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Muon Collider magnet “specs”

Accelerator magnets SAsecaiice:
Target solenoids 6D Cooling solenoids  Field: 1.8 T (NC), < 10 T (SC)
Field: 20 T... 2T Field:4T..19T Rate: 400 Hz (NC), SS (SC)
Bore: 1200 mm Bore: 90 mm ... 600 mm Bore: 100 mm(H) x 30 mm(V)
Length: 18 m Length: 500 mm (x 17) Length:3m ...5 m (x 1500)

Radiation heat: = 4.1 kW  Radiation heat: TBD Radiation heat: = 3 W/m
Radiation dose: 80 MGy Radiation dose: TBD Radiation dose: TBD
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Final Cooling solenoids Collider ring magnets

Field: > 40T (ideally 60 T) Field: 16 T peak (IR 20 T)
Bore: 50 mm Bore: 150 mm

Length: = 1 km (x 2) Length: 10 m ... 15 m (x 700)
Radiation heat: TBD Radiation heat load: = 5 W/m

Radiation dose: TBD Radiation dose: = 20...40 MG




Target and Capture: Magnet specifications
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MAGNET SPECS
Field: 20 T... 2T
Bore: 1200 mm
Length: 18 m
Radiation heat: = 4.1 kW
Radiation dose: 80 MGy
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SUMMARY

Aim
Develop an alternative solution to the hybrid US-MAP [1-3] (5 resistive coils and 19 SC coils,
2.4 m bore J) made of HTS (23 SC coils, 1.2 m bore &)

Design highlights

VIPER-like cable (HTS tapes, central cooling hole, steel jacket) with | __ ~61 kA

Set of 23 coils in 3 sections (300 mm gap between sections, 20 mm gap between coils)
 Peak field on conductor 20.9 T, magnetic energy 1.1 GJ
e (Cable length = 8.7 km, winding mass ~ 115t

Field on axis within 4% accuracy of Sayed-Berg formula over 16 m channel length
Stresses in structural elements within 316 LN limits (o, <1000 MPa)

Stresses in tapes being investigated to be minimized (t, ~30 MPa)

Coils operating at 20 K, =20 bar, 15 W pumping power, *150 W heat removal

High conductor stability (DT>10 K!)

Detection & dump for quenches in low field/current most challenging (= long detection
times) but seems compatible with hot-spot temperature limit (T, = 150-200 K)



HTS-Based Target Solenoids: HTS Conductor

Operating current: 58 kA
MIT “VIPER” conductor HTS conductor design ~ Operating field: 20 T
Operating temperature: 20 K
STAINLESS STEEL JACKET
STAINLESS STEEL WRAP
COPPER FORMER
SOLDERED HTS STACK
COOLING CHANNEL

M. Takayasu et al., IEEE TAS, 21 (2011) 2340 8
Z.S. Hartwig et al., SUST, 33 (2020) 11LT01 735




HTS-Based Target Solenoids: Field Profile and Coils Geometry

DR[m] DZ[m] Layers Pancakes |[kA]

Reference field profile on axis
(H. K. Sayed and J. S. Berg, 2014)
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HTS-Based Target Solenoids: Coils Current and Field

18T()p view (out of scale) Magnetlc Field [T] Peak field in coil 2

E(GJ)=1.1; L(m)=8.75e+03
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E(GJ)=1.1; L(m)=8.75e+03

CICC current (kA)
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HTS-Based Target Solenoids: Axial Forces
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HTS-Based Target Solenoids: Jacket Stresses
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a) Hoop Stress
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b) Axial Stress [Pa]
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HTS-Based Target Solenoids: Tapes Stresses

Stress components of interest in the HTS tapes (de-bonding, degradation):
= Tensile stress across HTS tapes.

= Shear stress in HTS tapes.
The tapes are modelled as relatively stiff components (¥100 GPa) due to the large amount of Hastelloy and copper.

The surrounding solder is modelled as a rather soft material (~10 GPa) due to the mix of Sn and Pb.

Parametric Analyses: Electroplating
* Bonded/frictional stack. oppsr abinr Sputtering SuperPowpr
= Number of stacks (3, 4, 6, 8). e A
=  Width of stacks (3 mm, 4 mm, 6 mm). 20 um (RE)BCO - HTS (epitaxial)
IBAD/Magnetron Sputtering

Buffer Stack

Electropolishing
~0.2 ym Substrate

20 ym



HTS-Based Target Solenoids: Tapes Stresses

1. Stack bonded to copper former.

2. Stack allowed to separate and slide
in the copper former (1 =0.2).
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HTS-Based Target Solenoids: Optimal Cooling
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Compared to typical conditions at 4.5 K, operation at 20 K implies

* High pressure, o(20) bar
* Large temperature increase, o(3) K
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Conclusions and Outlook

* We are looking for a solution to the design of the target and capture channel of the Muon
Collider, which needs a peak field of 20 T on axis, based on an HTS force-flow cooled cable
operating at 20 K

* Lower footprint, mass, stored energy and cost than a LTS/NC hybrid
» Better energy efficiency than a 4.5 K system

* Though there is much work to do, the design selected seems not too far from being feasible !

* This is also interesting because of implications for
* Compact fusion machines
* Hybrid UHF magnets for science

MM commonwealth
& M % Fusion Systems
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Introduction: Conductor

Conductor features
* Diameter of central cooling channel =8 mm. Cooling Channel E\ ,%,"55-‘%%
. \ e
= Cable diameter = 23.5 mm. i. S g
: . : Cabl I
= Square steel jacket 39.5 mm x 39.5 mm (minimum thickness of 8 mm). e i
|
= 1 mm thick turn insulation. Jacket Ei 2o
0

Void Filler

S

&

Turn Insulation

Cable features (parametric studies, 50 tapes/stack)
= Bonded/frictional stack-former contact.
= 3/4/6/8 stacks of HTS tapes.
= 3/4/6 mm wide HTS tapes.

Steel Wrap

HTS tape features (90 um thickness)
= 44 um thick Hastelloy.

= 20 um thick copper layers (x2).

= 2 um thick silver layers (x2).
= 1.6 um REBCO layer.

= 0.4 um buffer layer.

HTS Stack




Introduction: Material Properties

Copper Insulation WP Solder HTS Tape

(smeared) (smeared)
Interface:

Supercond. Sci. Technol. 33 (2020) 044015 P Gao et al

Table 1. Material properties of all the constituent materials of the REBCO conductor [8, 10, 11, 17, 25, 36-38].

