoustic sensors

A tool to localize
and understand
training sources

Source of strain
energy

Mechanical
memory:

Magnet
acoustically silent
up to the current
(stress) level seen
in previous
qguench!

sssss

aaaaaa

ccccc

Courtesy of M. Marchevsky

€74478400 ¥ 0000 cus
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Protection hardware: how to protect?

mrotection heaters

* Flexible circuit
* impregnated
* Long magnets:

heaters

CoHDA: Code for
Heater Delay Analysis

Courtesy of T. Salmi,

@pere University

e Active heating stations
e Minimizing area covered by

Courtesy of G. Ambrosio, FNAL

Heater delay computation

Heat generation, f,..(1.7)

Toatn

4

Stainless steel (PH)

E

vV

1 \* G10
] apton
'G10 (Cable ins.)
v ¥y

Cable (Cu + Nbgsn + epoxy)

1
cabla
1
1
1

Mol 1eay oN

uonIBIIP-2 Ul s3epunoq YSnouuyy

610
1

LI,

PH period / 2

Coupling Loss Induced Quench (CLIQ)

Ly Ip

Capacitive discharge

Courtesy of G.Kirby, E. Ravaioli, V. Datskov

inducing short oscillations inj
magnet transport current

Quenching through inter
strand and interfilament
coupling losses

=z 6 : : 160
el |4_ - - 140
-~ g
o 127 120
-] .
~ : H
L 10 o MCﬂSIA-IOO
g Apn o Meas I |l
2 o Measl,
2 6 : ) H60
@ ——Sim ."A
¥ | . H
= ¢ Ry Sim7  [|*
= g ey B
£ o} = Sim/_ H2o
o c B
z
S opmmmin) Ry et —— o ExpR_ L
—e— ——SimR
6 JiE, | T T AR IR SRR IRT TR e o § .C L
-0.02 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Time after trigger, 1 [s]

Coil resistance, RC [mQ]

Protection hardware => transient effects => importance of
simulation




16

4

Current (kA)
2 B =

= g
T

!\@

Modeling quench behavior (some examples)

LEDET : Lumped-Element Dynamic Electro-Thermal

Quench simulation including
coupling losses

Allows CLIQ parametrization
Valid for stand alone
magnets

Validation with MQXFAP1

Courtesy of E. Ravaioli

T T
——Measured /.
m

- - Simulated /
m

01 015 02 025 03 035 04 045 05
Time, ¢ (s)

ELECTRICAL

THERMAL

sources Slﬁrﬂgé’
TN

sinks

sources storage sinks

sinks

sources  slorage

-700

4] 005 01 015 02 025 03

https://espace.cern.ch/steam/

035 04 045 05
Time, ¢ (s)

24/09/2019

~

U.S. MAGNET
DEVELOPMENT
PROGRAM

* Modeling magnetization of the
conductor due to coupling
currents

* Combining all the effects into a
single coupled simulation with B
and T dependant properties

A&urtesy of L. Brouwer

ANSYS® 3D thermal stress

ANSYS® User defined elements

o

ima (ms)

https://usmdp.lbl.gov/scpack-code/

c, (Pa)

Ongoing study

3D modeling
AUP/HL-LHC cross-
check ongoing

00NN

UNIVERSITE

DE GENEVE

FACULTE DES SCIENCES
Section de physique

Courtesy of J. Ferradas Troitino



https://espace.cern.ch/steam/
https://usmdp.lbl.gov/scpack-code/

e VS

Models development toward 16 T magnets

U.S. MAGNET
DEVELOPMENT
PROGRAM

Key milestone: 15 T dipole &:
Esgé 100% SSL 8'7%SSL
e 4 layer graded magnet, 1-m long =i 3
e 1Iststep: 14.1 T performance =
10000 5 : -
9500 ....0.00..:0
— |
%9000 g ‘.0. 1.9K 'as5K
[=
@ 8500 - hd
3 8000
-E’ 7500 | ® ®
Q
& 7000 —————— :
\ 0 2 4 & 8 10 12 14 16 18 20 (Coyrtesy of A. Zlobin, FNAL j
Quench number

24/09/2019
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| V& Models development toward 16 T magnets

)us MAGNET
&) procren T Key milestone: 15 T dipole

100% SSL

8'7"0 SSL

e 4 layer graded magnet, 1-m long
e 1ststep: 14.1 T performance

[ [
REEEEEERESEREIEREEEE

< 9000 ® 0 1.9K 'as5K

Quench number

\ 0 2 4 & 8 10 12 14 16 18 20 (Coyrtesy of A. Zlobin, FNAL j

 Institute of High Energy Physics \

Chinese Academy of Sciences
R&D Roadmap for High Field Magnets Training History
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| V& Models development toward 16 T magnets
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We are on a consistent path toward the 16 T frontier
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