Poisson’s ratio Yield strength Tangent modulus .
. . . Young’s modulus E (GPa) v oy (MPa) E, (GPa) CTE o (x107° K1)
Properties of HTS tape obtained from smearing of P — ——
. . . . . . Copper 85 70 0.34 330 190 5 17.7
isotropic properties of individual components at 77 K. (17 (1) (i) an (1) (5. 10, 11
Silver 76 0.37 14 1 17.1
(36, 37) [36] (36, 37) [36] [10, 36]
REBCO 157 0.3 1030 1 11
[8, 10, 11, 25, 38] [10, 11] [8] [8, 10, 11]
Buffer 170 0.226 1030 1 9.5
25] [25] [25)
Hastelloy 178 170 0.307 1200 980 6 14
P. GAO, et al. Superconductor Science and Technology, 2020, vol. 33, no 4, p. 044015. [17) [17] [11] [17) [17] [17) [8. 10, 11, 25, 38)
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Introduction: Loads
Net Vertical Forces o

Net Vertical Forces i~
(without chicane coils) (with chicane coils) \

DR[m] DZ[m] I[A] [It[MAt] Fz[MN] Fz[MN] 300
251.2 250
59.51 200
-101.0
-101.4
-58.48
-17.10
-16.60

II S B w/o chicane
mmn
-2.177 . “ “ II

[y

150

100

Fz [MN]

50 m w/ chicane

o

O 00 N O Ul B WN
o

-5.69

-2.608 -100

-1.686 150

0.9147 CUCILEOBBIEEES
-0.7428 Coil
-0.1603

LN = No pre-compression needed to keep the coils together.
0.3754

LELDS = Gravity load is not considered.
-0.08169

SIEES = Cool-down is not considered.
-0.03481

EEyl ' = Only Lorentz forces applied.
0.06418

Cc10
C15
Cl6
C17
C18
C19
c20
C21
C22
C23

8
)
7
)
3
3
2
2
2
2
2
2
1
1
1
1
1
1
1

= No cyclic loading considered (fatigue).
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Analysis Strategy: Overview

Magnetic Models Mechanical Models

2-D Axis. Global Mechanical Model 3-D Homogenization

2-D Axis. Global Electromagnetic Model
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Fully parametric model automatized with
ANSYS Parametric Design Language (APDL).

3-D Homogenization Model 19



Analysis Strategy: Global Models

Magnetic Field [T] Displacement [m] Smeared Properties
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Most loaded coil for detailed analysis Global displacements 20



Analysis Strategy: Local Models |

Magnetic Field [T] in Coil 2 cables Tresca Stress [Pa] in Coil 2 jackets
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a) Hoop Stress
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b) Axial Stress [Pa]
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Analysis Strategy: Local Models |l

. . Compressive/Tensile Stress [Pa] in tapes
Magnetic Field [T] in tapes
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Stresses in HTS Tapes

Electroplating

Stress components of interest in the HTS tapes (de-bonding, degradation):  Copper Stabilizer—————

Silver Overlayer
MOCVD
(RE)BCO - HTS (epitaxial)

= Tensile stress across HTS tapes.

IBAD/Magnetron Sputtering
Buffer Stack

= Shear stress in HTS tapes.

Electropolishing

~0.2 ym Substrate

} < 0.l mm* ;
By [l
A4 N
e
A 445
]
[
o
-
3

“not to Scale; ‘5&354550' SEE T

SuperPower

The tapes are modelled as relatively stiff components (~100 GPa) due to the large amount of hastelloy and copper.

The surrounding solder is modelled as a rather soft material (~10 GPa) due to the mix of Sn and Pb.

Parametric Analyses:
= Bonded/frictional stack.
= Number of stacks (3, 4, 6, 8).

=  Width of stacks (3 mm, 4 mm, 6 mm).
24
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1. Stack bonded to copper former.

2. Stack allowed to separate and slide
in the copper former (1 =0.2).

Contact Pressure [Pa]

ANSYS Release 19.2

Build 19.2
NODAL SOLUTION
STEP=1

SUB =7

TIME=1
CONTPRES (AVG)
DMX =.003005
SMX =.174E+09
0
.193E+08
.386E+08
.579E+08
.7T72E+08
.965E+08
.116E+09
.135E+09
.154E+09
.174E+09

NEOORACNN

Tensile Stress [Pa]

bonded
stack

Shear Stress [Pa]

bonded
stack

mers rereae 102 1@NSIlE Stress [Pa]

Bonded/Frictional Stack

Build 19.2
NCDAL SOLUTION
STEP=1
SUB =7
TIME=1
sX (AVG)
RSYS=SOLU
PowerGraphics
EFACET=1
AVRES=Mat
DMX =.002991
SMN =—.115E+09
SMX =.639E+08
0
Bl 5335407
B cc7E+07
0 100E+08
B 133E+08
B 1675+08
1 200E+08
L1 .2338+08
B2 267E+08
Bl 005+08

Smaller tensile stress area with
Lower shear stress in gene

s meeee 122 ONEAF Stress [Pa]

Build 19.2
NODAL SOLUTION
STEP=1
SUB =7
TIME=1
SXY (AVG)
RSYS=SOLU
PowerGraphics
EFACET=1
AVRES=Mat
DMK =.002691
SMN =—.453E+08
SMX =.451E+08
. 600E+08
B cqgi08
B _ 3335408
0~ 200g+08
EE _ 6e7E+07
EE  ¢e7E+07
L1 200E+08
L1 3338+08
1 467E+08
B cook+08

~30 MPa

frictional

contact

frictional

contact

yeak.

ANSYS Release 19.2
Build 19.2
NODAL SOLUTION

STEP-1
SUB =7
TIME-1
5X (AVG)
RSYS=SOLU
PowerGraphics
EFACET-1
AVRES=Mat
DMX —.00289
SMN —-.228E+09
SMX —.328E+08
0
Bl 533507
BN o707
0 100E+08
B8 1338408
EE  167E+08
1 200E+08
L1 . 233e+08
1 267E+08
B 5005408
ANSYS Release 19.2
Build 19.2
NODAL SOLUTION
STEP-1
SUB =7
TIME-1
SXY (AVG)
RSYS—SOLU
PowerGraphics
EFACET-1
AVRES=Mat
.00299
-.447E+08
.559E+08
- . 600E+08
- . 467E+08
- .333E408
- .200E+08
- 667E+07
L667E+07
.200E+08
.333E+08
.46TE+08
.600E+08



Stack Number (6 mm wide tape, frictional contact)

TenSiIe Stress [Pa] ANSYS Release 19.2 TenSile Stress [Pa] ANSYS Release 19.2 TenSile Stress [Pa] ANSYS Release 19.2

Build 19.2 Build 19.2 Build 19.2
NODAL SOLUTION > NODAL SOLUTION NODAL SOLUTTON
STEP=1 STEP=1 STEP=1
SUB - SUB = SUB =7
TIME=1 TIME=1 TIME=1
sX (RVG) 5X (AVG) SX (BVG)
RSYS=S0OLU RSYS=S0LU RSYS=SOLU
PowerGraphics PowerGraphics PowerGraphics
EFACET=1 EFACET=1 EFACET=1
AVRES-Mat AVRES-Mat AVRES_Mat
DMX 002986 DMX =.00299 DMX =.002991
SMN —-.131E+09 SMN —-.228E+09 SMN = .179E400
SMX =.135E+08 SMX =.328E+08 SMX =.340E+08
0 0 0
Bl 555507 Bl 53307 B
81 mmZ B 67407 BN o707 B ccr07
0 1ook+08 0 100E+08 = 100r+08
0 133g+08 B8 1338408 T B 1335408
B 67e+08 BN 167E+08 )’J/,i/ i = ie7ri08
3 200E+08 1 200m+08 b C 200mt08
L1 233408 L1 .2338+08 ;o L1 233408
O 267E+08 1 267E+08 il T 2675408
Bl 5005408 B 500:408 B So05i0s

ensile stress area.

Shear Stress [Pa] aNSYS Relesse 19.2 mess wereze 152 SN@Ar Stress [Pa] aNSYS Release 19.2

Build 19.2 Build 19.2 Build 19.2
NODAL SOLUTION NODAL SOLUTION NODATL SOLUTTON
STEP-1 STEP-1 STEP=1
SUB =7 SUB - SUB =7
TIME-1 T IME-1 TIME=1
SXY (AVG) sxy (AVG) SXY (RVG)
RSYS=SOLU RSYS—SOLU RSYS=SOLU
PowerGraphics PowerGraphics PowerGrgphlcs
EFACET-1 EFACET—1 EFACET=1
AVRES=Mat AVRES_Mat ZSEQES:}SSEWL
DM =.002586 DMX =.00299 f I
SMN —-. 640E+08 SMN =-.447E+08 i SMN —-.563E+08
SMX =.596E+08 SMX =.559E+08 il SMX =.527E+08
-.600E+08 L 00EL08 ~.600E+08
| -.467E+08 [ ] — . 467E+08 5 -.467E+08
B 3331408 B 3331408 B --333me08
[ -.200E+08 [ — .200E+08 - -.200E+08
B - ¢67E+07 B ee7mr07 fis - 667E+07
[ : bl B ce7E+07
-€6TE+0T B cermr07 L .
[ . S [
-200E+08 1 200m+08 i O -2o0mtos
L1 3338408 C1 3338408 Ll e .333E+08
B se7me08 0 [1¢7m+08 : E .467E+08
| .600E+08 [ ] 600E+08 .600E+08

4
w
o
<
o
)

~30 MPa

o

d




Stack Number (4 mm wide tape, frictional contact)

Tensile Stress [Pa] mevs reeace 152 J€NSIlE Stress [Pa] wmers erense 102 J@NSile Stress [Pa] s release 19.2

Build 19.2 Build 19.2 Build 19.2

NODAL SOLUTION gggéLLSOLUTION NODAL SOLUTION
= = ¢ STEP=1
gggi% SUB = SUB =7
TIME-1 TIME=1 TIME=1
sx (AVG) SX (BVG) s (AVG)
RSYS=SOLU RSYS=S0LU RSYS=SOLU
PowerGraphics Eg‘gzgﬁrfiphlcs PowerGraphics
= = EFACET=1
M;t AVRES=Mat AVRES=Mat
00299 DMX =.002891 DMX =.002991
309E+09 SMN =-.247E+09 SMN =-.225E+09
SMX —.276E+08 i S =6360E+08 SMX =.205E+08
0 I - O
. .333E+07 [ [
72 mm? | 22%18; |:||:| -667E+07 B 675407
0 loostos O -looEtos B2 100E+08
0 1338408 o llcEres 0 1338408
[ e -167E+08 B 67408
O L1 200E+08 i —
.200E+08 O ) .200E+08
C 1 .2338+08 0 23Eres Y. C1 . 2338+08
.267E+08 b =
1 267m+08 — .267E+08
Bl 500508 - 300E+08 B 500:+08

tger tensile stress area.

ANSYS Release 19.2

ANSYS Release 19.2 Shear Stress [Pa] ANSYS Release 19.2

Build 19.2 Build 19.2 Build 19.2
NODAL SOLUTION NODAL SOLUTION NODAL SOLUTION
STEP=1 STEP=1 STEP=1
SUB = SUB = SUB =
TIME=1 TIME=1 TIME=1
SXY (AVG) SXY (AVG) SXY (AVG)
RSYS=SOLU RSYS=SOLU RSYS=SOLU
PowerGraphics PowerGraphics PowerGraphics
EFACET=1 EFACET=1 EFACET=1
AVRES=Mat AVRES=Mat AVRES=Mat
DMX =.00299 DMX =.002991 DMX =.002891
SMN =-.594E+08 SMN =.704E+08 SMN = . 618E+08
SMX =.731E+08 SMX =.619E+08 SMX =.632E+08
- . 600E+08 ~ _600E+08 . 600E+08
Bl 75408 Bl 508 Bl o708
B _ 333408 B _ 3335408 Bl _ 3335408
0 - 200E+08 0 _ . 200E+08 1 - 2o0z+o08
EE _ ce7E+07 B8 - c67E+07 B _ ¢e75+07
EE ¢67E+07 Bl ¢e7m+07 BN ¢67E+07
L1 . 200E+08 1 200E+08 1 200E+08
C 1 3338408 C 1 333408 L1 333e+08
1 467E+08 2 s67E+08 2 467E+08
B ori08 Bl co0m+08 B coop+08




Shear Stress [Pa]

Contact

ANSYS Release 19.2

Build 19.2
NODAL SOLUTION
STEP=1
SUB =
TIME=1
SKY (AVG)
RSYS=SOLU
PowerGraphics
=1
Mat
=.002986
N ——.640E+08
SME =.596E+08
- . 600E+08
Bl ciki08
B _ 333g+08
0 - 200E+08
B _ se7E+07
B c67E+07
1 200E+08
L1 333e+08
0 467E+08
B c00k+08

ANSYS Release 19.2
Build 19.2
NODAL SOLUTION
STEP=1

SUB =7

TIME=1
CONTPRES (AVG)
DMX =.003005
SMX =.242E+09
0
.269E+08
.538E+08
.807E+08
.108E+09
.134E+09
.161E+09
.188E+09
.215E+09
.242E+09

| [NMNAINIAE]

Contact|Pressure|P:

Shear Stress [Pa]

Stack Number (6 mm wide tape, frictional contact)

BSYS Release 19.2 Shear Stress [Pa]

NODAL SOLUTION
STEP=1

SUB =7

TIME=1

SXY (AVG)

RSYS=SOLU

PowerGraphics

EFACET=1

AVRES=Mat

MX =.00299 il
SMN =-.447E+08 il
SMX =.559E+08 fith
-.600E+08
-.467E+08
-.333E+08
-.200E+08
-.66TE+07
L66TE+07
.200E+08
.333E+08
L46TE+08
.600E+08

=]

Iy

BOCORECEN

ANSYS Release 19.2
Build 19.2 C -
NODAL SOLUTION Ontc

CONTPRES (AVG)
DMX =.003005
SMX =.174E+09
0
.193E+08
.386E+08
.579E+08
.7T72E+08
. 965E+08
.116E+09
.135E+09

.154E+09
.174E+09

H00CE00m

ANSYS Release 19.2

Build 19.2
NODAL SOLUTION
STEP=1
SUB =7
TIME=1
SXY (AVG)
RSYS=SOLU
PowerGraphics
-1
Mat
002991
——.563E+08
SMX =.527E+08
. 600E+08
Bl o7E+08
BN _ 3335408
0 _ 200E+08
B0 - 6e7E+07
EW  c67E+07
1 200E+08
L1 .333E+08
B 467E+08
B (o408

ANSYS Release 19.2
Build 19.2
NODAL SOLUTION
STEP=1

SUB =7

TIME=1
CONTPRES (AVG)
DMX =.003005
SMX =.194E+09
0
.215E+08
.431E+08
.646E+08
.862E+08
.108E+09
.129E+09
.151E+09
. 172E+09
.194E+09

RO0ORE0NN



Stack Width (4 stacks, frictional contact)

Build 19.2 1 Build 19.2
Build 19.2 NODAL SOLUTION
NODAL SOLUTION NODAL SOLUTION

Tensile Stress [Pa] mers reeae 102 J@NSile Stress [Pa] wess sz 152 1€NSIlE Stress [Pa] S Release 19.2

STEP=1 STEPo1 STEP=1

SUB =7 g SUB = SUB =

TIME=1 TIME-] g}I{MEFl o)

SX (AVG) Sx AVG

RSYS=SOLU RSYS:SOLU( ) RSYS=SOLU

PowerGraphics PowerGraphics PowerGrfaphlca

EFACET=1 EFACET-1 EFACET=1

AVRES=Mat AVRES=Mat AVRES=Mat

DMX =.00299 IME = 00209 » DMX =.00299

SMN =-—.228E+09 N 3008400 SMN =-.354E+09

SMX :(.)328E+08 ME = 276B108 SMX =(.)607E+08

0

— Rt 2 — ) — Rt
- L667E+07 -

% .100E+08 72 mm 0 100m:08 54 mm % .ggmgg

B Tovmios =5 l33Et0s == -167;:08

=B .1e7mr08 B 1e7mr08 — IR

B .200me08 T s00mi0n =] -200mr00

= .233mr08 T 5338+08 = -
.26TE+08 — _267E+08 — .267E+08

B 500508 B Soom.os .300E+08

" |ncreased mpressive stress.
" Increase@peak shear stress.

ANSYS Release 19.2

ANSYS Release 19.2 Shear‘ Str‘ess [Pa] ANSYS Release 19.2

Build 19.2 Build 19.2

Sggzlai égiéTmN NODAL SOLUTION NODAL SOLUTION
gggp; SUB =7 SUB =7
TIME=1 TIME=1 TIME=1
SXY (AVG) sy (AVG) SXY (aVG)
RSYS=SOLU RSYS=SOLU RSYS=S0LU
PowerGraphics PowerGraphics PowerGraphics

— EFACET=1 EFACET=1
PR~ AVRES=Mat
AVRES=Mat o590
o :'02239 08 —-.773E+08

=. +! 5

S . 5508+ 00 SMX =.T31E+08 —.817E+08

. 600E+08 . 600E+08 - . 600E+08
B o508 Bl _ c7E+08 - .467E+08
B _ 3335408 B _ 333g408 - .333E+08
0 - 200E+08 0 - 200E+08 ~.200E+08
Bl _ 5675407 B _ ¢e7E+07 — 66TE+07
B  cerm+07 BN ¢e7E+07 L667E+07
T 200m+08 1 200E+08 .200E+08
L1 333408 L1 .333e+08 .333E+08
T s67m+08 0 467E+08 .467E+08
Bl o508 B cooc+08 .600E+08




Stack Width (6 stacks, frictional contact)

Tensile Stress [Pa] mers reease 152 [@NSile Stress [Pa] sts Felease 19.2 Tensile Stress [Pa] misS melease 1.2

Build 19.2

NODAL SOLUTION NODAL SOLUTION NODAL SOLUTION
STEP=1 STEP=1 STEP=1
SUB =7 SUB = SUB =7
TIME=1 TIME=1 TIME=1
“§\§\ sX (AVG) SX (RVG) sX (AVG)
—y RSYS=SOLU RSYS=SOLU RSYS=SOLU
Sl PowerGraphics PowerGraphics PowerGraphics
L EFACET=1 EFACET=1 EFACET=1
A AVRES=Mat AVRES=Mat AVRES=Mat
R DMX =.002991 DMX =.002991 DMX =.00299
N SMN =-.179E+09 .247E+09 SMN =-.309E+09
b SMX =.340E+08 360E+08 SMX =.415E+08
0 i 0 0
Bl 333507 i B 5335407 Bl 333507
BN cciE+07 Bl c67m+07 B ccigr07
0 100E+08 B 100m+08 0 100E+08
i 0 133E+08 B3 133m408 0 133E+08
i EE  1¢7E+08 EE 675408 B 1¢7E+08
e L 2331408 = -233E08 L1 233m408
L 1 267E+08 — R 1 267E+08
Bl 500g+08 -300E+08 B 00508

Qg pmpressive stress.
" |ncrease®@peak shear stress.

ANSYS Release 19.2 Shear Stress [Pa] ANSYS Release 19.2 Shear Stress [Pa] ANSYS Release 19.2

Build 19.2 Build 19.2 Build 19.2
NODAL SOLUTION NCDAL SOLUTION NODAL SOLUTION
STEP=1 STEP=1 STEP=1
SUB =7 SUB = SUB =7
TIME=1 TIME=1 TIME=1
SXY (AVG) SXY (RAVG) SXY (AVG)
RSYS=SOLU RSYS=S0LU RSYS=SOLU
PowerGraphics PowerGraphics PowerGraphics
EFACET=1 =1 EFACET=1
AVRES=Mat Mat AVRES=Mat
DMX =.002991 002991 DMX =.00299
SMN =—.563E+08 =—.704E+08 SMN =-.831E+08
SMX =.527E+08 SMX =.619E+08 SMX =.698E+08
—.600E+08 - 600E+08 . 600E+08
Bl 75408 Bl ¢Ei08 |
) - — . 467E+08
B _ 333E+08 Bl _ 333g408 =
) ) —.333E+08
0 _ 200E+08 0 - 200E+08 0 _ 200E+08
b E - se78+07 0 ee7m+07 0 se7E+07
L, e = —
b 1 . 200E+08 s C 2008+08 3 200m+08
Sl L] 333m408 L1 3335408 L] 3338408
"‘U"M‘y’"ﬂl‘i,’} [ .467E+08 £ [ .467E+08 1 L46TE+08
Bl o008 Bl 00508 Bl oooc-08




Tape Thickness (4 stacks, frictional contact)

Tensile Stress [Pa] s reeace 152 [@NSile Stress [Pa]

Build 19.2 Build 19.2

NODAL SOLUTION NODAL SOLUTION
STEP=1 STEP=1
SUB =7 SUB =7
TIME=1 TIME=1
sx (2VG) s¥ (AVG)
RSYS=SOLU RSYS=SOLU
PowerGraphics PowerGraphics
EFACET=1 EFACET=1
AVRES=Mat AVRES=Mat
DMX =.00299 DMX =.00299
SMN =—.228E+09 SMN =-.225E+09
SMX =.328E+08 SMX =.289E+08
0 0
Bl 533507 B 53307
[ R ey B co7gi07
[ O 1o00m+08
0 1338408 0 1338408
Bl 1675408 B j67m+08
0 200E+08 T 200E+08
C 1 2338408 L1 233m+08
0 267g+08 0 267m+08
Bl 500508 Bl 500508

= 50 tapes
= thickness =90 um

= 75 tapes
BANSYS Release 19.2 Shear Stress [Pa] BNSYS Release 19.2 . thiCkneSS = 60 um

Build 19.2 Build 19.2
NODAL SOLUTION NODAL SOLUTION
STEP=1 STEP=1
SUB =7 SUB =7
TIME=1 TIME=1
SXY (AVG) SXY (AVG)
RSYS=SOLU RSYS=SOLU
PowerGraphics PowerGraphics
EFACET=1 EFACET=1
AVRES=Mat AVRES=Mat
DMX =.00299 DMX =.00299
SMN =—.447E+08 SMN =-.455E+08
SMX =.559E+08 SMX =.544E+08
. 600E+08 . 600E+08
Bl _ . cE-08 Bl _ . cE-08
B _ 3335408 B _ 3335408
ED - z00E+08 0 - z00E+08
Bl _ 5675407 B _ 6675+07
B  cerm+07 B c67E+07
T 200m+08 L0 2o00m+08
L1 333m+08 L1 .3338+08
T s67m+08 0 se7m+08
Bl coom08 Bl o0m+08




Solder Stiffness (4 stacks, frictional contact)

ANSYS Release 19.2
Build 19.2

Tensile Stress [Pa] sos e o2 Tensile Stress [Pa]

Build 19.2

NODAL SOLUTION NODAL SOLUTION
STEP=1 STEP=1
SUB =7 SUB =7
TIME=1 TIME=1
sx (2VG) sx (BVC)
RSYS=SOLU RSYS=SOLU
PowerGraphics PowerGraphics
EFACET=1 EFACET=1
AVRES=Mat AVRES=Mat
DMX =.00299 DMX =.00299
SMN =—.228E+09 SMN =-.205E+09
SMX =.328E+08 SMX =.241E+08
0 0
5 .333E+07 5 .333E+07
667+ .667E+07
108 mmZ . _-fgg;gg 108 mm2 2 100E+08
0 1338408 0 1338408
Bl 1675408 BN j67E+08
0 200E+08 1 200E+08
C 1 2338408 L1 .233E+08
0 267g+08 0 2675+08
Bl 500508 B 5005408

= F =10 GPa Increased shear stress. = E

=20 GPa

solder solder

ANSYS Release 19.2

wers s 102 SNEAr Stress [Pa]

Build 19.2

Build 19.2

NODAL SOLUTION NODAL SOLUTION
STEP-1 STEP-1
SUB =7 SUB =7
TIME-1 TIME-1
SXY (AVG) SXY (AVG)
RSYS=SOLU RSYS—SOLU
PowerGraphics PowerGraphics
EFACET-1 EFACET-1
AVRES=Mat AVRES=Mat
DMX —.00299 DMX =.00299
SMN =-.447E+08 SMN .436E+08
SMX —.559E+08 SMX —.786E+08

. 600E+08 - . 600E+08
Bl _ . cE-08 Bl _ oE+08
BN _ 3335408 BN _ 333408
0 - 200E+08 3 - 200E+08
Bl _ 5675407 B - ce7E+07
B  cerm+07 B c67E+07
T 200m+08 1 200E+08
L1 333408 L .3338+08
T s67m+08 B 467E+08
B ooci08 Bl 0508

~30 MPa ~40 MPa



Stack Number (6 mm wide tape, frictional contact)

Tensile Stress [Pa] huila 15 1 Tensile Stress [Pa]

Build 19.2

NODAL SOLUTION NODAL SOLUTION
STEP=1 STEP=1
SUB = SUB =
TIME=1 TIME=1
SX (AVG) SX (AVG)
RSYS=SOLU RSYS=SOLU
PowerGraphics PowerGraphics
EFACET=1 EFACET=1
AVRES=Mat AVRES-Mat
DMX —.002991 DMX =.002986
SMN =-.287E+09 SMN .131E+09
SMX =.111E+08 SMX =.135E+08

0 0
Bl 3335407 Bl 5335407
B c67p+07 B ceer07
0 1o00E+08 O 1o00E+08
0 133E+08 0 1338408
Bl 167408 B 167408
L1 200E+08 T 200E+08
T . 233E+08 C 1 233E+08
1 267E+08 O 267408
Bl 3005408 Bl 500E+08

Shear Stress [Pa] sists relsase o2 Shear Stress [Pa]

Build 19.2
NODAL SOLUTION NODAL SOLUTION
STEP=1 ggg}?i%
SUB — -
TIME=1 TIME=1
SXY (BVG) §§§57SOLU(AVG)
RSYS=SOLU =
PowerGraphics gggg;grjiphlcs
EFACET=1 =
AVRES-Mat

—Mat
%;iES 002951 DMX —.002986
SMN —-.280E+08 SMN = .240Egg8
SMX 845E+08 SMX :;5,63}5£+08

hermion Bl cpi0s
B c7mio0s
B _ 333E+08 B - 3338408
0 _ 200m+08 O - 200m+08
B _ ce7E+07 0 - 667E+07
EE 67407 B 67407
C1  200E+08 O 200E+08
C 1 3338+08 C 1 333:+08
1 467E+08 0 467E+08
Bl oog+08 Bl ook+08




Structural Design Criteria & Assessment

ITER Magnet Structural Design Criteria:

Part 1: Main Structural Components and Welds.
Part 2: Magnet Windings (Radial Plates and Conductors) with High and Low Voltage Insulation and Epoxy Filler.
Part 3: Bolts, Keys, Supports and Special Components.

Part 4: Cryogenic Piping.

3 METALLIC COMPONENT CRITERIA ...cociteterrrsrmrssrsssrsrssssssssnsrssssssssssssssss s sarssssssssssssssssessrssssssssssrsns 4

3.1 STATIC STRESS LIMITS FOR CONDUCTOR JACKETS AND RADIAL PLATES ieiiviiiieieiee et enieneeiesnssennnennenee 2 JaCketS
311 Plastic VIelaiNg oo D
3.1.2 Fracture... .. )

3.2 FATIGUE STRESS LIMITS FORCC‘NDUCTOR JACKET'S AND RADIAL PLATES‘ ...6 . . .
321  Procedure........ .. s =  Only static stress limits are
3.2.2  Postulated Inma! Deferfs .6 nsi r
3.2.3  Residual Stress .. 7 considered.
3.2.4 Limits on Crack G;ourh r 7

= Relevance of fatigue stress to
be discussed (cyclic loading?).

4 NON-METALLIC COMPONENT CRITERIA ....coocinmmmmsmmssmssnmsmssrsssrissssissssnasssnssssssssssssssnssssssnssssnes

=]

4.1 SCOPE.. . SO TR UPR RSP POPPOTRI .
4.2 DESIG\CRJTERD’LFORHIGH\0LTAGEL\SULATIO\SY€TE‘\IS‘ .
4.2.1 C‘omp;essne.SﬁessAHmmbIeNommFroRemfmcmgPIane.............................................................8
4.2.2  Tensile-Strain Allowable Normal to Reinforcing PIAne.............c.cccocvoiiiiiniciciiiiiiiieeieeeeeeeeea e 9

Turn insulation

4.2.3  Shear Stress Allowable... ST RPUURRUPRPPRRN.
4.2.4  Strain Allowable in Pfane ofRemfo:cmcr.................. OSSR ORTUTOTURPRSSRRURPRR J /)
4.3 DESIG\ CR_ITE.RIAFORLOW VOLTAGE INSULATION SY'STEMS T ]
4.3.1 Through Thickness Tensile and Shear Stress .. . OSSP U UP PO PR SUPRORUPPPPOTRORY i /.

4.3.2  Compressive-Stress Allowable Normal to Remforcmg Pfane O P R UUUPUO P TSUUPITRRURURPRRRY ¥ |

4.4 DESIGN CRITERIA FOR COMPOSITE STRUCTURAL COMPONENTS ....ctutiieieiiiiiraeaeeeeeennneaseseesennssnesaesenssenness 11 34



Structural Design Criteria & Assessment: Stress Linearization

Figure 17.4: Coordinates of Cross Section Figure 17.5: Typical Stress Distribution

2X

L L
0ij(X) & Omyj + Oy 770 T5SXS3

Om,ij = mMembrane stress tensor (constant part).

" 0yp,;j = bending stress tensor (linear part).

: Node 2

P
iz
_*7 iz
B
'li?

t

1z 2x1°
min - " O-ij(x) — Om,ij — Ob,ij 7 dx L
Om,ij:Ob,ij L - t

ma

Source: ANSYS Theory Reference
t t

12 6 (2
Omij = ?f taij(x) dx Opij = _t_ZJ txaij(x) dx

= Once membrane and bending stress tensors are known, von Mises/Tresca stresses can be computed as usual.

= Von Mises/Tresca stresses do not vary linearly along the defined paths.




Structural Design Criteria & Assessment: Stress Classification

Primary Stress, P
= Stress developed by imposed loading.
= Necessary to satisfy laws of equilibrium.
= Not self-limiting.

= Result in failure/gross distortion if considerably
exceeds yield strength.

= Thermal stress is not primary.

&ij = Cijki(oxr) &ij = Cijr1 (k1)

1

1
%:g@w+wﬂ %=§@u+wﬂ
O'ij’j‘l‘Xi:O + Uij,jzo
u; =0 onadQp u; =0 onadQp

al-jnj = 0 on OQN O'ijnj = Ei on OQN

N

N

~

Secondary Stress, Q

= Stress developed by constrain of adjacent
material or by self-constraint of the structure.

= Self-limiting.

" Thermal stress.

gij = Cijki(op — ajAT) &ij = Cijri(oxr)

1

1
gij = E (ui,]’ + uj,i) gij = E (ui,j + u]',i)
G5 = 0 I Gy = 0
u; =0 onadQp u; =u; onadQp

o;jn; =0 on dQy o;jn; =0 on dQy

Rule of thumb:

= Thermal stresses are classified as secondary.

= Stresses induced by EM loads, inertial/gravity loads, pressure loads, etc., are classified as primary.



Structural Design Criteria & Assessment: Metallic Components

ITER MSDC Part 2 for Metallic Components:

2
= Allowable stress: Sm = 553’
" Primary membrane stress: P, <10K, S,
" Primary membrane + bending stress: P,+ P, <13K,, S,
" Primary + secondary stress P+Q<15K,, S,

K,,, depends on type of service conditions:

Table 3-1 Km factor values for base metal and weld joints
Service Level Base metal Welds
A 1.0 1.0
B 1.1 1.1
C* 1.2 1.2
D * 1.5 1.5

* Evaluation of secondary stress is not required.



Structural Design Criteria & Assessment: Metallic Components

ITER MSDC Part 2:

K, = 1.0
S, = 1000 MPa

Allowable stress:

Primary membrane stress:

Primary membrane + bending stress:

—

PATH

ANSYS Release 19.2
Build 19.2

NODAL SOLUTION
STEP=1

SUB =7

TIME=1

SINT (BVG)
PowerGraphics
EFACET=1

SMN =.186E+09

=.793E+09
.186E+09
.253E+09
.321E+09
.388E+09
.456E+09
.523E+09
.591E+09
.658E+09
.725E+09
. 793E+09

BOOORECEN
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Structural Design Criteria & Assessment: Metallic Components

= Copper former is not intended to be a structural component in the cable but it reacts the magnetic load due to its
relatively high stiffness (110 GPa vs. 205 GPa of steel).

= The yield strength of copper is rather low compared to that of steel (factor ~3)), at least at room temperature
(strength at cryogenic temperature needs to be investigated).

Table A.S530.3.2-1: Minimum yield strength for plates, tubes and rod products from pure copper Table A.$30.3.3-1: Minimum tensile strength of pure copper
T, °C 20 50 100 | 150 | 200 | 250 | 300 | 350 | 400 | 450 | 500 T, °C 20 50 100 | 150 | 200 | 250 | 300 | 350 | 400 | 450 | 500
Sy min, Plates, MPa 69 62 56 54 51 45 43 40 37 34 32 Sy, min MPa | 200 | 192 | 178 | 165 | 152 | 139 | 127 | 116 | 104 | 93 83

Sy min, tubes, MPa 62 55 50 48 46 40 37 35 33 30 28
Sy min: Fods, MPa 55 49 45 43 141 37 35 32 30 28 26

ANSYS Release 19.2

ANSYS Release 19.2 ANSYS Release 19.2 ;

muate 12,377

ggg‘gilsomeN NODAL SOLUTION pa

SUB =7 STEP=1 SUB =7

TIME=1 SUB =7 TIME=1

SINT (BVG) TIME=1 SINT (AVG)

PowerGraphics SINT (BVG) PowerGraphics

EFACET=1 PowerGraphics EFACET=1

AVRES=Mat EFACET=1 AVRES=Mat

DMX =.00299 AVRES=Mat DMX =.002991

SMN =.225E+09 DMX =.00299 SMN =.226E+09

SMX =.703E+09 SMN =.226E+09 SMX =g;ggigg
L 225E+09 _ .

Bl 755400 SME ';Zggigg Bl 555400

B 333E+00 B oro0 Bl 3318400

O 3858409 m B ss3m+00

0 1386409 S R B0 4362409

EE 401E+09 o o93Evee B 439E+09
: .436E+09 —J

L . sa4E+09 = _542E+09

L1 .597E+09 -489E+09 T .s94E+09

2 650E+09 0 542400 0 ca7E+09

B 35400 E .gjémgg B 00m00

LG4TE+

Bl ;005400

Bonded stacks
39

Frictional stacks Frictional stacks




Structural Design Criteria & Assessment: Non-Metallic Components

ITER MSDC Part 2 for High-Voltage Insulation:

1. Allowable compressive stress normal to the reinforcing plane. The compressive static stress in the through-
thickness direction of the insulating material is limited to 50% of the minimum ultimate compressive strength:

S, = 0.50.

2. Allowable tensile strain normal to reinforcing plane. No primary tensile strain is allowed in the direction normal
to the adhesive bonds between metal and composite.

3. Allowable shear stress. The allowable shear strength of an insulator depends on the applied compressive stress.

4. Allowable strain in plane of reinforcing. The allowed tensile or compressive strain in the plane of the insulation
material is in the range [-0.5%, 0.5%].

Minimum specified properties at 4K

Components Material and Young’s Modulus, | Static Stress | Fatigue Stress Limits
Form Yield and Limits Sheat
Ultimate Strength Stress

VPI epoxy glass E,;=E,=20GPa 1,=85MPa

with kapton barrier E4=12GPa 1,=50MPa

€27045 for Cy=0.45 for /
TF, CS, PF Turn G(all)=6GPa SC(H)«:SZSSMPB ‘52 ;:%Mpq
Insulation v12=0.17 Ses—68. 6MPa for “c(n)_ < T
v]37V93=0.33 58<S¢(m) ?SE:;OMPa for
- c(n)

Ocs~1200MPa M ormal Com pression Stress 3 oty




Structural Design Criteria & Assessment: Non-Metallic Components

1. Allowable compressive stress normal to the reinforcing plane.

S, = 0.50,, = 600 MPa
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Structural Design Criteria & Assessment:

2. Allowable tensile strain normal to reinforcing plane.
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Non-Metallic Components
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Small spots in the corner regions show normal tensile strain likely due to the fact that
bonded insulation layers are assumed, and no separation is allowed.



Structural Design Criteria & Assessment: Non-Metallic Components

3. Allowable shear stress.
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A usage factor is defined as the ratio between element shear stress and
B - 1 allowable shear stress, which must be less than 1. Negative values

| correspond to tensile stresses that should be avoided, but these are likely
due to the modelling of contact between adjacent insulating layers.




Structural Design Criteria & Assessment: Non-Metallic Components

4. Allowable strain in plane of reinforcing.
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Collider Choices

Hadron collisions: Lepton collisions:
compound particles elementary particles
LHC collides 13.6 TeV LEP reached 0.205 TeV with
protons electron-positron collisions
Protons are mix of quarks, Clean events, easy to extract
anti-quarks and gluons physics
Very complex to extract Lepton collisions =
physics precision measurements
But can reach high Hard to reach high energies

energies




accelerating cavities magnets

Energy Limit

Electron-positron rings (multi-pass
colliders) are limited by synchrotron
radiation

Electron-positron linear colliders avoid synchrotron radiation, but are single pass
Typically cost proportional to energy and power proportional to luminosity,

o T —

Hence present energy frontier is probed by proton rings

Novel approach: the muon collider

Large mass suppresses synchrotron radiation => circular collider, multi-pass
Fundamental particle yields clean collisions => less beam energy than protons
But lifetime at rest only 2.2 ys (increases with energy)

The muon collider is part of the European Accelerator R&D Roadmap

e: 0.511 MeV

u: 106 MeV
p*: 938 MeV
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Target and capture solenoid — 1/4

Superconducting (LTS) outsert

Rad-hard resistive insert \\ o SOTUBSIVSEM NI pecanducing mognes

\ s R .-iii
Field on target 20 T, 150 mm

tungsten-carbide beads + water

Beam power on target: 1...2 MW

S —— I~

mercury pool proton dump

beam window '

Proton Driver Front End Cooling Acceleration Collider Ring

|

SC Linac
Buncher
Combiner
Capture Sol.
Decay Channel
Phase Rotator
6D Cooling

Accelerators:
Linacs, RLA or FFAG, RCS

Accumulator
MW-Class Target
Initial 6D Cooling
Charge Separator,

6D Cooling

Final Cooling

Large stored energy o(2) GJ, mass 0(300) tons, cost 0(100) M




Target and capture — 2/4

Reduce the mass (CAPEX) of the system, and
Increase operating temperature to improve
cryogenic CoP (OPEX)

2010 target system concept

Magnet  Znn Az [ Ar 1
(cm) (cm) (em) (em) (A/mm?)
RC1 -131.3 473 17.8 30.24 16.56
RC2 -84 86.2 17.8 30.88 16.56
C3 21 56.2 17.8 30.25 16.56

US-MAP 2010 design
LTS (14 T) + NC (6 T)

C4 58.3 57 17.8 16.6 16.56
RC5 1153 435 21.88 7.96 16.56

SC1 -222.6 169.4 120 75.85 23.22

sc2 531 261 120 54 0
sc3 271 327.1 120 54.07 23.1
sca 310 65 110 116  29.96
SC5 385 65 100 20.76 33.31
SC6 460 65 90 6.4 3585
sc7 535 65 80 871 3821

_ 1 scs 610 65 70 561 40

US MAP 2011 dGSIgn sco 685 65 60 6.06 40
SC10 760 65 50 4.72 40

LTS (14 T) + NC (6 T) sci11 835 65 45 46 40
sc12 910 65 45  4.42 40

) \ SC13 985 65 45 4.31 40

" mercury pool proton dump | SC14 1060 65 45  3.85 40

beam window | sC15 1135 65 45 3.83 40

: SC16 1210 65 45 351 40

H.G. Kll’k, PAC 2011 sC17 1285 65 45 353 40

SC18 1360 65 45 3.44 40
SC19 1435 140 45 3.24 40

MuCol 2022 design
HTS (20 T, 20 K)




Target and capture — 3/4

I I I
M,,is = 200 tons

25 I I
Field profile matches the
requirements from beam Mgpieig = 300 tons
20 - OptiCS fz*\\ P=12 MW
[\ [us-mAP
|\ | Proposal
15 |- | 5
10 ' I"-.
1 el
| RemMOY= 1 | achi
.-'-"a Use \*\TS‘@
I e\
5 - /,:',' Reduce \
I
Y e T,p = 10...20 K
L -"‘-\/5 : ‘rl) 1’0 1;“‘\‘ MCO“S = 110 tonS
Z(m) Mshieis = 196 tons
P=1MW




Target and capture — 4/4

Operating current: 58 kA
HTS conductor design ~ Operating field: 20 T
Operating temperature: 20 K
STAINLESS STEEL JACKET
STAINLESS STEEL WRAP
COPPER FORMER
SOLDERED HTS STACK
COOLING CHANNEL

M. Takayasu et al., IEEE TAS, 21 (2011) 2340 8
Z. S. Hartwig et al., SUST, 33 (2020) 11LT01
23.5
39.5

Looks much like an HTS magnet for fusion !!!




Coil geometry

20

A - MA-turn m

1 0.849  -0.185 0.498 0.83 12 58905 240 14.14 64.0
2 0.87 0.665 0.54 0.83 13 20 60710 260 15.78 71.1
3 0.87 1515 0.54 0.83 13 20 60392 260 15.70 71.1
4 0.808 2.365 0.415 0.83 10 20 51654 200 10.33 50.8
5 0.766 3.215 0.332 0.83 8 20 47469 160 7.60 38.5
6 0.704 4.065 0.208 0.83 5 20 46504 100 4.65 22.1
7 0.745 4.708 0.291 0.415 7 10 46293 70 3.24 32.8
8 0.704 5.423 0.208 0.415 5 10 53168 50 2.66 22.1
9 0.662 6.065 0.125 0.83 3 20 43280 60 2.60 12.5

~ 10 0.662 6.915 0.125 0.83 3 20 42146 60 2.53 12.5
- 7.765 0.083 0.83 2 20 49452 40 1.98 8.1

S0 8.615 0.083 0.83 2 20 44183 40 1.77 8.1
Fwes . 0.083 083 2 20 39567 40 1.58 8.1
'-0_'-__ 083 2 20 32713 40 1.31 8.1

o 0 2 10 46717 20 0.93 8.1

e Bl 10 45905 20 0.92 8.1

Qs == 1.05 3.9

E_E;'E‘ 1.12 3.9

SR 1.02 3.9

14.865 0.042 -o‘, 3.9
15.715 0.042 LSS N
16.565 0.042 w%!ﬁ-ﬂ:

17.415 0.042



Conductor design

C
0
HTS tape thickness (mm) 62 Tape engineering current density ]C = E h(t)fp (b)

10000

HTS tapes (-) 80 \ TV
HTS stack width (mm) 6 B.. (T) = B: 1—
HTS stack thickness (mm) 5 \ (1) o Tirro
930 A/mm? 1

HTS stack width (mm) 6 1000 1
HTStapes () 80 = T (B)=Tyof1- B \v
Number of HTS stacks (-) 4 E L3t o o Birro
et
= h(t) =1 -tY)(1-t™)
Copper diameter (mm) 23— 100
Hole diameter (mm) 8 e fp(b) = bP(1 — b)1?
Wetted perimeter (mm) 25
Wrap thickness (mm) 0.25 t = r b= B
_ _ 77K 20K =T =5 %)
Jacket outer dimension (mm) 39.5 10 irro irr
0 10 20 30 40 50 60 70 80
BT}
Agc (Mm?) 4.2
ASubstrate (mmZ) 7
ACu (mmz) 361 IOp = 61 kA
AHeIium (mmz) 50 Bop = 20 T
AWrap (mmZ) 18 T — 20 K
Aot (MM2) 1127 _I_Op _ 597K
ACabIe Space (mmZ) o11 cs '

AConductor (m m2) 1560




Heat load from recirculation

State equation

P pr——
p
Heat removed .
Pressure drop mAh = CI — M= CquT
dp 2fm* A i’
dx Dy p ’ () |
m m’

C.Ipump ~ EAP _> qump ~ W




Parametric study i (L)L
A =5mm? S AT) \p
D, =8 mm
L =150m
g =150 W
AT = 3K

11Pump = 80% 350

Pumping power (W)
= s | hJ W
o DR s B o I ¥ O
o o o o o

i
-
[
|




Optimal cooling conditions

10000 1000
150 W
20 bar outlet
2 z 100 AT=1K
& 5
= 2
8 8
2 ®
£ £
20 K inlet
1 1
5 10 15 20 8 10 12 14 16 18 20 22
Outlet pressure (bar) Inlet temperature (K)
Compared to typical conditions at 4.5 K, operation at 20 K
Implies

High pressure, 0(20) bar
Large temperature increase, 0(3) K




NOTE: time stucture ignored

|
2W/m a" TT TTTTTTTTTITT III| Iﬁl}erlr?lal :IlIII TTTTT III|| TTTTT T
peak - A= 0.00E+00 I P | h -
- = . 5 .
- B= 1.00E+02 s @ 2 \-ll total heat .
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Pulse frequency G Hz E - | ()] 3
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Nominal cooling condition

A flow dm/dt of approximately 8
g/s is required to remove a
nuclear heat load of 150 W with
a temperature increase AT of 3
K

With this flow the pumping loss
Is about 20 W (considering an
adiabatic efficiency 7,,,,, of 80
%)

This is about 13 % of the
nuclear heat load, and is an
acceptable overhead

It would be possible to remove
higher heat loads under the
same temperature increase, but
the pumping loss grows rapldly
approximately like (dm/drt)?

Temperature increase (K)

MuCol Target Solenoid Cable

~“-temperature increase

“=pumping power

n

>

O

O

|
./Q 17.8 W
>

10 15 20
Massflow (g/s)

25

180

41 150

(2} ] W =t
o = X!
(=}

Pumping power (W)

(1Y)
=




Margin and stability — 1/3

dE (mJ/cm**3)

100000

10000

1000

100

10

1

MuCol Target Solenoid Cable

INZ=0.1m
E.____..__... -T

~ N
INZ=1m

Operating current 61 kA
Operating temperature 20 K

5

10 15
Field (T)

20

Cable+He
enthalpy

Cable
enthalpy

25

Values of stability margin are
(as expected) very high ! It is
very unlikely that the cable
will quench because of
transient heat inputs

The stability margin is well
above the enthalpy reserve of
the cable, also including
helium. The reason is that the
transient is slow, and there is
time to conduct and convect
heat away even for very large
INZ lengths

This effect is even more
marked at low field (high
temperature margin)



Margin and stability — 2/3

The temperature margin MuCol Target Solenoid Cable
AT is about 10 K at 100000 - I:r
nominal conditions of A

current, field and o Cable+He
temperature 10000 = /\enthalpy
:gp _ gcl) -IFA e Cable
op B e 1000 enthalpy
Top =20K S
. . -E— 100
In the low field regions of w
the coil (e.g. 4 T) the ©
temperature margin is 10
above 40 K Operating current 61 kA
Operating temperature 20 K
The large stability in the -
low field region may make 0 10 20 30 40 50

protection difficult ? Temperature margin (K)




Margin and stability — 3/3

dE (mJ/cm**3)

3500

MucCol Target Solenoid Cable

Operating current 61 kA
Operating field 20 T

Cable+He
enthalpy| \
Cablek .
enthalpy

10 20
Operating temperature (K)

30

Operating at higher
temperature than 20 K
(e.g. 25 K) may still be
an option, the energy
margin is substantial

Operating at lower
temperature than 20 K
(e.g. 15 K) does not
bring a substantial
benefit in energy
margin
Recall that the heat
capacity drops
dramatically at low
temperature




Detection and protection — 1/3

Coil Module 2 (high field and current) INZ in the center of the double pancake
« Single coil stored energy: 165 MJ 10 cm length quenched
* Coulped stored energy: 299.7 MJ Exponential dump following trigger
« Dump voltage: 5 kV
Current and voltage Mormal zone Hot spot temperature
70 0.7 02 — 0.25 200
—current —narmal zane
—narmal vo 1] — agation speg 180
60 : nalvoltage | pg ozs | — Prapagation speed | 0z o
so |t 105 g 140 130 K
—_ s . 02 f 015 E
3 a E 7 =
= an 1 0.4 T__r:‘r u g ]
£ E g 0.15 0.1 E 2 100 T
E o b 1 03 E E Etl % a0 —heliuum |
8 g 3 & —
. % Detect at | _, 01 1 0058 o
= 100 mV 40
0.05 0
10 —/ \¥ 0.1 2
o d 1 1 o 0 - L - : : : -0.05 0
o 1 2/ 1+ 4 5 & 7 B 9O 10 01 2 3 4 5 6 7 & 9 10 g 1 2 3 4 5 B 7 8 898 U
tirne (s} time (5} time (s}
(7))
AN
(Q\|




Detection and protection — 2/3

MuCol Target Solenoid Cable MuCol Target Solenoid Cable
10 1000

100

Trigger time (s)
Hot-spot temperature (K)

1 10

10 100 1000 10 100 1000

Detection voltage (mV) Detection voltage (mV)
Detection with “reasonable” voltage values
appears to work !




Detection and protection — 3/3

Study the detection and dump for quenches
In the low field region or at low current/field

The low field region at nomnal current seems to
pe most dangerous

_ow current/low field (e.g. during ramp) implies
ong detection times, but this appears
compatible with modest hot-spot limits

Iop Bop 1:Detection Tmax
KA T S K
6l 20 2.2 130

61 4 2.8 172

30 0.84 14.8 140




HTS cable mechanics

May this be the
reason why
soldered and
twisted high field
and high current
cables are also
subject to
degradation ?
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Opportunities and perspective

We are looking for a solution to the design of the
target and capture channel of the Muon Collider,
which needs a peak field of 20 T on axis, based

on an HTS force-flow cooled cable operating at
20 K

Lower footprint, mass, stored energy and cost than a
LTS/NC hybrid

Better energy efficiency than a 4.5 K system

Though there is much work to do, the design
selected seems not too far from being feasible !

This Is also interesting because of implications for
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Hybrid UHF magnets for science




Proton-driven Muon Collider Concept 7%[
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The need for high field

Beam energy Bending radius

ElGeV]=0.3B|T] Hm]

Dipole field

This is the reason for the steady call for higher fields in accelerator magnets
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HTS is the only path beyond 16 T




The need for energy

CERN uses today 1.3 TWh
per year of operation, with
peak power consumption of
200 MW (running
accelerators and
experiments), dropping to 80 | —— P
MW in winter (technical stop [
period)
Electric power is drawn e :
directly from the French 400
KV distribution, and presently
supplied under agreed

conditions and cost \ ) | q—\ jw
Supply cost, chain and = ﬂ_,/ l\ ;r JJ

risk are obvious concerns o I _—
for the present and future of HE— m; uﬂ i = I||.(, lu.:
the laboratory L e




Energy efﬂuent cryogenics o=yt

Credits to P. De Sousa and R. Van Weelderen, CERN

' Need efficient cryo-plant
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This could be the best range of operating |
temperature of a future HEP collider
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HTS may be the only path towards a future collider




Publications sriefings de Helium is a by-product of natural gas
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Aurélien REYS, Vincent BOS

Hélium : les nouvelles géographies d’une ressource critique
Briefings de I'lfri, 16 juin 2022

Tentative forecast in 2026 based on public announcements of new

capacities available in quantity of Iso container of 4.5 tonnes @ o
Future helium Consequences
supp |y |S  Current situation
Market shortage is affecting industrial and scientific customers
I Im |ted and Manufacturing industry contracts are impacted with volume limitations
entai | s a Large scientific instrument cannot do so & rely on established industrial partnership
SupStantlal Helium market still at risk in 2023 and for the coming years
ECOnOmlcal and Uncertainty on the effective Russian production capacity and market access

Algerian gas production transferred using pipeline instead of LNG
No more back-up from the US federal authorities, Cliffside for sale ! (C&en News)

availability risk

Courtesy of F. Ferrand, CERN




The need for economics

A large component in the magnet cost is the amount of
superconductor (coil cross section)

High-field superconductors are (significantly) more
expensive than good-old Nb-Ti

Need to work in two directions:
Reduce the coil cross section (increase J!)

B = 27PT‘0 Jw sin(p) $><<\
¢
1

Aco = 20 (wW?* + ZRinW)"’]lT ’ </ w

Reduce unit conductor cost

HTS may offer both



Conductor cost
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Impressive cost reduction in HTS !




